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ABSTRACT: This paper presents a broadband circularly polarized (CP) implantable antenna for biomedical applications operating in the
2.45 GHz Industrial, Scientific, and Medical (ISM) band. Its key innovation is an annular ground plane structure with a square open slot,
which simultaneously broadens both impedance and axial ratio (AR) bandwidths. This achieves a wide effective bandwidth of 30.8%
(2.17-2.96 GHz), demonstrating superior bandwidth compared to existing implantable CP antennas. The antenna employs an inverted
S-shaped radiating patch, and by adjusting the position of the radiating branches, it can switch between left-hand circular polarization
(LHCP) and right-hand circular polarization (RHCP). The simulated and measured results of the antenna show good agreement, and the

SAR meets IEEE standards.

1. INTRODUCTION

ith the rapid development of biomedical electronics, im-
Wplantable medical devices are assuming an ever-growing
significance in disease monitoring, diagnosis, and therapy [1].
Clinical medical systems, including continuous glucose mon-
itors [2], wireless capsule endoscopes [3], and cardiac pace-
makers [4], necessitate robust bidirectional in/ex vivo commu-
nication architectures, where antenna characteristics predomi-
nantly dictate system reliability and clinical deployment feasi-
bility [5]. However, the intricate electromagnetic characteris-
tics of the human body present challenges for traditional im-
plantable antennas, including bandwidth limitations, polariza-
tion mismatches, and the challenge of reconciling size with bio-
compatibility. Therefore, the development of a novel antenna
design with wideband operation, CP, and in-body environment
compatibility is urgently needed.

Communication with implantable medical devices faces
the challenges of signal attenuation and frequency offset.
Broadband antenna technology improves signal transmission
robustness by extending the frequency domain and dynami-
cally matching dielectric property changes [6]. In [7, 8], the
bandwidth of the antenna is broadened by constructing the
electromagnetic field superposition effect of multiple resonant
modes. In [9], the effective path of the current is extended
by loading four C-shaped open slots, thereby achieving
miniaturization and broadband performance of the antenna.
Notably, the introduction of metamaterial (MTM) technology
opens up a new dimension for antenna design. In [10], the
CP bandwidth is enhanced by integrating MTM structures
with e-extremely large properties on the antenna’s cover layer.
These innovations provide important solutions for reliable
communication in implantable medical devices.
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CP technology has become a key technology for solving the
problem of complex electromagnetic environments in the hu-
man body and the mobility of implanted devices by its resis-
tance to polarization mismatch and dynamic adaptation capa-
bility [11]. In [12—14], CP is achieved via various slot struc-
ture designs, including symmetric L-shaped slots, asymmetric
T-shaped slots, and rectangular slots of varying lengths. In[15],
improved diagonal cross-square-ring radiators are proposed to
form directional current perturbations using cross single-arm
splitting to achieve CP radiation. In [16], a wide-beam CP im-
plantable antenna is designed by loading complementary open-
ring resonators and C-shaped slots on the radiating patch. These
innovative configurations enhance the stability and signal trans-
mission reliability of implantable antennas in complex bioelec-
tromagnetic environments. However, these designs still face
challenges such as bulky dimensions, limited operational band-
width, and suboptimal gain characteristics.

In this paper, a compact broadband CP implantable antenna
operating within the 2.45 GHz ISM band is developed. The
proposed antenna is made up of a radiating patch, ground, sub-
strate, and superstrate and is characterized by a low profile and
simple geometry. An inverted S-shaped radiator design fed by
a coplanar waveguide (CPW), which excites orthogonal phase
differences, produces the CP. The square open slot structure of
the ground plane extends the antenna bandwidth through adjust-
ing the current distribution. Electromagnetic simulations em-
ploy a single-layered-muscle, single-layered-skin, and three-
layered phantom, demonstrating robust adaptability to biolog-
ical tissues. Specific absorption rate (SAR) and link budget
analyses confirm compliance with both biosafety standards and
communication requirements.
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FIGURE 1. Geometrical shape of proposed antenna. (a) Top view. (b) Side view.

