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ABSTRACT: This paper presents a flexible wearable multiple-input multiple-output (MIMO) antenna with low specific absorption rate
(SAR) and high isolation based on artificial magnetic conductor (AMC), which is applied to wireless body area network (WBAN). The
antenna consists of two orthogonal antenna elements, which are connected to the ground, and the size is 45 mm × 22 mm × 0.1mm.
By integrating a 4× 5 square artificial magnetic conductor array on the back of the antenna, the gain of the antenna is improved, and the
backward radiation of the antenna to the human body is reduced. Both antenna and AMC array are printed on 0.1mm flexible substrate
liquid crystal polymer (LCP). The results of measurement illustrate that the integrated antenna operates at 5.55GHz–6.4GHz (14.6%),
and the port isolation is better than 20 dB. At 5.8GHz, the measured antenna gain is 7.92 dBi, and the front-to-back ratio (FBR) is 17.5 dB.
The analysis results of integrated antenna placement at different parts of the human body and bending measurement show that the SAR
value is reduced by 99.4%, and the measured performance is good. The proposed MIMO antenna integrated with AMC can be safely
applied in wearable applications.

1. INTRODUCTION

With wearable devices progressing rapidly, scholars are in-
creasingly focusing their attention on research related to

wireless body area networks (WBANs). There are numerous
applications for WBANs in our daily lives. They are used in
the healthcare industry, such as glucosemonitoring systems and
blood pressure monitors, to monitor a patient’s serious medical
condition. They can also be used in emergency and rescue re-
sponse systems, as well as in the entertainment, military, com-
mercial, and rescue industries, and integrated into shoes, jack-
ets, raincoats, and helmets [1].
The performance of the antenna will be impacted by the sub-

strate made from various materials [2]. The permittivity and
thickness of the substrate play a significant role in determining
the bandwidth and efficiency of a planar microstrip antenna [3].
Due to the development of wearable antennas, the research on
patch antennas has mostly focused on flexible materials [4–
15]. At present, wearable antennas extensively use various
textile materials as the substrate, including felt [4, 8, 10, 14],
jeans [9, 11], and some other flexible materials like leather [13].
The purpose of using these flexiblematerials is to achieve better
integration of the antenna and conformal with the human body.
Wearable antennas are a hot spot for current researchers. The

antenna performances of high gain and low specific absorption
ratio (SAR) are important evaluation metrics, and the metama-
terial structure is used to improve the antenna performances [4–
7, 8–16]. Wearable antennas can be applied to healthcare fields,
such as brainwave meter, electrocardiogram monitor, and de-
fibrillator. In the military field, it can be integrated into helmet
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or clothing of soldier to locate the soldier’s position and convey
military information. When the wearable antenna is backed on
an artificial magnetic conductor (AMC) structure, the radiation
from the back lobes is reduced effectively; the SAR value of
the antennas towards the human is exceptionally low, and at
the same time, the antennas obtain high gain.
In [8], a foldable dipole antenna based on AMC is proposed

for health monitoring, with a SAR value of only 0.0091W/kg,
while achieving a gain improvement of 5.16 dBi. In [10], the
antenna backed with 3 × 3 AMC array obtains a gain of 5 dBi
and 99.9% reduction in backward radiation towards the human
body. In [12], a forward gain of 7.47 dBi is achieved by load-
ing a 2 × 2 AMC array on the back of the antenna, with a
front to back ratio greater than 20 dB and radiation to the human
body less than 0.15W/kg. In [15], the antenna integrated with
an AMC array achieved a maximum gain increase of 6.12 dBi
while reducing backward radiation by 88.9%. In [16], the an-
tenna and AMC array are printed on a substrate of FR4, which
cannot adapt to the bending activity of the human body. Above
antennas are all single element with AMC array, which greatly
limits the channel capacity and information transmission rate of
the communication system.
Multiple-input multiple-output (MIMO) technology has

demonstrated its effectiveness in ensuring high data rates,
enhancing system capacity, and reducing multipath fading.
Isolation of the ports should be considered in the design of
a MIMO antenna. High isolation means that there is little
influence between antenna elements, and they do not interfere
with each other when receiving and transmitting signals.
In [17], a flexible MIMO antenna is presented, but the max

79doi:10.2528/PIERM23122003 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERM23122003


Zhang et al.
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FIGURE 1. Design of MIMO antenna. (a) Geometry of MIMO antenna. (b) Manufactured MIMO antenna.

