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Abstract—Wireless links between implants and external sys-
tems require carefully designed antennas due to strong electro-
magnetic losses and detuning effects in biological tissues. This
work presents the design and analysis of an open-slot antenna
integrated into an instrumented orthopedic hip implant for real-
time wireless telemetry. The antenna is located inside the modular
ceramic head of a Ti-13Nb-13Zr alloy-based implant, establishing
wireless communication while preserving the mechanical and
antimicrobial properties of the titanium femoral stem. The
proposed design eliminates the need for any surface modifica-
tion of the metallic implant, maintaining its integrity and bio-
compatibility. The antenna operates in the 2.4 GHz Industrial,
Scientific, and Medical (ISM) band, supporting Bluetooth Low
Energy connectivity. The wireless connection is validated through
numerical analysis of the hip implant and surrounding tissues, as
well as measurements in physical phantoms. The measurements
show that the proposed antenna achieves a -10 dB bandwidth
of 119 MHz. The transmission characteristics demonstrate a
wireless communication range of up to 75 cm for a transmit
power of -20 dBm and a receiver sensitivity of -95 dBm.

Index Terms—slot antennas, implants, biomedical telemetry

I. INTRODUCTION

TOTAL hip replacement (THR) is one of the most com-
monly performed surgical procedures worldwide [1]. It

provides pain relief and improved mobility for patients with
degenerative joint diseases, trauma, or congenital conditions.
More than 2 million THR surgeries are performed worldwide
[2]. In Organisation for Economic Co-operation and Devel-
opment (OECD) countries, the mean is 191.5 per 100,000
population, and in the US, 326,000 total hip replacement
procedures are performed annually [3], [4]. This number is
expected to increase substantially in the coming years due to
the ageing population and the rising prevalence of osteoarthri-
tis [5]. Even though THR procedures are usually successful,
revision surgeries can still be necessary. Approximately 5–
10% of implants require revision within 10–15 years due
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to aseptic loosening, infection, or mechanical wear. These
revisions not only increase patient morbidity but also cause
substantial economic costs for healthcare systems [6], [7].
To overcome these problems, orthopedic implants equipped
with sensors and wireless telemetry have been proposed to
provide real-time tracking of the implant and surrounding
tissue conditions [8] [9]. These instrumented implants could
allow continuous monitoring of strain, mechanical load, early
signs of infection, and wear, enabling earlier intervention and
personalised treatment. Such systems could improve patient
outcomes, reduce the risk of late-stage complications, and
lower the health and economic burden of revision surgeries.

For instrumented implants to be acceptable, wireless com-
munication links are required. Several approaches have been
utilized to establish such links. Inductive coupling has been
used in biomedical devices due to its simplicity and efficiency,
but its range and sensitivity to alignment limit its practicality
for larger and deeper implants [10]. Radio-frequency (RF)
telemetry has emerged as a common strategy. It offers higher
data rates, standardized frequency allocations such as the
Medical Implant Communication System (MICS) (402–405
MHz) and Industrial, Scientific, and Medical (ISM) (2.4–
2.5 GHz) bands, and greater flexibility in system integration
[11] [12] [13] [14] [15] [16]. For this study, an antenna
that forms wireless communication using the Bluetooth Low
Energy standards is designed. The operating frequency of 2.45
GHz is chosen due to its near-optimal tradeoff between implant
antenna efficiency, which is lowered due to high level of
miniaturization in lower frequencies, and absorption losses
in biological media, which increase at higher frequencies.
2.45 GHz offers a favorable balance for this implant depth,
enabling a compact antenna design with acceptable link budget
[17]. Despite RF-based telemetry being promising, it remains
challenging. The high permittivity and conductivity of tissues
cause strong dielectric loading and absorption losses. The vari-
ability of the surroundings of the antenna due to movement and
healing cause detuning and change in antenna performance.
These factors limit radiation efficiency and complicate link
establishment. Therefore, an efficient implantable antenna with
compact size is a critical requirement for wireless orthopedic
systems.

