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ABSTRACT: This paper introduces a wearable quad-band-notched two-port Multiple Input Multiple Output (MIMO) antenna with a
coplanar waveguide (CPW)-fed for 5G applications. The antenna uses a liquid crystal polymer (LCP) flexible substrate with dimensions
of 30mm × 54mm × 0.1mm. The proposed antenna achieves four notched bands by etching four C-shaped slots on the patch and
introduces a fence structure in the middle to enhance the isolation between the antenna elements, which ultimately achieves a band
coverage of 3.26–10.8GHz, with the notched-band coverage of 4.0–4.57GHz (C-band radar Note7), 4.8–5.0GHz (N79 mobile), 5.62–
6.0GHz (WLAN downlink), and 8.08–8.79GHz (ITU-R), peak gain of 6.9 dBi, radiation efficiency above 70%, and isolation greater
than 20 dB. In addition, the important performance parameters of the designed MIMO antenna include envelope correlation coefficient
(ECC), diversity gain (DG), channel capacity loss (CCL), and total active reflection coefficient (TARC). The antenna is subjected to
bending and human body experiments, and all the results show that the antenna has the advantages of small size, multiple notched bands,
and high isolation, which has a good prospect of application in the field of wearable antennas for the Internet of Things (IoT).

1. INTRODUCTION

With the increasing maturation of 5G technology, its infor-
mation transmission efficiency and speed have been sig-

nificantly enhanced, leading to widespread applications in peo-
ple’s daily lives and industrial sectors [1]. Antennas play an in-
dispensable role in data communication as passive devices that
transmit and receive electromagnetic waves in wireless com-
munication systems. Wearable antenna is a hot research topic
in recent years, which has to realize miniaturization, low pro-
file, and reduce the impact of radiation on human health when
it is integrated into human attire. Wearable antennas can be
used in biomedicine [2], where they can be worn inside a pa-
tient’s clothing to help remotely access the services of doctors
and healthcare professionals; in health monitoring, where they
can be embedded in people’s clothing to establish health de-
tection and remote localization; in sports and fitness [3], where
the antenna can be placed on the ground to sense the time of the
exercise, attached to the runner’s clothes or shoes to remotely
time; and they can be used in military equipment and many
other fields.
Wearable antennas need to be flexible and easily commensu-

rable so that they can be better worn on the human body. Many
researchers have used different flexible materials to make wear-
able antennas [4–8], such as Kapton Polyimide [4], Taconic
TLY 5 [5], Rogers RT 5880 [6], Jeans textile [7], and LCP [8],
and compare the performance of the antennas under different
materials.
Multiple input multiple output (MIMO) technology uses

multiple antennas at both the transmitter and receiver to sig-
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nificantly enhance spectral efficiency and channel capacity. It
mitigates multipath fading, lowers error rates, and improves
communication reliability. Recently, extensive research has
been conducted on flexible MIMO antennas [9–12, 15, 17, 23].
In [9, 10, 15] employing Rogers substrates with different spec-
ifications (dielectric constant, thickness), antennas designed
with Rogers materials offer performance advantages of high
performance, high stability, and high reliability. In [11], a 4-
port MIMO antenna is proposed, and transparency and flex-
ibility of the antenna are achieved by utilizing materials like
polyethylene terephthalate (PET) and silver oxide. In [12],
the antenna is designed on a polyimide substrate. Refs. [17]
and [23] utilize liquid crystal polymer (LCP) substrates with a
thickness of merely 0.1mm, which exhibit excellent flexibility
and demonstrate promising application potential in the field of
wearable antennas for the IoT (Internet of Things).
To prevent wide-bandwidth antennas from being interfered