FIGURE 2. Simulated and measured S-parameters.

gain is only 5.5 dBi. In [18], a MIMO antenna with an AMC
array is printed on a substrate of FR4, and the isolation is
only −18 dB. So, it is a difficult task to design a fully flexible
MIMO antenna based on an AMC array with high isolation
and gain.
Based on the study ofMIMO technology andAMC structure,

a two-elementMIMO flexible wearable antenna integrated 4×5
flexible AMC array is proposed, which improves the antenna
gain and greatly reduces the backward radiation to human body.
The substrate for both the AMC and the antenna is 0.1mm flex-
ible material LCP. The reflection phase and reflection band-
width of AMC unit, the return loss of integrated antenna, the
coupling between elements, gain, and normalized pattern are
analyzed and discussed. At the same time, the SAR evaluation
and bending measurement of the integrated antenna are carried
out, and the results of measurement and simulation show a good
agreement. The proposed antenna can be safely applied to hu-
man body and widely used in WBAN.
The innovation points of the proposed antenna include: (1)

The MIMO antenna integrated with an AMC structure is fully
flexible. (2) The MIMO antenna has high isolation.

2. DESIGN OF MIMO ANTENNA INTEGRATED WITH
AMC

2.1. MIMO Antenna Design
The geometric dimensions of MIMO antenna are given in
Fig. 1(a). The antenna is fed by coplanar waveguide, printed

on a flexible liquid crystal polymer (LCP) material with a loss
tangent of 0.002 and a relative permittivity of 2.9. The manu-
factured antenna is shown in Fig. 1(b).
By implementing angular processing on the ground, the oper-

ating frequency band of the antenna is expanded. Two antenna
units are arranged vertically to avoid mutual coupling, and po-
larization diversity is utilized to improve isolation. The con-
nected ground and isolated branches are introduced to further
decrease coupling.
These are the detailed dimensions of MIMO antenna: L =

45mm, L0 = 16.6mm, L1 = 21.5mm, L2 = 13.2mm,
L3 = 8mm, L4 = 4mm, LF = 9.5mm, W = 22mm,
W0 = 18.6mm,W1 = 6.4mm,W2 = 0.5mm,W3 = 8mm,
WB = 6.5mm,WF = 1mm, G = 0.2mm.
The vector network analyzer is used for measuring the S-

parameters of the antenna. A comparison of the S-parameters
from simulation and measurement is depicted in Fig. 2. The
simulated operating frequency band is 4.88GHz–6.83GHz,
with isolation below −20 dB. Due to processing errors and
practical measurement environment issues, the measured fre-
quency range is narrower than the simulated bandwidth, rang-
ing from 5.15GHz to 6.8GHz, with isolation less than −20 dB
throughout the entire operating frequency band.
Figure 3 shows the design process of MIMO antenna with

connected ground. Antenna 1 is the first step; Antenna 2 is
the second step; Antenna 3 is the third step. As can be seen
from Fig. 4, the introduction of ground connection and isolation
branches enables the MIMO antenna to obtain good impedance
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FIGURE 3. The design process of MIMO antenna. (a) Antenna 1. (b) Antenna 2. (c) Antenna 3.

(a) (b)

FIGURE 4. Simulated S-parameters (a) S11 (b) S12.

(a) (b)

FIGURE 5. Design of AMC structure. (a) Equivalent circuit of AMC unit. (b) Manufactured AMC array.

matching and high isolation. At Industrial, Scientific, andMed-
ical (ISM) 5.8GHz, the return loss is less than −25 dB, and
the isolation is better than 27 dB. The simulated operating fre-
quency band is from 4.88GHz to 6.83GHz, and the isolation is
less than −20 dB.