This work presents an antenna design developed within the
framework of a multidisciplinary initiative involving collabora-
tion between universities and industrial partners across Europe.
The project aims to develop an orthopedic hip implant in-
corporating sensors that allow the real-time wireless monitor-
ing of strain, acceleration, and temperature. Furthermore, the
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implant is developed using the titanium alloy Ti-13Nb-13Zr
(TNZ), which avoids cytotoxic elements such as aluminium
and vanadium while providing a lower elastic modulus and
superior biocompatibility [18] [19].

Antenna placement and design within orthopedic implants
are restricted by both electromagnetic and biological require-
ments. The outer surface of the hip implant is specifically
engineered to provide antimicrobial functionality and promote
long-term bone integration. Because any modification of this
surface would compromise its biomechanical integrity and
antimicrobial performance, it must remain undisturbed and
unaltered. Therefore, the antenna cannot be positioned on or
near the outer surface but must be fully integrated within the
implant body. The other parts being conductive, the ceramic
modular head offers the only suitable place for antenna inte-
gration due to its dielectric properties. The ceramic head sits
on the neck of the hip implant which is secured during the
operation. Therefore, the antenna cannot be located under the
ceramic head due to mechanical reasons. Similarly, the antenna
cannot be located on the ceramic head since the acetabular cup
sits on the ceramic head and it is a movable part. Therefore, we
propose to have a double layered ceramic head which consists
of two interlocking parts and contains the antenna between
them. The antenna’s isolated position within the ceramic head
reduces the risk of detuning due to tissue loading as well as
resolving bio-compatibility issues. The antenna embedded in
the ceramic head is connected to the sensor and transceiver
system located in the neck of the hip implant, ensuring a robust
and compact solution for sensing and communication.

In this paper, the design and implementation of an open-
slot antenna for a hip implant are presented. The antenna
is based on an open-slot configuration. Antenna design and
prototyping are presented, and system-level measurements are
performed. The test set-up consists of a solid bone phantom
merged in muscle phantom, and a total hip implant secured in
the bone phantom as it would be done in a hip replacement
surgery. The hip implant is jointly developed by the project
partners, consists of the TNZ stem, double-layered ceramic
head micro-machined for the connection to the antenna, and
a generic acetabular cup of stainless steel as seen in Fig.
1. Measurements are conducted in an anechoic chamber
with a turntable. Section II explains the antenna model. The
methodology is presented in Section III with numerical and
experimental setups. Input and transmission responses are
discussed in Section IV with a realistic link assessment. Lastly,
the conclusion is given in Section V.

II. ANTENNA MODEL

The orthopedic hip implant used in our design consists of a
Ti-alloy femoral stem, a modular ceramic head, a polyethylene
terephthalate (PET) insert, and a Ti-alloy acetabular cup. The
ceramic head of the hip implant is designed as a two-layer
structure, consisting of two concentric hemispherical shells
with an air gap in between, as seen in Fig. 1. The proposed
implant antenna is located at the bottom of this gap. A dome-
shaped air cavity with a radius of curvature of 11.4 mm and
a height of 3.6 mm is left above the antenna. The dome
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Fig. 1. The hip implant model with exploded view of inside the ceramic head
and cross section of the ceramic head with dimensions.

coincides with the antenna’s circular edges, and the upper
surface of the antenna forms the base of this dome. The
antenna is a λ

4 open-slot antenna as seen in Fig. 2 and it
is designed on Rogers RO3210 with a relative permittivity of
10.2 [20]. According to the magnetoelectric duality principle,
the proposed open-slot antenna can be considered equivalent
to an electric monopole antenna [21]. The slot length of the
antenna should be λeff

4 instead of λeff
2 based on image theory

[22]. ϵr,eff can be calculated using (1).