by narrowband signals and to enable the transmission and
reception of specific frequency band signals, many researchers
have proposed antennas with band-rejection characteris-
tics [13–22]. The most common method to achieve stopbands
is slot etching, such as L-shaped, U-shaped, or C-shaped
slots. In [13], a U-type slit is cut into the patch to produce
the band-notch at C-band across 3.63–4.15GHz. In [15],
an antenna consists of a circular monopole with a split ring
groove. The band rejection feature is achieved by placing
a split-ring resonator (SRR) slot, etching it on a circular
monopole, and etching a U-shaped slot on the strip line feed.
The antenna in [22] achieves quad-band rejection character-
istics by incorporating a complementary split-ring resonator
structure on the patch, placing two C-shaped structures on both
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sides of the feed line, and introducing two L-shaped slots at
the edges of the ground plane.
In this paper, a wearable four-notched-band binary MIMO

antenna is proposed for IoT applications in the paper. The an-
tenna is fed by a CPW (coplanar waveguide) feed and achieves
ultra-wideband (UWB) operation from 3.26 to 10.8GHz. In
order to realize the notched bands for special frequencies, four
C-shaped slots are etched in the patch, which realize the four
notched bands of C-band radar (Note7), N79 (mobile), WLAN
downlink, and ITU-R, respectively. This design enables the an-
tenna to effectively avoid co-channel interference from existing
wireless systems, ensuring communication reliability in com-
plex medical monitoring and industrial IoT environments. The
antenna employs a binary MIMO configuration where a central
fence structure ensures inter-element isolation exceeding 20 dB
across the entire operating band. The measured and simulated
results demonstrates outstanding performance metrics: an en-
velope correlation coefficient (ECC) below 0.03, diversity gain
(DG) approaching 10 dB, and channel capacity loss (CCL) un-
der 0.4 bits/s/Hz. This capability strongly supports bandwidth-
intensive scenarios such as augmented reality (AR)-assisted re-
mote collaboration. Combined with its flexible structure and
compact design, the antenna can be seamlessly integrated into
wearable devices and various IoT terminals.

2. ANTENNA DESIGN

2.1. Single Element Antenna

Figure 1 illustrates the entire design steps to realize the final unit
antenna. The antenna is fed by CPW feed, and ultra-wideband
characteristics are achieved by cutting a triangular patch, then
four C-shaped slots are etched on the patch to make the current
flow on both sides of the slots and in the opposite directions,
generating mutually canceling electric fields and limiting the
radiation of electromagnetic waves at the corresponding fre-
quency bands, thus realizing four-notched bands, respectively,
of the C-band radar (Note7), N79 (mobile), WLAN downlink,
and ITU-R. The antenna is made of flexible LCP substrate ma-
terial with a dielectric constant of 2.9, loss angle tangent of
0.002, and thickness h of 0.1mm. Through continuous anal-
ysis and optimization in the HFSS software, the final antenna
length was determined to be 6mm and the width to be 14mm.
The calculation formulas for the dimensions of the rectangular

FIGURE 1. Unit antenna design steps.

patch are as follows:

W0 =
2F√

1+ 2h

πεeffF [ln(Fπ
2h )+1.7726]

(1)

F =
8.791 ∗ 109

f0
√
εeff

(2)

εeff ≈
(εr + 1)

2
(3)

In Equations (1)–(3), W0 is the width of the radiation patch,
f0 = 7.5GHz the resonant frequency, εeff the dielectric con-
stant of substrate, and h the thickness of the antenna. The
lengths of the two C-shaped slits are equal to a half-wavelength
resonator, which can be calculated as

λ =
C

2f0
√
εeff

(4)

In Equation (4), c is the speed of light in a vacuum. In Fig. 1
the feed line width wg is 1.8mm, and the spacing w between
the feed line and the ground plane g1 is 0.2mm. Calculating
according to the above formula, the characteristic impedance
Z0 of the antenna is 50Ω. The characteristic impedance Z0 of
the antenna can be calculated according to [24].
Figure 2 illustrates the S11 curves for different stages of the

unit antenna. In Ant 1, the shape of the radiation patch is rectan-
gular, and S11 does not reach the ultra-wideband. On this basis,
the rectangular patch is corner-cut to become Ant 2, at which
S11 realizes a broadband of 2.8–10.28GHz. Then by etching
four C-shaped slots on the patch, the final antenna band cov-
ers 2.8–10.8GHz, where notched bands are generated at 4.17–
4.6GHz (C-band Radar Note7), 4.75–5.0GHz (N79 mobile),
5.44–6.0GHz (WLAN downlink), and 8.05–8.6GHz (ITU-R).