2. DESIGN OF PROPOSED ANTENNA

2.1. Geometry of the Antenna

The antenna model is displayed in Fig. 1, using a substrate made
of Rogers 3010 (¢, = 10.2, tand = 0.0035) with 0.254 mm
thickness. The superstrate shares identical material and geo-
metric parameters with the underlying substrate, which ensures
biosafety while building a stable dielectric environment. The
radiator adopts an inverted S-shaped structure, which excites
orthogonal current modes through geometrical asymmetry, thus
generating RHCP properties. A square open slot is incorporated
into the ground plane, and the impedance and AR bandwidths
of the antenna are improved by adjusting the size and position
of the slot to extend the surface current path. In addition, CPW
feed method is adopted, and the ground-to-feedline gap is op-
timized to 0.3 mm to match 50 2 impedance. Table 1 displays
the specific parameters of the proposed antenna geometry.

TABLE 1. Geometrical parameters of the proposed antenna.

Parameters | Values/mm | Parameters | Values/mm

L 10 Lo 3.1

w 10 Wa 3.8

M 0.3 L3 0.3
S 1.2 W3 1.4

S1 0.7 Wy 2.1

L 8.6 W 0.2

W 1 H 0.254

Since the proposed antenna operates within biological tis-
sues, we need to consider its operating environment. In this
design, a single-layered-muscle phantom is constructed to sim-
ulate the real biological environment. As illustrated in Fig. 2,
the simulated environment measures 60 x 60 x 20 mm?3, with the
muscle phantom exhibiting a relative permittivity of 52.73 and
conductivity of 1.74 S/m at 2.45 GHz, respectively [17]. The
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FIGURE 2. Simulation phantom of the proposed antenna.

proposed antenna is implanted 5 mm deep in the middle of the
single-layered-muscle phantom.

2.2. Antenna Design

Since CPW feeding technology has a simple structure, wide
bandwidth, low loss, and high anti-interference ability, it not
only effectively realizes the antenna’s low-profile and wide-
bandwidth characteristics but also guarantees high-quality sig-
nal transmission and stable communication performance.

The length of a monopole antenna in a medium can be cal-
culated using the following formula [18]:

C
L:4Xf\/gejf (1)

where c is the speed of light, . the effective permittivity con-
stant of the medium, and f the operating frequency.

For this design, the operating environment is a mixed
medium of superstrate and muscle tissue, and the effective per-
mittivity constant €. can be calculated using the Lichtenecker
formula [19]:

In () = valn(e1) + v1ln(eg) )
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FIGURE 3. Evolution diagram of the proposed antenna.
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FIGURE 4. Simulation results for the four steps in S11 and AR. (a) S11. (b) AR.

where €1 and &5 are the relative permittivity of the superstrate
and muscle tissue; v, and v, are the volume percentages of the
superstrate and muscle tissue, respectively.

The design steps of the proposed antenna are shown in Fig. 3.

Step 1: A conventional symmetric CPW-fed monopole an-
tenna is designed considering biocompatibility and communi-
cation reliability.

Step 2: The ground plane is modified to an annular config-
uration, and its extension structure is utilized to expand the ca-
pacitive coupling area between the ground plane and radiating
area, thus enhancing the electric field strength. This optimiza-
tion strategy not only effectively extends the impedance band-
width of the antenna but also improves the antenna gain and
overall radiation performance by enhancing the energy cou-
pling efficiency of the radiating surface.

Step 3: Two identical L-shaped branches are engineered to
form an inverted S-shaped radiating structure. The structure
introduces a 90° phase difference through geometric asymme-
try, thereby achieving spatial and phase orthogonality of elec-
tromagnetic waves and realizing CP radiation while preserving
amplitude balance.

Step 4: Introduce a square open slot in the ground to perturb
the current distribution so that the ground current goes around
along the edge of the square open slot, extending the current
path and enhancing the impedance bandwidth and AR band-
widths.

The S1; and AR curves in Fig. 4 demonstrate the evolution of
the impedance and CP during the design process, highlighting
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the importance of the inverted S-shaped radiating structure to
form the CP and square open slots to enhance the bandwidth.

3. RESULTS AND DISCUSSION

3.1. CP Radiating Mechanism

To better illustrate the operating principle of the antenna, Fig. 5
displays the surface current profiles of the antenna from 0° to
270° at 2.45 GHz. By observing the surface current distribution
at four distinct time phases, it is evident that the primary current
on the patch rotates counterclockwise, demonstrating that the
proposed antenna achieves RHCP characteristics.

