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Abstract
The increasing demand for compact and efficient implantablemedical devices has driven the
development of advanced antenna solutions for biomedical applications. This study presents a novel
wideband implantable antenna specifically tailored for scalp implantation, operating across two
critical frequency ranges: the Industrial, Scientific, andMedical (ISM) band (2.4–2.48GHz) and the
midfield frequency range (1.45–1.6GHz). The antenna’s compact design, with overall dimensions of
3× 4× 0.5mm3, features a 0.25mm thick dielectric layer constructed fromRogers 4350B (εr= 3.66,
tanδ= 0.0031) for both the substrate and superstrate. Innovative design elements, including open-
ended slots in the radiating patch and closed-ended slots in the ground plane, contribute to its
compact size, enhanced impedancematching, and improved bandwidth performance. The antenna
achieves a peak gain of−19.92 dBi at 2.45GHz and delivers an ultra-wide bandwidth of 1836.8MHz,
spanning from1.0602GHz to 2.8970GHz. These characteristics ensure reliable operation in diverse
implantation scenarios within the human body, while adhering to IEEEC95.1-2005 safety standards
for specific absorption rate (SAR) compliance. Comprehensive performance evaluations were
conducted using finite-element simulations in homogeneous tissue environments, employingHFSS
andCST software. The simulated results aligned closely with experimentalmeasurements, validating
the design’s accuracy andmanufacturability. Additionally, a link budget analysis confirmed the
antenna’s ability tomaintain a robust and reliable wireless telemetric connection, demonstrating its
suitability formedical applications and ensuring safe, efficient communication.

1. Introduction

Anumber of reasons, including the ease that implantablemedical devices (IMDs) offer to patients, researchers
have been very interested in this field. These IMDs are used inmany differentmedicalfields, including but not
limited to glucosemonitoring [1], retinal prosthesis [2], and capsule endoscopy [3]. Advancedmedical telemetry
systems have emerged to address the challenges faced by patients with internal organ-related illnesses, who often
need extended hospital stays for continuousmonitoring. To enhance patient comfort and improvemonitoring
efficiency, recent research has focused on developingwireless patientmonitoring systems. These innovative
systems enable data collection frompatients within the comfort of their homes, eliminating the need for
prolonged hospitalization. The core of such systems involves implantable or ingestiblemedical sensing devices
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placed inside the patient’s body. These devices are outfittedwith transmitters that facilitate wireless transmission
of gathered data to external devices. Consequently, the data received can be smoothly relayed tomedical
institutions for immediate analysis and timely emergency notifications, thus optimizing the process of patient
monitoring. The concept is visually represented infigure 1. Biomedical antennas face numerous challenges
and constraints due to their operationwithin the highly complex and dissipative environment of the human
body. Key considerations for implantable antennas include size, biocompatibility, impedancematching, link
budget, and patient safety,making them a primary focus of research [4]. ImplantableMedical Devices (IMDs)
operate across various frequency ranges, with theMedical Implant Communication Service (MICS) band
(402–405MHz) being one of themost commonly used. This unlicensed spectrum is specifically allocated for
medical applications. It is also important to note that each country has its own designated Industrial, Scientific,
andMedical (ISM) bands. In theUnited States, the Federal Communications Commission (FCC) regulates the
ISMbands, which span frequencies from902–928MHz and 2400–2483.5MHz as reported in [5–7], the
2400–2483.5MHz ISMband is often used by IMDs to switch between standby and activemodes, which helps
conserve battery power and prolong the lifespan of the device. Another frequently utilized band forwireless
medical devices is theMedRadio band, which operates in the 401–406MHz range. Comprehensive studies by
respected researchers [8–10] have highlighted the inherent limitations of antennas operating within these
frequency ranges, particularly concerning bandwidth. Consequently, these constraintsmay lead to reduced data
transmission rates and limited image quality. The comprehensive design specifications for implanted antennas
can be found in [11].