ϵr,eff = ϵr,below × ff + ϵr,above × (1− ff). (1)

The filling factor (ff) can be taken as 50% which is a typical
value for co-planar waveguides. ϵr,below is 10.2, the relative
permittivity of the substrate. If ϵr,above is taken as 1, ϵr,eff is
calculated to be 5.6. However, ϵr,above must be greater than 1
because the air layer is encapsulated with the ceramic layer.
Hence, ϵr,eff of the slot should be greater than the calculated
value of 5.6. When ϵr,eff is calculated by reverse engineering
from the simulated slot length and its corresponding frequency,
ϵr,eff is found to be 6.6 which aligns with the equation’s
estimation [23].

The antenna is fed with a top-loaded microstrip line, which
is designed on an additional layer of RO3210 to avoid direct
contact with the high-permittivity (ϵr = 26) ceramic head,
ensuring that the feed line remains relatively wide for ease
of manufacturing. Due to the implant geometry and the RF
transceiver placement, it is best to feed the antenna centrally
and perpendicular to the titanium neck of the hip implant.
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Therefore, the slot is located at an offset relative to the ground
plane.

Finally, the acetabular cup is used as a reflector so that
the propagation direction ensures off-body transmission. The
outer shell of the ceramic head with a thickness of 2.64 mm
(electrical length=0.108 λ0) is located 3.6 mm (0.029 λ0)
from the antenna. A PET insert with a thickness of 8.25
mm (0.099 λ0) fills the gap between the ceramic head and
the Ti-alloy acetabular cup, which has a thickness of 4 mm.
Therefore, the total distance from the radiator of the antenna
to the Ti-alloy acetabular cup sums up to 0.236×λ0 which is
approximately a quarter wavelength.
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Fig. 2. The exploded view of the implant antenna (a) simulation model (b)
fabricated antenna where sl = 10.75 mm, sw = 1 mm, so = 2 mm, mo = 3.25
mm, mw = 1.25 mm, ll = 3 mm, lw = 1mm, rs = 8 mm, rg = 7.25 mm, and
h = 0.64 mm.

III. METHODOLOGY

A. Numerical Set-up

To evaluate the electromagnetic performance of the implant
antenna, a 3D model of the hip implant is constructed with its
components: the Ti-alloy femoral stem, ceramic modular head,
PET insert, and Ti-alloy acetabular cup. The open-slot antenna
is positioned inside the ceramic modular head as previously
described. The Ti-alloy parts are modeled with an electrical
conductivity of 1820000 S/m and the dielectric properties of
the ceramic material employed are measured using the SPEAG
DAK-3.5-TL2 probe, and presented in Fig. 3 [24].

The antenna and hip implant are located inside the ANSYS
Human Body Phantom with a resolution of 2 mm [25]. To
reduce the computational cost of the simulations, the phantom
model is physically modified to include only the relevant
region between the hip and the knee which still preserves
the anatomical fidelity required for accurate wave propagation
analysis as seen in Fig. 4. The numerical phantom consists of
two different frequency dependent material definitions: human
muscle and human bone cortical.

B. Experimental Set-up

A measurement setup is designed to emulate an anatomical
configuration and to provide a stable and repeatable antenna
characterization, as illustrated in Fig. 5. A 3D-printed leg-
shaped container accommodates the muscle phantom, the bone
phantom, and the orthopedic implant assembly. The implant
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Fig. 3. The relative permittivity and conductivity values of the ceramic
material used in the implant.
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Fig. 4. The simulation model for the implant antenna located inside the hip
implant.

system consists of the TNZ femoral stem and neck, the
modular ceramic head embedding the proposed antenna, the
PET insert, and a generic stainless steel acetabular cup.

The container is mounted on a manually rotatable 3D-
printed turntable supported by glass marbles to minimize
friction and maintain stability during measurements. Angular
indicators at 10° increments are integrated into the turntable,
allowing precise and repeatable positioning of the implant with
respect to the reader antenna.
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Fig. 5. The measurement setup for both input and transmission response measurements. (a) Top view (b) side view.