FIGURE 2. S11 for different stages of unit antenna.

2.2. Two-Element MIMO Antenna
Figure 3 shows the structural and processing physical drawings
of the four-notched-band binary MIMO antenna. The two an-
tenna units of the MIMO antenna are placed in parallel, and a
fence structure is introduced in the center to enhance the iso-
lation between the antenna elements. The final antenna size is
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(a) (b)

FIGURE 3. Structure and processed physical drawing of the presented antenna. (a) Antenna structure. (b) Fabricated antenna.

FIGURE 4. Equivalent circuit model of the proposed antenna.

TABLE 1. Simulated and optimized antenna geometry parameter val-
ues.

Parameters L W L1 W1 L2 W2

Lengths (mm) 3 54 12 2 6 14
Parameters g1 Wg s1 s2 s3 /

Lengths (mm) 0.2 1.8 1 1.2 0.4 /

30mm ∗ 54mm ∗ 0.1mm. The values of the simulated and op-
timized antenna geometric parameters are shown in Table 1.
Figure 4 illustrates the equivalent circuit model of the an-

tenna configuration. This circuit model was developed using
the Advanced Design System (ADS) simulation tool. A series
of parallel R-L-C resonant circuits (R6-L6-C6, R7-L7-C7, and
R8-L8-C8) are utilized to represent the equivalent circuit res-
onators of the main UWB antenna. The feed line is incorpo-
rated into the equivalent circuit and is represented by a series
Rf-Lf to model the distributed elements of the antenna. The de-
coupling structure slot in the radiating patch is represented by
an La-Ca resonator to broaden the impedance bandwidth. The
arc-shaped slots are designed as series R-L-C circuits (RS1-
LS1-CS1, RS2-LS2-CS2, RS3-LS3-CS3, and RS4-LS4-CS4).
These components function as a short circuit at their resonant
frequencies, causing most of the input power to be reflected

back to the source. This effectively suppresses interference
from the C-band Radar (Note7), N79 mobile, WLAN down-
link, and ITU-R systems [25–27].

2.3. Decoupling Structure Analysis

Figure 5 shows the design process of the proposed antenna iso-
lation structure. In Antenna 1, the two antenna units are placed
horizontally without adding any isolation structure in between.
In Antenna 2, the two antenna units are still placed horizon-
tally, but a fence structure is introduced in the middle to con-
nect the ground plates of the two antenna units, which reduces
the inter-unit coupling and thus improves the isolation between
the antenna units.
Figure 6 shows the S-parameter simulation schematics of

Antenna 1 and Antenna 2. Among them, Fig. 6(a) shows the
S11 simulation before and after adding the isolation structure,
from which it can be seen that after adding the isolation struc-
ture, the low frequency is shifted to the right, but the overall
impedance bandwidth does not change much, and the antenna
after adding the isolation structure covers four notch bands,
4.0–4.57GHz (C-band radar Note7), 4.8–5.0GHz (N79 mo-
bile), 5.62–6.0GHz (WLAN downlink), and 8.08–8.79GHz
(ITU-R). Fig. 6(b) shows the change in the isolation degree
of the antenna before and after increasing the isolation struc-
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(a) (b)

FIGURE 5. Antenna isolation structure design process. (a) Antenna 1, (b) Antenna 2.

