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High-isolation Wi-Fi Antenna System based on Metamaterial
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Abstract – In this research, an inverted L shaped Wi-Fi
antenna with a metamaterial (MTM) decoupling unit is
proposed. This swirly-shaped antenna has a compact ge-
ometry size of 0.1 wavelength. The metamaterial decou-
pling unit is placed between the antenna elements to im-
prove the isolation to reduce the mutual coupling. The
antenna’s isolation reached 20.7 dB from 2.4 GHz to
2.48 GHz, and 23.5 dB from 5.15 GHz to 5.85 GHz, af-
ter the metamaterial unit was introduced. This designed
methodology reinforced the anti-interference capability.
This compact and low-cost antenna is especially suitable
for application in high-density Wi-Fi 6 systems.

Index Terms – decoupling, miniaturization, metamate-
rial, Wi-Fi.

I. INTRODUCTION
Wi-Fi technology is extensively employed in wire-

less communication, especially in the IoT (Internet of
Things) system. MIMO (multiple-input multiple-output)
technology is widely used in Wi-Fi systems, it enables
the communication between the multiple access point
and routers. The increasing antenna elements and minia-
turization requirement is a contradiction of the antenna’s
high isolation requirement.

The common-mode theory and differential-mode
theory are a widely used method to solve the antenna
coupling problem. The isolation problem can be reduced
by introducing two filters. While this method works on
the circuit, it does not eliminate the coupling problem
fundamentally [1]. The neutral line method is also widely
employed in reducing the coupling effect, by introducing
the cancellation effect within antenna elements [2–4].
Also, in Luo’s study, the metamaterial unit is applied

to alleviate the electromagnetic wave leak between the
transmitting antenna and receiving antenna. The isola-
tion improved by approximately 30 dB in this study. At
present, there are many research papers on decoupling of
Wi-Fi frequency bands [5–7]. However metamaterial is
rarely employed in Wi-Fi systems.

In Ramya’s study, a triple-band metamaterial ab-
sorber is introduced to reduce the radar cross-section
problem [8]. In Almirall’s study, a novel wear-
able metal material with high isolation ability is
studied [9]. In Vosoughitabar’s study, a novel two-
dimensional time-modulated metamaterial transmitter
is proposed, this design guaranteed a low bit error
rate in an orthogonal frequency division multiplexing
system [10].

Metamaterial is widely used in antenna design as
well. Due to the negative refractive index properties of
metamaterial, it is frequently employed in the improve-
ment of the antenna’s gain [11–13]. In Jha’s paper [14],
metamaterial is used to increase the operating band-
width and reduce antenna sizes, and the electrical length
is only 0.14λ*0.21λ . In Singh’s paper, a transmissive
metamaterial is proposed as a planar lens, allowing mi-
crostrip antennas working on the metamaterial to im-
prove gain by 8.55 dB in the H-plane and 6.20 dB in the
E-plane at 10 GHz, respectively [15]. Zhang proposed a
metamaterial array loaded with C-type on a dipole an-
tenna to enable the gain improvement in the demanded
frequency band. Metamaterial is also employed in mi-
crowave devices and transmission line design to reduce
return loss [16].

In this research, a novel compact Wi-Fi antenna with
an inverted L shape is proposed. The following contribu-
tions and novel areas are analyzed:
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1. A smaller metamaterial structure is used to improve
the isolation of the MIMO antenna.

2. The use of a CPW (coplanar waveguide) feed,
which is easier to integrate into the equipment, and
can reduce the dispersion effect.

3. The proposed antenna with a compact geometry
size, with a mere 0.2λ*0.2λ size.

4. The FR4 dielectric substrate is used, which is low
cost and is suitable for mass production.

5. The proposed antenna is suitable for Wi-Fi commu-
nication systems.

II. GEOMETRY AND CHARACTERIZATION
OF ANTENNA

Figure 1 shows the antenna structure. The symmet-
ric Wi-Fi radiation unit is located on the margin of the
ground, the metamaterial unit is located between the ra-
diation unit. The radiation unit and the metamaterial unit
are parallel and vertical to the ground, which facilitates
the soldering. The coupling waveguide is applied as the
exciting port.

Fig. 1. Geometry structure of the antenna.