A conventional slot antenna with overall dimensions of 90
× 40 × 1.57 mm, incorporating a 60 × 8 mm slot, is employed
as the off-body reader. It operates in the 2.4 GHz ISM band,
as shown in Fig. 6. The antenna is fed via a microstrip line.

The origin of the coordinate system is located at the center
of the implant antenna. The Z-axis centers of the implant and
reader antennas are aligned. The distance R and angle Φ in
cylindrical coordinates define the radial and angular position
of the reader antenna, respectively, as shown in Fig. 7. For
the radiated power analysis, first, R is kept constant while
the Z-center and Φ are changed. Then the Z-center of the
reader antenna is kept constant while R and Φ are varied.
Z-axis adjustments are achieved using modular spacers, each
providing a 1 cm of elevation. The holder ensures stable
vertical adjustment.

Measurements are performed using a Rohde & Schwarz
ZNLE6 vector network analyzer (VNA) [26]. Ferrite rings are
placed along the coaxial cables to suppress the effect of the
cable for the implant antenna and a rotary joint is employed
to allow smooth rotation of the implant antenna connection
during measurements. A Through-Open-Short-Match (TOSM)
calibration is carried out prior to each set of measurements.
The calibration plane is extended to both the reader antenna
port and the implant antenna port to ensure accurate acquisi-
tion of the S parameter.

1) Muscle Phantom: To mimic the electromagnetic prop-
erties of human muscle tissue for experimental validation,
a liquid phantom is developed using Triton X-100, distilled
water, and NaCl as listed in Table I [27] [28]. 1.177 kilograms
of Triton X-100 is preheated to 45 ◦C in a water bath. The
3.878 kilograms of water is mixed with the 26.9 grams of NaCl
and preheated to 45 ◦C as well. After both reached 45 ◦ C,
they are mixed together and stirred with a magnetic stirrer until
homogeneous. The dielectric properties of the prepared muscle
phantom are measured using a SPEAG DAKS 3.5 probe as
plotted in Fig. 8 [29]. The phantom has a relative permittivity
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Fig. 6. (a) The simulated and measured reflection coefficients for the off-body
reader slot antenna. (b) Front and (c) back view of the fabricated antenna.

of 52.5 and a conductivity of 1.75 S/m at 2.45 GHz. Hence,
the error from the real tissue is 0.38% for permittivity and
0.57% for conductivity.

2) Bone Phantom: To emulate the dielectric properties of
human cortical bone, a femur-shaped phantom is fabricated
using RTV-2 silicone as the polymer matrix with graphite and
carbon black fillers. The mixture is prepared by combining
10 g of RTV-2 silicone, 1.5 g of graphite powder, and 0.25
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Fig. 7. The annotated visual sketch of the measurement setup for transmission
response measurements.

g of carbon black, as listed in Table I [30]. After thorough
mixing, the composite is poured into a life-size femur mold
produced via SLA 3D printing, degassed in a vacuum oven,
and cured at room temperature for 24 hours. The dielectric
properties of the prepared bone phantom are measured using
a SPEAG DAKS 3.5 probe, as shown in Fig. 9. The phantom
exhibits a relative permittivity of 11.3 and a conductivity
of 0.17 S/m at 2.45 GHz. The target values are 11.4 and
0.39, respectively, showing good agreement for the relative
permittivity. However, the conductivity value is lower than
the target. Achieving a higher conductivity requires a higher
carbon black filler content, which increases the viscosity of the
mixture and therefore makes it difficult to remove trapped air
bubbles. As a result, achieving a moldable and homogeneous
phantom becomes progressively more challenging. Therefore,
the simulations are repeated with a lower-conductivity numer-
ical bone phantom. This results in the transmission coefficient
(S21) between the implant and reader antenna deviating by
less than 1 dB, while the reflection coefficient (S11) remains
unchanged. Consequently, the bone phantom is regarded as
acceptable for measurements.

