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Abstract—This letter presents a metasurface (MS)-based wide-
band wearable circularly polarized (CP) antenna to communicate
with in-body devices. The antenna consists of a crossed dipole, an
MS plane and a CP feeding network. The feed network generates
a quasi-90° phase delay between each adjacent arm of the crossed
dipole. This produces CP radiation and reduces polarization mis-
match between the telemetry antenna and the implantable antenna.
The MS, consisting of a 5 × 5 unit cell array, functions as a
reflector for the crossed dipole to improve forward radiation while
maintaining a low-profile structure. This is by designing the unit
cells with a near-zero phase reflection over the operating band. To
enable conformity with on-body usage, the antenna is designed fully
using flexible materials. Textile conductive elements are embedded
into a PDMS substrate. It is sized at 106 × 106 × 5 mm3 (1.24λ ×
1.24λ × 0.05λ at 3.5 GHz). Results indicated a −10 dB impedance
bandwidth from from 2.25 to 6 GHz (90%). The 3 dB axial ratio
bandwidth is from 2.9 to 4.95 GHz (52%), with a maximum on-body
gain of −10.5 dBi. Finally, the specific absorption rate (SAR)
assessment of the antenna indicated values far lower than the limits
of the FCC.

Index Terms—Biomedical telemetry, circularly polarized
antennas, wearable antennas, wideband antennas.

I. INTRODUCTION

B IOMEDICAL telemetry between implanted and wearable
devices has been an important research topic within the

context of wireless body area networks (WBANs). Sensing, di-
agnostics, and communications between them require electronic
modules and antennas to receive/transmit signals from/to im-
plantable antennas in the human body from an external on-body
antenna [1], [2]. While most antennas introduced to date for
this purpose have focused on linearly polarized (LP) antennas,
communication with implanted sensors can be more complex
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due to their potentially dynamic location and orientation when
they are operating in the body. To overcome this, circular polar-
ization (CP) is effective in minimizing polarization loss, fading
and multipath [3], [4].

To enable the CP feature, various design methods have been
presented in the literature. In [5], linear polarization feeding
structures are used to excite the different current distributions of
the polarization rotation artificial magnetic conductor (AMC)
to generate a dual polarization in different bands. Another
method to generate CP radiation uses an aperture-coupled feed
structure, an L-shaped slot and a microstrip line to excite two
orthogonal modes with a 90° phase difference based on the
characteristic mode theory in [6]. In [7], a novel CP exciting
method is presented. An L-shape stub as is introduced as a virtual
input port on a double-ring-slot feeding structure to generate a
90° phase delay when the actual port is excited. While such
excellent performance is demonstrated in free space, it is known
that wearable antenna’s reflection and far-field properties can
be drastically different when operated on the human body for
biotelemetry. Therefore, they must be optimized on phantoms
to ensure proper performance.

Besides that, rigid materials employed in these antennas can
significantly affect users’ comfort levels. In [8], a compact
ultra-wideband rigid LP antenna is designed for an implantable
system, operating from 3.1 to 10.6 GHz with a transmission
loss of −14 dB when implanted at a depth of 10 mm. Another
semi-flexible antenna for microwave imaging was proposed in
[9]. The rigid monopole antenna is centered on a semi-brick
to allow the attachment of the antenna directly to the body. In
[10], a bio-matched horn is proposed, consisting of water-filled
holes to mimic the frequency-dependent permittivity of the
underlying tissues over its entire bandwidth. Evaluation of the
antenna’s transmission (S12) when operated in different rotation
angles in both transmit and receive modes indicates that polar-
ization mismatch caused by these rotations deteriorates the link
dramatically. To overcome this, a polarization-reconfigurable
LP antenna was proposed [11], being able to be switched be-
tween 0°, +45°, 90°, and −45° using PIN diodes located on
the dipole arms. In [12], a CP receiving antenna is presented
for implantable systems. Corner truncations are applied onto
a radiator to generate CP waves, whereas a 4 × 4 MS array
is used for polarization conversion. However, the antenna is
rigid, and its bandwidth is narrow. Moreover, the potential
changes in distances between the antenna and human tissue make
its performance susceptible to changes. Therefore, decreasing
reflection and polarization mismatches are important problems
for telemetry antennas.