Patch antennas are commonly preferred for implantable applications due to their design flexibility and
structural advantages [13]. Recent studies onmedical implantable antennas, especially those addressing radio
wave propagation through the human body, are discussed in [4]. Various implantable antenna designs for
telemetry applications have emerged. For intracranial pressure (ICP)monitoring, a compact antennawith two
communication channels (915MHz and 2.45GHz) demonstrated excellent gain and bandwidth [14]. Another
study introduced aMIMOantenna for implants, operating at 2.45GHzwith a peak gain of−15.18 dBi, though
its complexity and four-port power configuration reduced compatibility withmodern IMDs [15]. A design for
gastrointestinal endoscopy, operatingwithin the ISMband (2.40–2.48GHz), achieved a gain of−12 dBi and a
bandwidth of 483MHz, butwas too large for smaller implants likewireless pacemakers [16]. Additionally, a
dual-band antenna (7.2× 0.2mm3) for implanted batteries showed significant gains at 928MHz (25.65 dBi) and
2.45GHz (28.44 dBi), although its SAR exceeded safe limits [17–21]. Another study proposed a small, circularly
polarized antenna (10× 10× 0.3mm3) for biotelemetry, demonstrating a consistent gain of 7.79 dBi across its
frequency range and including a SAR analysis [22]. However, as integratedwirelessmedical devices (IWMDs)
often requiremultiple frequencies, single-band antennas are inadequate [23]. Dual- and triple-band antennas,
though less common, are an area of growing interest. As stated in [24], the proposed implantable antenna is
compact (17.15mm3) and operates acrossMICS, ISM, andmidfield bands, showing satisfactory performance
with peak gains of−30.5 dBi at 402MHz and−18.2 dBi at 2450MHz.However, the lower gain at higher
frequenciesmay limit its communication range in certain applications. Another featured a dual-band antenna

Figure 1. (a) Illustrating thewireless patientmonitoring systemwith ingestible capsule and leadless pacemaker, and (b) concept real
capsule position among gastric rugae in a swine stomach. From [12]. Reprintedwith permission fromAAAS.
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with a radiating slot patch aimed at improving power transfer efficiencywith an externalmetallic reflector
beneath the user’s arm [25]. Finally, a self-duplexing implantable antennawith twoports was designed to
minimize the physical footprint whilemaintaining performance, serving the dual functions of data transmission
andRF energy harvesting [26]. However, the impedance bandwidths of these antennas remain somewhat
limited,mainly due to the complex interactions with human tissues.

In the context of implantablemedical devices (IMDs), antennaswith expansive bandwidths are crucial for
ensuring compatibility with designated frequency ranges andminimizing the impact of tissue-related
challenges. This work centers on the design and evaluation of advanced biomedical antennas intended for deep
implantation. A detailed review of current research highlights several key factors influencing antenna
performance, including gain, radiation efficiency, impedancematching, sensitivity, and size. Taking these
factors into account, an antennawas specifically designed tomeet these demands, ensuring peak performance.
The design emphasizes key attributes such as wide operational range, high gain, low Specific Absorption Rate
(SAR), simplicity, and compact form. Through extensive simulations and real-world testing, the proposed
antenna achieved a gain of−19.78 dBi at 2.4GHz, providing a broad coverage bandwidth of 1836.8MHz.
Notably, this antenna features an ultra-compact design, with dimensions of just 3× 4× 0.5mm3. These results
mark a significant contribution to thefield of biomedical antenna design, particularly for deeply embedded
devices. The antenna’s performance has been optimized tomeet the unique requirements of such applications.
The structure of this paper is as follows: The introduction outlines the growing importance of biomedical
implants, with a focus on the radio communication aspect of these devices, their antenna requirements, and the
challenges involved. It also reviews existing research, detailing their achievements and limitations, which served
as a basis for this work. The second section describes the designmethodology of the proposed antenna, including
the simulation environment, experimental setup, and results fromparametric analyses. This section also
examines the coupling effects when the antenna is integrated into various implant types, such as pacemakers and
endoscopic capsules. The following section explores the Specific AbsorptionRate (SAR) of the antenna using a
phantommodel in a heterogeneous environment. The concluding section discusses the antenna’s link budget,
provides a comparative analysis, and includes final conclusions and references.