TABLE I
COMPOSITION OF THE MUSCLE TISSUE-MIMICKING PHANTOM AND THE

BONE TISSUE-MIMICKING PHANTOM

Muscle Bone

Triton 1.177 kg RTV-Silicon 10 g
Water 3.878 kg Graphite 1.5 g
NaCl 26.9 g Carbon Black 0.25 g
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Fig. 9. The relative permittivity and conductivity values of the human cortical
bone phantom compared to the literature [31] [32].

C. Implant Assembly

The assembly of the implant used for measurements is
shown in Fig. 10. This configuration closely follows the
concept design presented in Fig. 1. The prototyped antenna
is placed onto the ceramic core, with the MMCX connector
fitted into its preallocated, shaped cavity within the core. The
ceramic cap is then positioned on top of the antenna–ceramic
core assembly, together forming the ceramic head. The antenna
inside the ceramic head is connected to the transceiver cir-
cuit through a micro-coaxial (MMCX–U.fl) cable that passes
through the titanium neck of the hip implant. The ceramic core
is mounted onto the titanium neck of the hip implant, which
in turn is inserted into the titanium stem. Finally, the titanium
acetabular cup with a PET insert is attached to enclose the
ceramic core. The fully assembled implant is positioned within
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Fig. 10. The assembly steps of the implant

the bone phantom, which is then placed inside a 3D-printed
container filled with human muscle phantom, as illustrated in
Fig. 5.

D. Transceiver and Sensor Architecture

The measurement technology integrated within the hip
implant is divided into two primary components: the hexagonal
measuring cell, shown in Fig. 11, and the sensor–transceiver
electronics that include temperature and three-axis acceleration
sensors, shown in Fig. 12. The hexagonal measuring cell is
positioned in the neck region of the hip implant, while the
electronic module is located directly below it within its stem,
as shown in Fig. 10.

In the electronic subsystem, the analog signals obtained
from the six-axis load cell are amplified, processed, digitized,
and transmitted through a Bluetooth module, which also
collects data from the temperature and acceleration sensors.
The antenna signal is conveyed through a coaxial cable passing
along the central bore of the hexagonal measuring cell to the
antenna embedded in the femoral head.

The function of the six-axis hexagonal measuring cell is
based on six individual shear strain gauges arranged in distinct
orientations, as depicted in Fig. 13. Each gauge produces an
independent analog signal corresponding to a specific load di-
rection. These six raw signals are subsequently converted into
three forces and three moments by means of a 6×6 calibration
matrix stored in the microcontroller memory of the Bluetooth
(BT) module, as shown in Fig. 12. The matrix is derived
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Fig. 11. The instrumentation of the neck of the hip implant with shear strain
gauges.
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during calibration and relates the Cartesian load components
(Fx, Fy , Fz , Mx, My , Mz) to the corresponding strain-gauge
outputs (Q). During operation, the microcontroller computes
the resultant load vector FT by multiplying the signal vector
Q with the calibration matrix M , i.e., FT = Q×M .

Each instrumented implant is required to be calibrated
and programmed prior to implantation to ensure accurate
operation. Power will be supplied by a rechargeable battery
located below the electronics within the stem.

IV. RESULTS

A. Input Response

The simulated and measured reflection coefficients of the
implant antenna are given in Fig. 14. The implant antenna
operates in the 2.4 GHz ISM band. The measured results
demonstrate agreement with the simulations and confirm that
the proposed implant antenna, when embedded within the
ceramic head, maintains sufficient bandwidth for reliable Blue-
tooth communication.
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Fig. 14. The simulated and the measured reflection coefficients for the implant
antenna.

B. Transmission Response

The power radiated from the implant antenna is assessed
through simulations and measurements at different angles,
elevations, and radial distances.