Metasurfaces (MS) with novel electromagnetic properties
have been successfully integrated into wearable antennas to

1536-1225 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Harbin Institute of Technology. Downloaded on December 25,2024 at 12:46:38 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-8698-4148
https://orcid.org/0000-0002-6967-1908
https://orcid.org/0000-0002-6213-0121
https://orcid.org/0000-0002-6394-5330
https://orcid.org/0000-0002-9548-6634
https://orcid.org/0000-0003-1823-6508
mailto:kai.zhang@xaut.edu.cn
mailto:kai.zhang@xaut.edu.cn
mailto:sen.yan@xjtu.edu.cn


1880 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 23, NO. 6, JUNE 2024

Fig. 1. Antenna model. (a) Top view, (b) feeding structure, (c) side view,
(d) feeding structure, (e) prototype, and (f) its flexibility. L = 106, ax = 20.48,
w1 = 3.13, w2 = 5.48, w3 = 0.71, lx = 39.28, ly = 48.49, g1 = 2.30, g2 = 0.21,
sh = 2.00, H = 3.50, l1 = 16.96, l2 = 84.46, l3 = 71.10, R = 3.66 (unit: mm).

improve their performance [13], [14]. One of its most important
examples is the application of AMC planes, which can serve as
reflectors, extending antenna bandwidth and maintaining a low
profile, both in LP and CP antennas [15], [16]. The AMC planes
integrated with wearable antennas in [17], [18], and [19] indi-
cated enhanced radiation efficiency and impedance matching.
However, a key distinction lies in their radiation direction. They
all featured off-body radiation patterns. Besides that, MS-based
radiators can be compact wearable antennas designed to resonate
at specific frequencies and can be excited using special feeding
structures [20], [21], [22]. In improving wearability, the Poly-
dimethylsiloxane (PDMS) polymer is widely used in wearable
antennas and components due to the flexibility and stability
of its electrical properties [19], [20], [21]. This overcomes the
shortcomings of textile-based wearable antennas (such as felt
and denim), as PDMS is waterproof, transparent, and applicable
throughout a wide temperature range (−60 to 200 °C). Several
PDMS-based wearable antennas have been reported to exhibit
excellent performance in free space [23], [24], [25].

This letter presents a highly flexible and wideband CP antenna
that radiates towards the human body for biomedical telemetry
operating from 2.26 to 6 GHz. Four anticlockwise-rotated arms,
each providing a 90° phase delay, are integrated into the antenna
to generate a right-handed CP. An AMC plane is used to redirect
radiation toward the body to improve forward gain and trans-
mission links while maintaining a low-profile structure besides
mechanical flexibility. Simulated and measured results indicated
satisfactory performance with the antenna operated on a human
phantom with 90% fractional impedance bandwidth and 47.4%
fractional AR bandwidth. To the best of our knowledge, this is
the first CP antenna with an AMC plane designed and optimized

to be operated in direct contact with the human tissue with such
levels of bandwidth, AR bandwidth and gain for this application.

II. ANTENNA DESIGN AND PRINCIPLES

The proposed antenna is shown in Fig. 1. The flexible PDMS
substrate is 2 mm and 3.5 mm thick, with a relative permittivity
of 2.75 and a loss tangent of 0.002. Conductive elements of
this antenna are formed using conductive textiles embedded into
the substrate. This textile is 0.017 mm thick with an effective
conductivity of 1.18 × 105 S/m. An AMC plane consisting
of an array of 5 × 5 patches works as a reflector, whereas a
crossed dipole functions as the CP radiator. An unconnected ring
surrounding the crossed arms is used for impedance matching.
The antenna prototype and its flexibility are shown in Fig. 1(e)
and (f), and all the parameters of the antenna are listed in the
caption of Fig. 1.

Throughout the design, a phantom is used to optimize the
antenna. This phantom consists of three layers of tissues, i.e., a
2 mm thickness of skin layer, a 15 mm thickness of a fat layer,
and a 15 mm thickness of muscle layer. The overall dimension of
the phantom block is 200 × 200 × 32 mm3, and their electrical
parameters are obtained from the CST material library.

A. Feeding Structure

The exploded view of the feeding structure is shown in
Fig. 1(b). The topmost layer consists of a pair of crossed dipoles
and a strip loop with a slot. The core of the coaxial cable is
connected to one of the top arms, as shown in Fig. 1(d). A
meandered line with a 90° phase delay connects this arm with
the other arm on the same layer. On the bottom layer of this
PDMS substrate, two additional orthogonal arms, symmetrically
positioned to the arms on the top layer, are embedded into the
substrate. The outer conductor of the coaxial cable is connected
to one of the arms on the bottom layer, as in Fig. 1(d), whereas a
90° microstrip line is used to connect the two bottom arms. This
generates a phase difference of a quarter wavelength between
the adjacent orthogonal arms in an anti-clockwise direction, thus
exciting a right-hand CP characteristic.