The RHCP characteristics are validated through the simu-
lated radiation pattern in Fig. 6, where the antenna achieves a
maximum gain of —24 dBi. Due to size limitations and the loss
caused by surrounding human tissues, this antenna has low gain
and is suitable for short-range communication, meeting the re-
quirements of implantable medical devices. Cross-polarization
discrimination of 19.84 dB for RHCP in the main radiation di-
rection, thus showing high rejection of LHCP, and polarization
purity meets medical band communication needs.

3.2. Parametric Analysis

Parametric studies reveal that the inverted S-shaped radiator’s
branch length L3 and square open slot width Wj critically in-
fluence impedance and CP, so L3 and W5 are parametrically
analyzed to observe the performance changes. Fig. 7 displays

WWwWw.jpier.org



Lietal.

FIGURE 5. Current distributions of the proposed antenna.
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FIGURE 6. Simulated radiation patterns of LHCP and RHCP. (a) zoz-plane. (b) yoz-plane.
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FIGURE 7. Impact of different parameters L3 on the proposed antennas. (a) S11. (b) AR.

the analysis of the length L3 of the inverted S-shaped radia-
tor’s branches. As L3 increases, the frequency is shifted to
lower frequencies; the impedance bandwidth does not change
significantly; and the AR bandwidth changes more signifi-
cantly. When L3 is 0.3 mm, the AR bandwidth is the widest,
so Lz = 0.3mm is chosen. The effect of the width W5 of the
square open slot on impedance and CP is shown in Fig. 8. As
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Wi increases, both impedance bandwidth and AR bandwidth
decrease, so W5 = 0.2 mm is chosen.

3.3. Effect of Different Human Tissues

The proposed antenna is initially evaluated in a single-layered-
muscle phantom. However, the heterogeneity of biological
tissues and their electromagnetic property variations influence
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FIGURE 8. Impact of different parameters W5 on the proposed antennas. (a) S11. (b) AR.
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FIGURE 10. Simulation results of S11 and AR in different phantoms. (a) S11. (b)AR.

both impedance and CP. In particular, the CP exhibits sensi-
tivity to tissue phantom parameter variations. Therefore, the
proposed antenna is implanted into different human body phan-
toms in Fig. 9, and Fig. 10 displays its S1; and AR variation
curves. As illustrated in Fig. 10, when the antenna is embedded
in a single layer of skin, the resonant frequency shifts upward
because of the lower relative permittivity of skin than mus-
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cle. When the antenna is embedded in a three-layered phantom,
some detuning can be observed due to the complex tissue en-
vironment. Although the antenna has some differences in S1;
and AR in different organization phantoms, the antenna is still
able to cover the 2.45 GHz ISM band, and it has good stability.

Considering the clinical application requirements of im-
plantable antennas, it is necessary to use biocompatible encap-
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FIGURE 11. Simulated SAR distribution in the muscle phantom at 2.45 GHz. (a) 1 g SAR. (b) 10 g SAR.

sulation materials to encapsulate the antenna as a whole. The
radiation characteristics of the antenna change little before and
after encapsulation [11].

3.4. SAR Analysis

The electromagnetic safety of the implanted antenna is ana-
lyzed. As shown in Fig. 11, the SAR values for the 1 g and
10 g standards at 2.45 GHz are 669.31 W/kg and 92.69 W/kg,
respectively. According to the IEEE C95.1-2019 and IEEE
C95.1-2005 standards, the calculated power limits of the an-
tenna are 2.39 mW and 21.58 mW [20]. The actual operating
input power is typically in the order of 100 uW, which is signif-
icantly lower than the maximum allowable power limits calcu-
lated above [21]. Therefore, the antenna meets the SAR safety
requirements specified by the IEEE C95.1 standard at its in-
tended operating power level.

3.5. Link Budget Analysis

To ensure reliable transmission of biomedical signals between
implantable medical devices and external base stations, an ac-
curate assessment of the communication coverage is a key pre-
requisite for guaranteeing reliable transmission of biological
information. To determine the maximum effective communi-
cation range under in vivo operating conditions, link margin
analysis employs the following equation [21]:

. . .. C . C
Link margin (dB) = Llnkﬁ0 —RequlredﬁO 3)
1;]»{ (d}3) = (}% + (;t - llf —F (;T - IVb)
E
- <Nz+1010g10Bch+Gd) )
4dmd
Ly (dB) = 20logy (Z) ®)

where P; is the transmitted power, G; the transmitting antenna
gain, L the free space path loss, G- the receiving antenna gain,
Ny the noise power density, and B, the bit rate.
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TABLE 2. Communication link margin-related parameters.