1) Simulated Results: Since the antenna is embedded
within biological tissue, conventional antenna characteristics
such as the far-field radiation pattern are not directly meaning-
ful. Unlike antennas operating in free space, implant antennas
radiate into a lossy medium where the near field strongly
couples with the surrounding tissues, resulting in increased
power loss. This strong near-field coupling with lossy tissues
is one of the primary reasons for the low radiation effi-
ciency of implanted antennas. Once the electromagnetic waves
leave the reactive near-field region, they propagate through
the surrounding biological tissues and experience attenuation
along their transmission path. This attenuation, referred to as
propagation loss, is significantly higher than the free-space

path loss due to the lossy nature of biological tissues. As
the waves reach the boundary between the body and free
space, the discontinuity in electromagnetic properties between
the two media causes reflections, leading to additional power
loss. Consequently, the radiation characteristics of implant
antennas depend not only on the antenna structure itself but
also on the shape, dimensions, and electromagnetic properties
of the surrounding biological tissues. As a result, the radiation
pattern of an implant antenna becomes highly dependent on
the medium, the choice of the coordinate system, and the
reference origin [33] [34] [35]. Therefore, to evaluate the
radiation performance of an implant antenna, it is often more
appropriate to analyze the amount of power that reaches
outside the body. In this context, the total radiated power
serves as a meaningful figure of merit. Accordingly, Fig. 15
presents the total radiated power passing through a surface
with dimensions identical to those of the reader antenna used
in the measurement setup. To generate a heatmap, R is set to
15 cm. Φ is swept between 0◦ and 180◦ with 10◦ steps. Z
center of the surface is varied between -2 cm and 4 cm with 1
cm steps. The simulations predict that the received power is -
38.3 dBm and -62.9 dBm for the best and worst case scenarios
with a transmit power level of 10 dBm.

In addition to the communication link performance, the
safety of the implant antenna operation is also assessed
through specific absorption rate (SAR) analysis. The maximum
SAR value is found to be 0.392 W/kg averaged over 10 g of
tissue, which is adequately below the safety limit of 2.0 W/kg.

2) Measurement Results: The implant antenna is measured
using the previously mentioned measurement setup with a
turntable mechanism and an off-body reader antenna. The
visual representation of the measurement is given in Fig. 7.
The distance R between the implant antenna and the off-body
reader antenna is kept at 15 cm during measurements. Because
the phantom is shaped like a human leg, the in-body and
air distances vary with the angle. For Φ = 0 and Z = 0,
the in-body distance of 75 mm equals the distance in air.
Fig. 16 shows the S21 between the implant antenna and the
off-body reader antenna as Φ is swept between 0◦ and 180◦

with 10◦ steps and -2 to +4 cm of Z-axis adjustments of the
reader antenna. To emulate the Bluetooth Low Energy (BLE)
standard, which uses adaptive frequency hopping (AFH), the
maximum S21 value detected within the 2.4 GHz ISM band is
chosen for the plot. As seen in the heatmap, the maximum and
minimum received transmission coefficients for all elevations
and angles are -56.8 dB and -73.4 dB, respectively. The
maximum S21 is observed at Φ = 140 which is shifted from
the expected angle predicted by simulations. This is thought
to be because of measurement inaccuracies related to the tilt
angle of the femur in the setup.

The transmit power level of the implant transceiver can be
set between -20 dBm and 4 dBm, and the sensitivity of BLE
receivers ranges between -95 dBm and -105 dBm. Considering
the worst-case scenario of -20 dBm transmit power and -95
dBm sensitivity, even at the greatest elevation of 4 cm and
the worst angular position, a reliable connection can still be
secured at 15 cm. If the mobile device is vertically aligned
with the implant and located at the best angle according to



8

0 20 40 60 80 100 120 140 160 180

−2

−1

0

1

2

3

4

Angle (degrees)

M
is

al
ig

nm
en

t

−60

−55

−50

−45

−40

−35

Fig. 15. The heatmap of the received power values on a 90 mm x 40 mm surface for varying Z and Φ values. The received power is plotted in dBm for a
transmit power level of 10 dBm.