(a) (b)

FIGURE 6. S-parameter simulation of Antenna 1 and Antenna 2, (a) S11, (b) S21.

ture, from which it can be seen that when the isolation structure
is not increased, S21 is still unable to meet the requirements
at the low frequency, whereas the isolation degree of the an-
tenna is now less than −20 dB throughout the entire operating
frequency band after the isolation structure is increased, which
indicates that the isolation structure can improve the isolation
degree of the antenna units and reduce the coupling between
them.
Figure 7 shows the current distribution of the antenna at

4.5GHz, 5.0GHz, 5.9GHz, and 8.2GHz. From the figure, it
can be seen that port 1 is excited while port 2 is terminated
with a 50-ohm load, and the current is mainly distributed to the
isolation structure, and the current flowing to port 2 is very lit-
tle, which also further illustrates that the isolation structure can
effectively reduce the coupling between the antenna units.

3. MEASURED RESULTS AND ANALYSIS

3.1. S-Parameters
Figure 8 shows the simulated and measured values of the S-
parameters of the proposed wearable four-notched-bands bi-
nary MIMO antenna. Fig. 8(a) shows the simulated and mea-
sured values of the proposed antennaS11, and it can be seen that
although there is a little deviation between the measured and
simulated curves at high frequencies, both the measured and
simulated values cover the four notch bands of the C-band radar
Note7, N79 mobile, WLAN downlink, and ITU-R, and thus,
there is a better overall agreement between the two. Fig. 8(b)
shows the simulated and measured values of the proposed an-

tenna S21, and it can be seen that both measured and simu-
lated S21 are below −20 dB, which meets the requirements.
The deviation between the measured and simulatedS11 and S21

mainly comes from the errors in the antennamanufacturing pro-
cess and the loss of the SMA connector.

3.2. Radiation Patterns
The antenna radiation pattern measurement of the far field is
shown in Fig. 9. Fig. 10 illustrates the simulated and measured
E-plane and H-plane normalized radiation direction plots at
4.7GHz, 7.0GHz, and 9.5GHz. From the figure, it can be seen
that the E-plane radiation patterns of the antenna are all in the
shape of “8”, indicating that the antenna has better directivity,
and the H-plane radiation patterns are all in the shape of “O”,
indicating that the antenna has better omnidirectionality. The
reason for the difference between the measured and simulated
curves is mainly the errors during the testing process.

3.3. Gain and Efficiency
Figure 11 shows the simulated and measured gain and effi-
ciency values of the proposed antenna at different frequencies
in the operating band. In the operating band of the antenna, the
measured gain is 4.5 dB when the frequency is 4.7GHz, 6.1 dB
when the frequency is 7.8GHz, and 6.9 dB when the frequency
is 9.5GHz. Fig. 11(b) portrays that the actual efficiency of the
antenna is approximately 70%. Then, because of environmen-
tal uncertainties, the measured performance in terms of gain
and efficiency has some discrepancies compared to the calcu-
lated values.
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(a) (b)

(c) (d)

FIGURE 7. Current distribution of the antenna at different frequencies (a) at 4.5GHz, (b) at 5.0GHz, (c) at 5.9GHz, (d) at 8.2GHz.

(a) (b)

FIGURE 8. Antenna simulation and measured S-parameters, (a) S11, (b) S21.

FIGURE 9. Antenna radiation pattern measurement setup.

3.4. Diversity Performance

ECC, DG, CCL, and TARC are the metrics of the MIMO an-
tenna to measure the diversity performance. ECC is defined as
a performance metric of how isolated or correlated the commu-
nication channels are from each other. The smaller the value
of ECC is, the less correlation is between two antennas, and
the better the MIMO system is. The formulas for calculating
ECC from far-field parameters and S-parameters can be ob-
tained from [3]. The diversity performance of the antenna sys-
tem is evaluated by the DG, which is a key parameter char-
acterizing the diversity reception capability. To describe how
fast the constant message transmission rate can attain in com-
munication system, CCL is introduced [28]. CCL for MIMO
antenna should maintain lower than 0.4 bits/s/Hz over work-
ing bands. TARC represents the effective operating bandwidth
when multiple antennas are excited at the same time, and its
value is lower than −10 dB in the frequency band, which in-
dicates that the MIMO antenna system has low reflection loss
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(a)