2.2. AMC Array Design
The front side of the AMC can be a conductive metal patch of
any shape, and the back side is a complete metal ground con-
nection, and periodically arranged on the substrate. The equiv-
alent circuit of AMC structure is an LC parallel model. It can
be seen from the resonance principle that the impedance of the
LC parallel circuit is the maximum value in the resonant state,
and the surface of the AMC presents high impedance character-
istics. When the electromagnetic wave is vertically incident to
the surface of the AMC structure, a part of the electromagnetic
wave will be reflected. On the high-impedance surface, the in-

cident wave and reflected wave are in phase and in positive su-
perposition, so that the surface of the AMC presents in-phase
reflection characteristics. The high impedance and in-phase re-
flection characteristics of the AMC can improve the gain and
front-to-back ratio of the antenna.
The AMC unit is composed of a square patch on the front of

LCP and metallic ground. The substrate is LCP with a thick-
ness HA of 0.1mm. The unit length is LA, and the length of
the square patch is WA. Fig. 5(a) shows the equivalent circuit
of the AMC unit. The capacitor C is equivalent to the gap be-
tween the radiation patches, and the inductor L is equivalent
to the ground [19]. The manufactured AMC array is shown in
Fig. 5(b).
The center resonant frequency is 5.82GHz, and the reflec-

tion phase bandwidth is 50MHz (5.79GHz–5.84GHz). The
reflection phase characteristics of the final optimized AMC are
depicted in Fig. 6(a).
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FIGURE 6. (a) Reflected phase of AMC. (b) Effect of WA on AMC performance.

(a) (b)

FIGURE 7. MIMO antenna integrated with AMC. (a) Top view. (b) Side view.

(a) (b)

FIGURE 8. Manufactured integrated antenna. (a) Top view. (b) Side view.

The parameters of the AMC are analyzed, and the results are
depicted in Fig. 6(b). As the WA gradually increases, the 0◦ re-
flection phase of the AMC gradually shifts towards lower fre-
quencies.
The detailed dimensions of the optimized AMC unit are

given below: LA =16mm, WA =14.6mm, GA =0.4mm,
HA =0.1mm.

2.3. MIMO Antenna Integrated with AMC Array
Figure 7(a) displays the MIMO antenna system integrated with
a 4 × 5 AMC array. As shown in Fig. 7(b), the foam with
a height of 12mm is placed between the AMC array and the

proposed MIMO antenna. The fabricated integrated antenna is
shown in Fig. 8. Simulated S-parameters with different values
of D are presented in Fig. 9.
As observed in Figs. 9(a) and (b), when the height of the foam

is different, it has a significant influence on the S-parameters
of the integrated antenna. Considering the performance of the
integrated antenna and the low profile, a foam height of 12mm
is chosen.
The size of the AMC array also has an impact on the antenna

gain, as shown in Table 1. With the increase of the number of
AMCs, the antenna gain also improves. However, there is a
diminishing effect on the antenna gain after reaching a certain
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FIGURE 9. Effect of D on the performance of integrated antenna (a) S11. (b) S12.

(a) (b)

FIGURE 10. Simulated and measured S-parameters of proposed integrated antenna. (a) S11 and S22. (b) S12.

TABLE 1. Simulated gains of integrated antenna with different numbers of AMC array.

AMC Array Size Gain (dBi)
3× 4 8.28
4× 4 8.6
4× 5 8.8
5× 5 8.7

quantity. Considering the performance and miniaturization re-
quirements of the integrated antenna, a 4 × 5 AMC array is
integrated on the back of the MIMO antenna to improve the
overall performance.
To achieve a good match between the antenna and the AMC

array, further simulated optimization is conducted for some di-
mensions of the AMC array, and the optimized dimensions are
as follows: LM = 72.4mm, WM = 58mm, GM = 14mm.

3. EXPERIMENTAL VERIFICATION

3.1. S-Parameters
The S-parameters of the integrated antenna from simulation
andmeasurement are depicted in Fig. 10. It can be observed that
the operating bandwidth of the integrated antenna is 5.6GHz–

6.68GHz, with isolation less than −19.5 dB. The measured
bandwidth of the integrated antenna is narrower, ranging from
5.55 to 6.4GHz, and the isolation is less than −20 dB.

3.2. Diversity Performance
To guarantee optimal antenna performance, the envelope corre-
lation coefficient (ECC), diversity gain (DG), and channel ca-
pacity loss (CCL) are analyzed [18]. The ECC should be as
small as possible, which is preferably less than 0.5. The value
of ECC can be calculated by the far field radiation:

ECC =

∣∣∣∫∫ [−→
F1(θ, φ)×

−→
F2(θ, φ)

]
dΩ2

∣∣∣∫∫ ∣∣∣−→F1(θ, φ)
∣∣∣2 dΩ ∫∫ ∣∣∣−→F2(θ, φ)

∣∣∣2 dΩ (1)
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FIGURE 11. Simulated and measured ECC, DG and CCL of integrated antenna. (a) ECC and DG. (b) CCL.