B. Metasurface Design

Considering its application in telemetry, the front-to-back
ratio (FBR) is important to ensure satisfactory focus of signal
going through/ coming from the human body. At the same time,
a low-profile structure is important to ensure users’ comfort. To
enable both features, an AMC plane is designed and integrated
into the antenna as a magnetic conductor. The metasurface
consists of an array of AMC unit cells made using conductive
textiles, as shown in Fig. 1(a). The side view of the antenna
is shown in Fig. 1(c), with the textile marked in yellow and
PDMS in blue. The fabrication process of the proposed antenna
is illustrated in [25]. The unit cell is simulated and optimized in
CST with a Floquet port placed above it and a periodic structure
boundary. The reference plane of the port is set on the interface
between the unit cell and the free space. The simulated reflection
phase of this independent unit cell is presented in Fig. 2(a). The
reflection phase at the reference surface is presented, and the
unit cell operates within the range of ±90° from 3.15 to 5 GHz.

Moreover, it is evident from Fig. 2(b) that the AMC plane
enables wideband matching. This can be observed when assess-
ing the performance of the antenna with and without the AMC
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Fig. 2. Performances of the antenna. (a) Reflection phase of a unit cell,
(b) S11, and FBR (E+z)/(E-z) results. w/o = without, w. = with.

Fig. 3. (a) S12 measurement setup. (b) Wireless link measurement between
the capsule and proposed antenna. (c) Antenna evaluation on phantom.

plane. When operating on the phantom, both antennas (with
and without AMC plane) operated in a wide bandwidth due to
their contact with the lossy phantom. Despite being wider in
bandwidth, the FBR (E+z)/(E-z) of the crossed dipole without
the AMC plane is worse when operating on the phantom, as
shown in Fig. 2(b), with positive values indicating a main beam
direction towards +z, and vice versa. While the AMC plane
increased the FBR when evaluated in free space, reflection
coming from the phantom is mitigated to some extent when
the antenna is operating on it. Moreover, the contribution of the
AMC plane in mitigating reflections also becomes more evident
with increasing frequency.

III. RESULTS AND DISCUSSION

To experimentally evaluate the antenna similarly to sim-
ulations, the PDMS antenna is placed on a fabricated four-
layered semi-solid phantom, as shown in Fig. 3. It consists of
a 2 mm-thick skin, 15 mm-thick fat, 15 mm-thick muscle, and
5 mm-thick (bottom) muscle cover, as shown in Fig. 3(a). This
semi-solid phantom mimics the intestinal tissue [26]. SPEAG’s
dielectric assessment kit (DAK) is used to measure the electri-
cal properties of each layer [27] when connected to a vector
networks analyzer (VNA) 8720ES.

A. S-Parameter Performance

For wireless link assessments, an implantable capsule antenna
illustrated in Fig. 3(b) is used as a reference antenna. It is placed
inside the tissue block and parallel to the center of the proposed
antenna [28]. The capsule antenna is linearly polarized, featuring
an omnidirectional radiation pattern with a maximum gain of
−12.6 dBi in a phantom. Ports 1 and 2 are shown in Fig. 3(a).
To evaluate the contribution of the proposed CP characteristic
on the wireless link, the capsule antenna was evaluated when
rotated around the z-axis at three angles (0°, 45°, and 90°).

Fig. 4. S-parameters curves of the antenna on the phantom. (a) Simulation and
measurement results and (b) measurement results of the wireless link in different
cases. Ms_ant. = metasurface antenna, and RA = rotation angle.

Fig. 5. Power flow distribution (a) without AMC at 3 GHz, (b) without AMC
at 4 GHz, (c) with AMC at 3 GHz, and (d) with AMC at 4 GHz.

Results presented in Fig. 4 indicated that the S11 of the
proposed antenna operated on phantom from 2.66 to 5.41 GHz
in simulations, and from 2.25 to 6 GHz in measurements.
At the same, the performance of the antenna with a bend is
also shown in Figs. 4(a) and 5(b). the S11 curves of the bent
antenna are consistent, showing stable reflection performance
and excellent flexibility when applied on an uneven test surface.
Measurements indicated wider bandwidth due to the loss and
high relative permittivity of the phantom. Differences observed
between simulations and measurements can be explained by
several factors. Firstly, the uneven phantom thickness fabricated
created some variation in the practical test environment relative
to simulations. Secondly, parameters of the human body change
with frequency slightly, whereas this is rather consistent when
extrapolated in the simulator. Finally, slight deviations in the
fabricated antenna dimensions affected its reflection coefficient
in practice.