The Wi-Fi antenna is 9.5×13.5×0.8 mm in size.
FR4 (with a dielectric 4.4 and loss tangent 0.019) is
employed for the antenna, MTM, and GND (ground).
As shown in Fig. 2 (a), parasitic branches are placed
on the Wi-Fi antenna to achieve dual-band communica-
tion, based on two different lengths of radiation branches
to achieve resonance at 2.4 GHz and 5 GHz. Consider-
ing that the resonant cavity size of the planar antenna is
large, the process of adjusting the resonance point and
impedance matching is difficult, thus the inverted L an-
tenna (ILA) is introduced in mobile devices due to its
low cost and low profile. This design was inspired by the
methodology from Tae [17].

As shown in Fig. 2 (b), the slot and bent structure
are difficult to process due to the flexibility of the iron
sheet. Meanwhile, the intrinsic impedance characteristic
of iron has an apparent influence on electromagnetic ra-
diation. Thus, the microstrip structure is employed, as

(a) (b)

(c) (d)

Fig. 2. Antenna evolution and the Wi-Fi antenna struc-
ture size: (a) Step 1, (b) Step 2, (c) Step 3, and (d) Step 4.

shown in Fig. 2 (c). The structure is elaborately designed
to achieve the required communication band. For the
convenience of mass production and installation, Param-
eter Wa3 and antenna dielectric substrate geometry size
are optimized, as shown in Fig. 2 (d). The E-shape metal
patch lies on the right corner of the ground to expand the
working frequency [18]. To achieve 2.4 GHz resonance
in a compact size, the microstrip line is bent at the top
left of the dielectric substrate to increase the electrical
current length. The width of the coplanar waveguide and
its gap distance is optimized based on the 2.4 GHz band
to achieve the impedance match. The optimized parame-
ters of the Wi-Fi antennas are Wa1 = 13.5 mm, Wa2 = 5.9
mm, Wa3 = 2 mm, Wa4 = 2 mm, Wa5 = 5.5 mm, La1 = 9
mm, La2 = 4.5 mm, La3 = 6.8 mm.

III. METAMATERIAL STRUCTURE AND
THEORETICAL ANALYSIS

A. Theoretical analysis
Metamaterial is a kind of special artificial material,

with equivalent negative permeability or dielectric con-
stant. The performance of metamaterials mainly depends
on the overall structure, size, dielectric thickness, in-
cidence angle of excitation, electromagnetic wave, etc.
This character empowers its geometry size which can be
much more compact than the working frequency band
[19]. Electromagnetic propagation in metamaterial is dif-
ferent from conventional material. Based on equation (1),
the dot product of space electromagnetic wave propaga-
tion direction

−→
S and wave vector direction

−→
k gives a nega-

tive number when the permittivityεand permeabilityµare
less than zero. Thus the electromagnetic wave prop-
agation direction and energy flow are in opposite di-
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rections in a specific frequency band under a specific
metamaterial structure, from the time-harmonic electro-
magnetic wave theory.

−→
k ·−→S =

1
2

ωε

∣∣∣−→E0

∣∣∣2 = 1
2

ωµ

∣∣∣−→H0

∣∣∣2 . (1)

Figure 3 displays the interference of the metamate-
rial to the electromagnetic wave propagation. The meta-
material can absorb and reflect wave energy in a certain
condition. This character can be employed to improve
antenna isolation. Based on the microwave theory [20],
the refractive index n and impedance Z can be expressed
with the S-parameters:

n =
1

kd
cos−1

[
1

2S21
(1−S2

11 +S2
21)+2πm

]
, (2)

Z =

√√√√ (1+S11)
2−S2

21

(1−S11)
2−S2

21

. (3)

The refractive index and impedance can be ob-
tained from the S parameters in a tow-port network, from
equations (4) and (5), permittivityε , permeabilityµ , and
impedance Z with the following relationship:

ε = n/Z, (4)
µ = n ·Z. (5)

Fig. 3. Wi-Fi antenna system electromagnetic wave cou-
pling schematic.

When the propagation medium is a single negative
material, as shown in equation (6), the refractive index is
equivalent to a pure imaginary number, which proves that
electromagnetic waves cannot propagate in this medium
material.

n = i
√

εµ. (6)

B. Metamaterial structure
Figure 4 shows the metamaterial unit. The metal

patch on the material unit is in a finger cross shape, and in
a central symmetric shape. In order to reduce the overall
size of the metamaterial as much as possible, this design
prints the same metamaterial metal layer on both sides
of the metamaterial dielectric substrate to increase the
gap and branch loading. The metal layer is on both sides

Fig. 4. Structure and properties of metamaterials.

of the 0.8 mm FR4 substrate. When the permittivity or
permeability’s value is smaller than zero, that is in the
second coordinate or in the fourth coordinate, the meta-
material can absorb energy, as shown in Fig. 4.