FIGURE 12. Measured TARC at different angles. FIGURE 13. Simulated and measured gain of MIMO antenna without
AMC and with AMC.

A higher DG indicates a better improvement in the effec-
tiveness of diversity reception, as the difference in signal levels
becomes larger. The CCL is a crucial index for assessing the
dependability and transmission efficiency of channel. It is an
important metric for assessing the performance of integrated
antenna. The CCL can be calculated by (2) and (3):

CCL = − log2 det(a
R) (2)

aR =


a11 a12 a13 a14
a21 a22 a23 a24
a31 a32 a33 a34
a41 a42 a43 a44

 ,

aii = 1−

 N∑
j=1

|Sij |2
 ,

aij = −(S∗
iiSij + S∗

ijSij) (3)

Figure 11 shows the simulated and measured levels of ECC,
DG, and CCL. At ISM 5.8GHz, the ECC is less than 0.005, and
the DG is greater than 9.999, approaching 10. The measured
CCL is less than 0.4 bits/s/Hz. This indicates a low coupling
between the antennas, a good diversity reception effect, and a
small channel capacity loss.

The total active reflection coefficient (TARC) is another in-
dicator that characterizes the performance ofMIMO systems. It
represents that the smoother the change of the antenna is at dif-
ferent angles, the better directivity and anti-interference ability
are. It can be calculated by the following formula:

TARC = N−0.5

√√√√ N∑
i=1

∣∣∣∣∣
N∑

k=1

|sikejθk−1|

∣∣∣∣∣
2

(4)

Figure 12 analyzes the TARC of the integrated antenna and
calculates the TARC of the integrated antenna at different an-
gles of 30◦, 90◦, and 150◦. At ISM 5.8GHz, the TARC values
are all below −10 dB. By analyzing the ECC, DG, TARC, and
CCL, it is evident that the integrated antenna system has great
performance.

3.3. Gain and Front-to-Back Ratio
The measured gain is increased from 4.02 dBi to 7.92 dBi as
shown in Fig. 13. The simulated front-to-back ratio (FBR) of
MIMO antenna is increased from 3.2 dB to 17.5 dB.
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(a) (b)

  

FIGURE 14. Simulated and measured patterns of integrated antenna. (a) E plane, (b)H plane.

(a) (b)

FIGURE 15. The S-parameters of bending measurements (a) S11 (b) S12.

3.4. Radiation Patterns

In Figs. 14(a) and (b), the normalized radiation patterns of
MIMO antenna without AMC array and with AMC array are
analyzed in the E-plane andH-plane, respectively. In both the
E-plane and H-plane, the integrated antenna exhibits reduced
backward radiation.

3.5. Bending Analysis of Integrated Antenna

To verify the conformal capability of the integrated antenna,
the antenna is placed on a cylinder with bending radii of 30mm
and 50mm for measurement. The performance of the bending
integrated antenna is displayed in Fig. 15. The measured re-
sults indicate that bending antenna has a narrow operating band-
width and a shift towards higher frequency. With a bending ra-
dius of 50mm, the operating frequency band is from 5.68GHz
to 6.2GHz, with isolation better than 18.5 dB. With a bend-
ing radius of 30mm, the operating band extends from 5.7GHz
to 6.28GHz, with isolation below −18 dB within the operat-
ing frequency. The bending results demonstrate that the inte-
grated antenna can still work normally under different degrees
of bending, and the isolation meets the engineering require-
ments.

3.6. On-Body Effects on the Integrated Antenna

For evaluating the practical applicability of the proposed inte-
grated antenna, we need to analyze the integrated antenna on
the human body.
By incorporating human body analysis, we can assess the

performance and safety of the integrated antenna when inter-
acting with the human body.
Figure 16 shows the S-parameters of integrated antenna on

human body. The integrated antenna is positioned indepen-
dently on the human arm, thigh, and back for measurements.
The measured operating bandwidths are 5.4–6.35GHz, 5.65–
6.4GHz, and 5.64–6.36GHz, with isolation below −19 dB.
The high dielectric characteristic of the human body affects
the working performance of the integrated antenna, making the
working band of the integrated antenna narrow and the isola-
tion worse. However, the measured operating bandwidths all
cover ISM 5.8GHz, with isolation below −20 dB. The results
of the antenna measurements on the human body demonstrate
that the antenna is applicable to WBAN.
In Fig. 17, simulated analysis is performed on the integrated

antenna over four layers of human tissues [20]. These tissue
structures include skin, fat, muscle, and bone.
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(a) (b)

FIGURE 16. Measured S-parameters of integrated antenna on human body. (a) S11. (b) S12.