Note also that the measured reflection coefficient of the cap-
sule antenna is indicated by the blue S22 line. From the experi-
mental S21 curves, the maximum transmission loss is 22.5 dB at
2.5 GHz. This indicates a consistent link performance within the
working band. In Fig. 4(b), the link performance of this antenna
is compared against an LP on-body antenna from [2]. This
previous antenna is set as an LP receiver, whereas the capsule
antenna from Fig. 3(b) is set as an LP transmitter antenna. The
average values of S12 over the operating band with different
rotation angles are calculated, and the results indicate that the
link performance of the CP antenna is better than LP antenna
at different rotation angles. The result attenuates greatly when
the receiver antenna is LP, and the capsule antenna is rotated
by 90°. The wireless link attenuation due to the polarization
mismatch is reduced when the capsule antenna is rotating at
random orientations inside the body relative to the proposed CP
antenna.
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TABLE I
COMPARISON OF THE PROPOSED ANTENNA WITH OTHER RELEVANT LITERATURE

Fig. 6. Far-field performances of the antenna on the phantom. (a) Gain (+z-
direction) and efficiency (flat) and (b) axial ratio.

B. Near Field Performance

Fig. 5 illustrates the direction of the wave and power flow
in the phantom with and without the AMC plane at two main
frequencies. The energy in each layer of the phantom has dif-
ferent intensities and distributions depending on each layer’s
permittivity and loss factor. Compared to the radiator without
the AMC plane, the back radiation is almost fully reflected
by the AMC plane, indicating its contribution to the antenna
performance.

C. Far-Field Performance

The on-phantom radiation performance of the antenna is then
evaluated using a commercial near-field measurement system
from SATIMO. The measured gain and efficiency are compared
with simulations in Fig. 6(a), indicating satisfactory agreements.
The measured peak realized gain is −10.5 dBi at 4 GHz due
to absorption by the tissue. Besides that, the measured AR in
the +z-direction toward the phantom is presented in Fig. 6(b),
indicating the AR band from 2.9 to 4.7 GHz with a 47.4%
relative bandwidth. Small ripples are observed in measurements
due to the nonperfect alignment of the antenna with the hori-
zontal plane, besides the slight nonuniform thicknesses of the
fabricated phantom. The normalized far-field patterns in the
+z-direction are illustrated in Fig. 7. Simulated gains in the
+z-direction are −24.6 dBi at 3 GHz and −15.7 dBi at 4 GHz,
whereas measured gains are −20.2 dBi and −10.5 dBi at the
same frequencies, respectively. Fig. 6(b) depicts the antenna’s
on-phantom performance with different curvature radius, R.
Results indicate that as the radius of curvature decreases, the
S11 curve exhibits some degradation. However, it is important
to note that the antenna still operated within the target frequency
band with S11<−10 dB, ensuring its functionality. A slight dete-
rioration is observed for AR as the bending curvature increases.
Nevertheless, the overall AR performance remains below 6 dB,
which meets most practical requirements.

Fig. 7. Far-field pattern in simulations and measurements. (a) 3 GHz φ= 0°.
(b) 3 GHz φ = 90°. (c) 4 GHz φ = 0°. (d) 4 GHz φ = 90°.

D. SAR Evaluations

To validate its potential for on-body applications, the spe-
cific absorption rate (SAR) of the proposed antenna is eval-
uated. Based on FCC standards, SAR levels are regulated to
be below 1.6 W/kg when averaged over 10 g of actual tissue.
The peak averaged SAR values are 0.97 W/kg and 0.51 W/kg
at 3 and 4 GHz, respectively, when evaluated with an input
power of 0.1 W. Both values are much lower than the FCC
requirements.

IV. CONCLUSION

In this letter, a flexible wideband CP MS-based antenna is
proposed for biomedical telemetry with an implanted capsule.
The antenna consists of a crossed dipole, an AMC plane, and
a feeding structure. A ring-shaped feeding circuit with four
arms excites these antenna elements and generates CP radiation.
The antenna is made using flexible materials, with conductive
textiles as its conductive parts and is embedded in a PDMS
substrate. The overall size of the flexible antenna is 106 × 106
× 5 mm3 at 3.5 GHz (1.24λ × 1.24λ × 0.05λ), featuring a
90% impedance bandwidth (from 2.25 to 6 GHz with a 3 dB
AR bandwidth of 47.4% (from 2.9 to 4.7 GHz). The maximum
radiation gain towards the body is −10.5 dBi. This is also
evident from Table I that the proposed antenna’s performance,
when benchmarked against recent state-of-the-art designs, offers
unique innovativeness and improvements.
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