As shown in Fig. 5, the metamaterial unit needs
to be placed in a waveguide environment simulated by
ANSYS Electronics. The boundary conditions of the
waveguide model require that the upper and lower sur-
faces along the electric field direction are set as per-
fect electric wall (PEC), the front and rear surfaces
along the magnetic field direction are set as perfect
magnetic wall (PMC), and the left and right surfaces
along the wave propagation direction are set as wave
port excitation. It can be found that the obtained S21
is lower than -10 dB in the operating frequency band
(2.4-2.48/5.15-5.85 GHz), and has obvious stop band
characteristics.

Fig. 5. MTM stop band characteristics.

As shown in Fig. 6, after obtaining the S-parameters
of the two-port metamaterial cell based on the Finite In-
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(a)

(b)

Fig. 6. (a) Metamaterial equivalent permeability (real
part and imaginary part) and (b) Metamaterial equivalent
dielectric constants (real part and imaginary part).

tegration Technique, the transformation matrix method
is then used to derive the permeability and permittivity.
In this design, the permittivity is smaller than zero from
2.4 GHz to 2.48 GHz, and the permeability is smaller
than zero from 5.15 GHz to 5.85 GHz. In these two
frequency bands, the metamaterial belongs separately to
ENG (Epsilon Negative) and MNG (Mue-Negative) me-
dia, respectively. It can be proved, based on equation (6),
that a specific frequencies wave cannot propagate in the
media. So, in theory the material can absorb the electro-
magnetic wave in the corresponding frequency band and
improve the antenna isolation level. The optimized pa-
rameters of the metamaterial are Wm1 = 20 mm, Wm2 =
5.8 mm, Wm3 = 2 mm, Wm4 = 8.5 mm, Wm5 = 6.5 mm,
Lm1 = 1.4 mm, Lm2 = 2.6 mm, Lm3 = 0.5 mm.

IV. PARAMETERS ANALYSIS
In this study, the inverted L-bent branches are con-

sidered as a basic design structure. The equivalent capac-
ity between the antenna branch and the ground needs to
be reduced to ensure good radiation performance at low-
frequency band. As shown in Fig. 7, the S11 is reduced
when La2 gets smaller. The return loss performance at
2.44 GHz reached the requirement when La2 is 4.5 mm.

The isolation performance in the condition of the
metamaterial unit and metal layer are compared. As
shown in Fig. 8, the S21 is -11.6 dB at 2.4 GHz in the
absence of metamaterial, and S21 is larger than -20 dB.

Fig. 7. Simulated S11 from different geometry size L-
bent branches.

Fig. 8. Simulated S21 about comparing metamaterial unit
and metal baffle.

Between 5.15 GHz and 5.85 GHz, the isolation improves
after the metal layer is introduced in the middle of the
antenna while the isolation at the lower frequency band
gets larger. The isolation is smaller than -20 dB both in
the lower frequency and higher frequency after the metal
material unit is introduced. So this designed metamate-
rial unit has a positive effect in reducing the electromag-
netic wave coupling effect.

The antenna can be regarded as a combination of a
curve-type capacitance and inductance [21]. The meta-
material structure is optimized to ensure the best per-
formance in the improvement of antenna isolation. As
shown in Fig. 9, the center working frequency is left-
shifted with the increase of Wm2. S21 has the best per-
formance when Wm2 is 4.8 mm. As shown in Fig. 4,
the overall inductance increases when Wm2 gets larger,
thus the resonance frequency band is left-shifted. In this
study, a metal layer is optimized to improve the metama-
terial performance, this methodology improves the isola-
tion at low frequencies in a limited space with great value
to the MIMO antenna design.
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Fig. 9. Simulated S21 from different geometry size W-
bent branches.

V. RESULTS AND ANALYSIS
The simulated and measured VSWR(voltage stand-

ing wave ratio)of these two Wi-Fi antennas are shown in
Fig. 10. These two curves with a great agreement with
each other, but with a small discrepancy. This discrep-
ancy is from the testing error and manufacturing. The
frequency band in the condition of VSWR<3 covers the
entire Wi-Fi bands for the measured results. As shown
in Fig. 11, the isolation drops from -8 dB to -19.3 dB at
2.4 GHz when the metamaterial is introduced and placed
at the adjusted position. The isolation at higher Wi-Fi
frequency drops from -16.6 dB to -18.2 dB, this value
satisfies the requirement of -15 dB in engineering appli-
cations.