0 20 40 60 80 100 120 140 160 180

−2

−1

0

1

2

3

4

Φ (degrees)

Z
(c

m
)

−80

−75

−70

−65

−60

−55

Fig. 16. The heatmap of the transmission coefficient values (dB) between the implant and the off-body reader antennas for varying Z and Φ values.

10 15 20 25 30 35 40 45 50 55 60 65 70 75

20°

40°

60°

80°100°

120°

140°

160°

-80

-75

-70

-65

-60

-55

Fig. 17. The semi-circular heatmap of the transmission coefficient values (dB) between the implant and the off-body reader antennas for for varying R and
Φ values.



9

the human body, there is 52.2 dB to spare towards path loss
for the best case transmit power and sensitivity pairing which
translates to approximately 4 m range.

To evaluate the communication range of the implant an-
tenna, the transmission coefficient (S21) is measured as Φ is
swept between 20◦ and 160◦ with 10◦ steps and R is varied
between 10 to 75 cm with 5 cm steps as seen in Fig. 17. The
reader antenna is positioned at Z = 2 cm and kept the same
during measurements. Considering -20 dBm implant transmit
power level and -95 dBm BLE receiver sensitivity, which is
the worst case scenario, the analysis shows that the proposed
antenna supports a reliable BLE link up to 75 cm for all angles.

C. A Realistic Link

To validate the performance of the wireless link, a more
realistic scenario is emulated where the implant inside the
phantom is connected to a laptop. The antenna is connected
to the sensor–transceiver circuitry, as illustrated in Fig. 10.
The Bluetooth (BT) module is programmed to transmit ad-
vertisement packets at the 2.4 GHz band at regular intervals.
As shown in Fig. 18, a laptop equipped with a commercial
Bluetooth chip is used as the receiver, and the connection is
tested at various angles and distances from the implant. During
testing, the communication range varied up to 75 cm, with no
packet loss observed. The measured performance aligns well
with the S21-based range analysis presented in Section IV-B
and Fig. 17, which highlights the dependence of transmission
efficiency on both distance and angular alignment relative to
the implant.

These BLE measurement results confirm that the proposed
open-slot implant antenna can sustain a stable and reliable
wireless communication link through tissue-equivalent envi-
ronments. The findings demonstrate the antenna’s compatibil-
ity with Bluetooth protocols and its suitability for integration
into instrumented orthopedic implants that require real-time
data telemetry.

V. CONCLUSION

In this work, an open-slot antenna has been proposed to
establish a wireless link for an instrumented hip implant
equipped with sensors. The antenna is positioned between the
two interlocking parts of the modular ceramic head of the
hip implant in order to preserve the antimicrobial properties
of the Ti-alloy femoral stem, while the Ti-alloy acetabular
cup is exploited as a reflector to enhance the transmission
performance of the implant antenna. The antenna operates
in the 2.4 GHz ISM band, and the transmission coefficient
between the implant antenna at a depth of approximately 8
cm and an off-body reader antenna located 15 cm away from
the human body is around -55 dB in the best case scenario.
The wireless link has been evaluated under different angles,
distances, and elevations, demonstrating that a stable wireless
connection can be sustained up to around 75 cm within a
coverage angle of approximately 140° for a transmit power of
-20 dBm and a receiver sensitivity of -95 dBm. Under more
realistic operating conditions, the maximum range for a stable
wireless connection varies from 50 cm to 75 cm. Therefore,

(a)

(b)

Fig. 18. (a) Measurement setup for testing the communication link between
the implant and a laptop receiver and (b) the interface displaying the sensor
data received from the implant.

this link ensures reliable communication performance between
the implant and the outside world.
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