(b)

(c)

FIGURE 10. Radiation patterns in E-plane andH-plane (a) at 4.7GHz, (b) at 7.0GHz, (c) at 9.5GHz.

and good phase stability, and can ensure reliable signal trans-
mission.
The DG is calculated as follows (5):

DG = 10

√
1− (ECC)2 (5)

The TARC is calculated as follows (6):

TARC = N−0.5

√∑N

i=1

∣∣∣∣∑N

k=1
|sikejθk−1|

∣∣∣∣2 (6)

Figure 12 shows the simulated and measured ECCs of the
proposed antenna, and it can be seen that the measured ECC
values are less than 0.03 in the operating band. Fig. 13 shows
the simulated and measured DGs of the proposed antenna, and
it can be seen that the measured DG values are all close to
10 dB in the operating band. In Fig. 14, the simulation CCL
curves are presented, showing that the CCL meets the stan-
dard over operating bands. Fig. 15 shows the simulated value
of the TARC of the proposed antenna, and it can be seen that
when the θ-excitation phase angles are 0◦, 60◦, 120◦, and 180◦,
the TARC values are all less than −10 dB in the operating fre-
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(b)(a)

FIGURE 11. Antenna gain and efficiency. (a) Gain. (b) Radiation efficiency.

FIGURE 12. ECC of the presented antenna. FIGURE 13. DG of the presented antenna.

FIGURE 14. CCL of the presented antenna. FIGURE 15. TARC of the presented antenna.

quency bands and greater than −10 dB in the four-notched-
bands, which meets the requirements.

3.5. Flexibility Analysis
The antenna proposed in this paper is a flexible wearable an-
tenna, so the effect of the degree of bending on this antenna
needs to be investigated. The antennas were placed on the sur-
face of plastic hollow cylinders with radii of 30mm and 50mm,
and the S-parameters were measured and compared to those
when they were not bent. Fig. 16 illustrates the S-parameters
of the antenna for different bending states. From Fig. 16(b), it

can be seen that when the antenna is placed on the surface of the
plastic hollow cylinder with a radius of 30mm, the antenna S11

fails to completely cover the four notch bands due to the large
bending amplitude, and when the antenna is placed with a ra-
dius of 50mm, the antenna S11 can cover the four notch bands
of the C-band radar Note7, N79 mobile, WLAN downlink, and
ITU-R. From Fig. 16(c), it can be seen that S21 of the antenna
stays below −20 dB under different bending conditions, which
meets the requirements. Thus, the antenna has an overall ex-
cellent performance under bending and can be applied in the
wearable field.
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(b)

(a)

(c)

FIGURE 16. S-parameters of the antenna for different bending states. (a) Bending antenna, (b) S11, (c) S21.

3.6. Effects of Human Body

Specific Absorption Rate (SAR) refers to the power of elec-
tromagnetic wave absorbed or consumed by human tissues per
unit mass per unit time. In wearable antenna, SAR value is
used to measure the degree of impact of antenna radiant energy
on human tissue inW/kg. The US federal standard requires that
the SAR value should not exceed 1.6W/kg, while the European
federal standard requires that it should not exceed 2W/kg. The
SAR values of wearable antennas must meet these criteria to
ensure safety when they are applied to the human body. Fig. 17
shows a simple human body model based on 10 g consisting
of four layers, from the outside to the inside being skin, fat,
muscle, and bone. Table 2 shows the electromagnetic charac-
teristics of each layer of the human body model.

TABLE 2. Electromagnetic properties of various human tissues.

Bone Muscle Fat Skin
εr 18.49 52.67 5.27 37.95

σ (S/m) 0.82 1.77 0.11 1.49
Density (kg/m3) 1008 1006 900 1001
Thickness (mm) 13 20 5 2

Table 3 shows the maximum SAR values of the proposed
wearable antenna at different frequencies and different dis-
tances from the human body. H denotes the distance between
the antenna and human model. According to the table, it can be
concluded that the simulated SAR values under different con-
ditions are better than the EU standard (2W/kg/10 g).