Fig. 10. Simulated and measured VSWR.

As shown in Fig. 12, the simulated and measured an-
tenna working efficiency is higher than 79%. The max-
imum antenna gain is 6 dBi at 2.4 GHz, and 8 dBi at
5 GHz. This is an excellent performance for an electric
small antenna. We used a SATIMO multi-probe near-
field antenna measurement system as shown in Fig. 13,
which is different from traditional far-field measurement
systems. It provides faster and more accurate test results.
The radiation pattern is measured in a 5m×5m×5m

Fig. 11. Simulated and measured antenna isolation.

specially designed near-field anechoic chamber with 24
near-field EM probes for antenna device testing.

Fig. 12. Measured and simulated antenna efficiencies and
gain.

(c) (d)

Fig. 13. Antenna and the testing environment (a) an-
tenna, (b) antenna feed position, (c) reflection coefficient
test with vector network analyser, and (d) antenna mea-
surement in the microwave anechoic chamber.

Figure 14 shows the antenna radiation performance
of the E plane and H plane, both at 2.45 GHz and 5.4
GHz. This antenna is tested in a near-field microwave
anechoic chamber, with 32 microwave probes. It can be
seen this antenna system is omnidirectional and has a
good radiation characteristic.
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(a) (b)

Fig. 14. Measured and simulated radiation patterns: (a)
2450 MHz and (b) 5400 MHz.

The corresponding relation between ECC(Envelop
Correlation Coefficien) and frequency of the two-port
MIMO antenna system proposed in this paper is shown
in Fig. 15. It can be seen that at the operating frequency,
the ECC parameter is lower than 0.2, which is consid-
ered as the optimal performance of the MIMO antenna
in engineering.

Fig. 15. The tested ECC at work frequency band.

As shown in Table 1, the proposed Wi-Fi antenna in
this research has better isolation compared with previous
studies. This MIMO antenna’s frequency covers the en-
tire Wi-Fi band, and with vertical placement. This design
elaborately utilizes a small space and has guaranteed ver-
tical polarization performance.

Figure 16 compares the influence of metamaterial
structure on the radiation pattern of Wi-Fi antenna. It
can be seen that the radiation intensity in direction A at
2.4 GHz is increased to a certain extent after the intro-
duction of the metamaterial structure. The antenna radi-
ation intensity is decreased in direction B at frequency
2450 MHz and 5400 MHz, which conforms to the char-
acteristics of the ENG (Epsilon Negative) dielectric and
the MNG (Mue-Negative) dielectric. So it is derived
that the electromagnetic wave cannot propagate in the
two media.

Table 1: Performances comparison with relevant studies
Ref Distance

(mm)
Number of
Antennas

Working
Fre-

quency
Band

Isolation
(dB)

[22] 35 mm
(0.28 λ )

2 2.40-2.48
GHz

<-17.9
dB

[23] 25 mm
(0.08 λ )

2 1-25 GHz <-10 dB

[24] 20 mm
(0.16 λ )

4 2.40-2.69
GHz/3.4-

3.69
GHz

<-10 dB

[25] 30 mm
(0.34 λ )

4 3.4-3.7
GHz

<-10 dB

[26] 40 mm
(0.43 λ )

2 3.2-3.8
GHz/5-6.8

GHz

<-18 dB

[27] 48 mm
(0.44 λ )

8 3.3-6 GHz <-11 dB

Prop. 25 mm
(0.2 λ )

2 (without
metamate-

rial)

2.40-2.48
GHz/5.15-

5.85
GHz

<-8 dB

25 mm
(0.2 λ )

2 (with
matemate-

rial)

<-19.3
dB

(a) (b)

(c) (d)

Fig. 16. Measured 3D radiation patterns: (a) no MTM in
2450 MHz MTM, (b) with MTM in 2450 MHz, (c) no
MTM in 5400 MHz, and (d) with MTM in 5400 MHz.

VI. CONCLUSION
In this work, a high isolation co-ground and dual

band Wi-Fi antenna based on metamaterial is proposed.
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The isolation in the Wi-Fi frequency band improved with
the introduction of the proposed material and verified
the effectiveness of the proposed metamaterial absorber.
This design solved the microwave interference problem
of the MIMO antenna. This design methodology also
works on the antenna decoupling system. This antenna is
compact, with a 30×30×20 mm size, and with a simple
feeding method. In addition, the antenna has high radia-
tion efficiency (η > 79%) and high isolation (S21 > -16
dB) so is very suitable for application in Wi-Fi devices.
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