FIGURE 17. The simulated model of integrated antenna on human body.

TABLE 2. SAR comparisons of MIMO antenna with AMC and without AMC.

HA SAR (W/kg)

Without AMC array
2 4.25
3 3.68
4 2.85

With AMC array
2 0.09
3 0.02
4 0.017

TABLE 3. Comparison between the proposed antenna and other antennas.

Ref.
Number of
elements

Substrate
Operating Frequency

(GHz)
Gain
(dBi)

Isolation
(dB)

SAR
(W/kg)

[8] 1 Textile Felt 2.37–2.45 (3%) 2.71 - 0.0091
[9] 1 Jeans fabric 2.3–2.5 (8%) 7.5 - 0.028
[10] 1 Polyester felt 2.38–2.6 (9%) 5 - 0.23
[11] 1 Jeans 2.16–2.48 (13%) 5.33 - 0.34576
[12] 1 Polyimide 2.42–2.46 (2%) 7.47 - 0.15
[13] 1 Leather 5.56–6.07 (8.8%) 7.47 -
[14] 1 Felt 4.96–5.9 (16.2%) 6.7 - 0.2114
[15] 1 Pellon fabric 4.3–5.9 (27.5%) 6.12 - 1.32

[18] 2 FR4
2.36–2.51 (6.1%)
5.03–6.12 (18.8%)

3.34 7.48 < −18 0.16

This work 2 LCP 5.55–6.4 (14.6%) 7.92 < −20 0.09
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According to U.S. and EU regulations, respectively, the SAR
values obtained by the antenna with an AMC structure remain
below the threshold at 2W/kg/10 g, which ensures the safe ap-
plication of the concerned antenna for wearable purposes [21].
It can be calculated using the following formula:

SAR =
σE2

ρ
(5)

ρ represents the mass density, E the electric field intensity, and
σ the conductivity of human tissue.
The simulation of integrated antenna near the human body

is analyzed by High Frequency Structure Simulator (HFSS).
When the input power is 0.1W, the SARs of the integrated an-
tenna at different heights from the human body are displayed
in Table 2. Compared to the MIMO antenna without AMC ar-
ray, the radiation of the integrated antenna to the human body
is significantly reduced. When the integrated antenna system is
separated from the human body at different distances, the SAR
values are all less than 0.09W/kg, and the backward radiation
to the human body is small, which all meet the EU standards.

4. PERFORMANCE COMPARISON
Table 3 presents a comparison between the proposed antenna
and wearable antennas integrated with AMC in recent years.
Compared with the wearable single antennas in [8–15], the pre-
sented antenna has more element than others. Compared with
the MIMO antenna in [18], the presented MIMO antenna is
flexible and has higher isolation. Table 3 illustrates that the
proposed flexible MIMO antenna integrated with AMC array
in this paper exhibits high gain, low SAR, high isolation, and
ease of conformity. Its excellent flexibility and performances
make it suitable for wearable applications.

5. CONCLUSION
A flexible wearable MIMO antenna system with an AMC array
is proposed in this paper. The results of measurement and sim-
ulation show a good agreement. The AMC array is integrated
on the back of the antenna, and the operating frequency band is
5.55GHz–6.4GHz (14.6%); the isolation is better than 20 dB;
the measured gain at 5.8GHz is 7.92 dBi, which increases by
3.9 dBi; and the SAR is less than 0.09W/kg. The results of
simulation and measurement illustrate that the MIMO antenna
system has the characteristics of high gain, low SAR value,
and high isolation, and the flexibility makes the proposed an-
tenna widely used in the wearable field. At the same time, the
study provides a research direction for the future development
of wearable MIMO antenna. A compact and wide-band wear-
able flexible MIMO antenna backed on an AMC array will be
designed for low SAR, high gain, and high information trans-
mission rate.
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