FIGURE 17. Antenna placed on the human body model.

TABLE 3. Maximum SAR values for different scenarios.

Central frequency (GHz) H (mm) SAR (W/kg/10 g)

4.7
8 1.0932
10 0.8550

7.0
8 0.3622
10 0.3275

9.5
8 0.2852
10 0.2309

Figure 18 shows the measured values of the S-parameters of
the antennas worn on the arm, chest, and thigh. From the figure,
it can be seen that the antenna involved can cover the required
frequency bands of different body parts, generate the required
notch, and the isolation degree is less than −20 dB. Therefore,
the antenna can work normally when it is placed on the body
part.
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(b)

(a)

(c)

FIGURE 18. Measured S-parameters on different body parts. (a) Antenna on human tissue, (b) S11, (c) S21.

TABLE 4. Comparison of antenna performance.

Ref.
No. of
ports

Antenna
size (mm3)

Substrate
material

Bandwidth
(GHz)

No. of
notches

Isolation
(dB)

ECC DG

[17] 2 30 ∗ 56.5 ∗ 0.1 LCP
(flexible)

2.4–11.3 1 < −23 < 0.008 > 9.998

[14] 2 24 ∗ 36 ∗ 1.6 FR4
(Non-flexible)

3.1–13.4 2 < −20 < 0.01 > 9.98

[5] 4 54 ∗ 54 ∗ 1.52 Taconic TLY 5
(Semi-flexible)

3.1–11.8 3 < −20 < 0.001 > 9.99

[15] 4 48 ∗ 48 ∗ 1.6 Rogers 5880
(Semi-flexible)

3–20 3 < −20 < 0.05 > 9.99

[18] 4 65 ∗ 65 ∗ 0.8 FR4
(Non-flexible)

2.51–11.07 3 < −21 < 0.005 > 9.998

[22] 2 43 ∗ 36 ∗ 1.59 / 1.4–25 4 < −15 < 0.005 /

Prop. 2 30× 54× 0.1
LCP

(flexible)
3.26–10.8 4 < −20 < 0.03 > 9.99

4. PERFORMANCE COMPARISON

Table 4 lists the performance of the wearable four-notched-
band binary MIMO antenna proposed in this paper compared
to previous research works. In [14, 18], the antenna uses non-
bendable rigid FR4 as the dielectric substrate material, which
cannot be applied in thewearable field. Although flexiblemate-
rials are used as the dielectric substrates in [5, 15, 17], the num-
ber of notched-bands is not as many as the proposed antenna,
and the bending performance and isolation in [22] are inferior
to that of the proposed antenna in this work. In summary, the
proposed wearable four-notched-band binary MIMO antenna
is characterized by small size, multiple notched bands, high
isolation, and excellent co-conformal flexibility, which make
it highly suitable for wearable IoT applications.

5. CONCLUSION

In this paper, a four-notched-band binary MIMO antenna is de-
signed for wearable applications. The proposed antenna has
four notched bands by etching four C-shaped slots on the patch,
and a fence structure is introduced in the middle to improve the
isolation between the elements. The MIMO antenna realizes
the bandwidth of 3.26–10.8GHz, and the four notched-bands
are 4.0–4.57GHz (C-band Radar Note7), 4.8–5.0GHz (N79
mobile), 5.62–6.0GHz (WLANdownlink), and 8.08–8.79GHz
(ITU-R). Its isolation is greater than 20 dB, its ECC value less
than 0.03, DG close to 10, CCL below 0.4 bits/s/Hz, TARC
lower than −10 dB in the frequency band, the maximum gain
6.9 dB, and radiation efficiency above 70%. The antenna shows
good performance in bending tests. In human model simula-
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tion, the antenna’s SAR values are all below standard values
under different conditions. The flexible MIMO antenna is suit-
able for wearable IoT applications, featuring multiple notched-
bands, high isolation, small size, ease of conformal integration,
and low SAR.
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