Central Frequency (GHz) 245
Transmitted power, P; (dBW) —40
T, antenna gain, G; (dBc) —24
R, antenna gain, G- (dBi) 2.15
Noise power density, No (dB/Hz) —199.95
E/Ny (ideal PSK) (dB) 9.6
Coding gain, G. (dB) 0
Fixing deterioration, G4 (dB) 2.5
Bit rate, Br (Kbps) 10,100,1000

Applying the above equations and the relevant parameters in
Table 2, the link margins at three data rates are computed. Po-
larization mismatch loss and impedance loss are ignored for the
ease of calculation, but a 20 dB link margin is incorporated to
ensure communication reliability. From Fig. 12, it can be ob-
served that the maximum transmission distance is 19.44, 6.15,
and 1.94 m for bit rates of 10 Kbps, 100 Kbps, and 1 Mbps, re-
spectively. The proposed antenna can maintain a good commu-
nication distance.
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FIGURE 12. Link margin analysis for telemetry range at different data
rates.
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TABLE 3. Comparison of reported and proposed antenna performance.

Ref. Freq (GHz) | I-BW (%) | AR-BW (%) | Gain (dBi) | SAR1g,maz (W/kg) | Volume (mm3)
[9] 2.4 30.4% 16.9% —-32.8 — 71.4

[10] 0.915 17.8% 21.3% —-17.1 576.1 2134

2.45 35.8% 17.14% —9.81 524.3

[12] 2.4 16.13% 22.22% —37.36 856.45 63.8

[13] 2.45 46.5% 23.6% —28.8 652.3 17.78
[14] 2.4 6.2% 8.13% —27.2 — 127

[15] 245 30.0% 28.7% —24.7 697.5 85.38

Proposed antenna 2.45 82.99% 30.8% —24 669.31 50.8

FIGURE 13. Antenna prototype and measurement device. (a) Antenna prototype. (b) Return loss measurement device. (c) Far-field measurement

device.

4. MEASUREMENT RESULTS ANALYSIS

To verify operational performance, the antenna prototype is
made and measured as illustrated in Fig. 13. The Sy; of the
antenna is measured using a vector network analyzer (VNA),
and then the far-field radiation characteristics of the antenna
are evaluated in an anechoic chamber.

The measured and simulated results of the antenna Sy are
shown in Fig. 14(a). The results show that when the antenna is
embedded in minced pork, the measured —10dB impedance
bandwidth obtained is 3090 MHz (95.5%), and the effective
operating band covers 1.69—-4.78 GHz, which is a slightly in-
creased bandwidth compared to the simulated results. It is
worth noticing that five resonance points appear in the mea-
sured Sq; curve, while there is only one resonance point in the
simulated S7;. A similar phenomenon has been observed in
the literature [22,23]. The cause of this phenomenon stems
from the synergistic effects of multiple factors: (1) interface
discontinuities formed by minute air gaps between the antenna
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and tissue lead to multiple reflections and scattering; (2) ideal
port simulations do not account for the parasitic effects of SMA
connectors and cables; (3) inherent tissue heterogeneity causes
spatial variations in dielectric parameters; (4) infiltrated bodily
fluids alter the local electromagnetic environment and intro-
duce coupling paths; (5) manufacturing tolerances affect res-
onant characteristics. Fig. 14(b) shows the measurement and
simulation results of the 3dB AR bandwidth of the antenna,
which is measured in minced pork at 890 MHz (33.4%) with
an effective operating band covering 2.22-3.11 GHz. The mea-
surements are slightly offset compared to the simulation results.
This effect may be due to the difference between the simulation
and measurement environments.

Table 3 provides a comparison of the proposed antenna with
the reported antennas, and the results show that the proposed
antenna has a smaller size, wider impedance bandwidth and AR
bandwidth, and higher gain.
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5. CONCLUSION

This paper presents a broadband CP implantable antenna for
the 2.45 GHz ISM band. Based on an innovative structural de-
sign combining an inverted S-shaped radiator with a square slot
on the ground plane, this antenna achieves CP and broadband
matching characteristics. Experimental results indicate that the
antenna exhibits good impedance and AR bandwidths, meets
human body SAR safety regulations, and possesses strong wire-
less communication capabilities. These characteristics demon-
strate good potential for application in implantable biomedical
devices.
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