2.Methodology

2.1.Development and structure of the proposedwideband antenna and associated system
The selection of appropriatemanufacturingmaterials is crucial for the design of implantable antennas. Flexible
materials are recommended due to their ease of integration into biomedical devices and their compatibility with
the human body [27, 28]. Thesematerials exhibit resistance to dimensional and physical changes, enabling them
towithstandmuscle and tissuemovements without compromising the antenna’s performance [29]. The
proposed ultra-miniaturized wideband (UWB) antenna, with its compact dimensions of 3× 4× 0.5mm3,
possesses intricate structural properties, as illustrated infigure 2. This design features a streamlined,meander-
shaped patch that offers a low-profile form conducive to seamless circuit integration,making it ideal for
applications such as wireless pacemakers and capsule endoscopes.

The strategically designed slots in the ground plane are essential for optimizing antenna performance and
expanding its operational bandwidth, as illustrated infigures 2(a)–(d). The antenna is energized via a 50Ω
coaxial feed, with a diameter of 0.46mm, located near the lower left corner of the patch antenna.

In practical applications, implanted antennas are not stand-alone entities; rather, they constitute integral
elements withinmore extensive systems. In the course of our research, we havemeticulously tailored the design
of the suggested antenna to facilitate its harmonious integrationwith leadless cardiac pacemakers andwireless

Figure 2.Geometry of the suggested antenna. (a) Front, (b) rear, (c) exploded, and (d) side views.
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capsule endoscopes. The visual representation of the proposed antenna’s seamless integrationwith leadless
pacemakers and capsule endoscopes is depicted infigure 3.

Within the capsule endoscopy equipment, three batteries constructed fromperfect electric conductor (PEC)
materials are strategically positioned. Additionally, a purpose-built transceiver has been incorporated into the
system to enable the transmission and reception of electromagnetic signals. Furthermore, this capsule
endoscope is equippedwith cameras, LEDs, and image sensors. As stated in citation [30, 31], the device’s
housing ismade frombiocompatible alumina (Al2O3), with a thickness of 0.25mmand a permittivity (εr) of 9.8.
The leadless cardiac pacemaker (LCP) consists of components such as electrodes, circuit holder, antenna,
container, circuitry, battery, and lid. Ourmodels assume the electrodes, battery, and circuitry aremade from
high-conductivitymaterials, while the circuit holder uses Rogers RT/duroid 6010. Although other implant
modelsmay be similar, our goal is to understand the interactions between the antenna and these devices to assess
their impact on antenna performance and ensure its proper function in realistic conditions.

2.2. Choice of frequency
Energy consumption is a significant challenge in the development of deeply implanted biomedical devices. To
address this issue, a dual-band antenna design provides a pertinent solution by enabling the switch between sleep
and activemodes, thereby optimizing battery usage [32, 33]. This strategy extends the lifespan of the implanted
devices andminimizes interference issues.In sleepmode, the antenna operates in the 2.4GHz bandwithout
transmitting data, significantly reducing power consumption.When switched to activemode, the antenna
transmits data at a frequency of 1.4GHz. Therefore, this dual-band design ensures efficient energymanagement
whilemaintaining reliable performance and optimal communication for deeply implanted biomedical devices.

2.3.Design process of the proposed antenna
The design of the proposedwideband antenna followed a systematic four-step optimization process, as
illustrated infigure 4. The optimization of the proposedwideband antenna is based on the application of the
DefectedGround Structure (DGS) technique, which involves introducing geometric defects in the ground plane
to enhance the antenna’s electromagnetic performance. By strategicallymodifying the ground plane, DGS
enables resonance frequency tuning, optimizes impedancematching, and broadens the bandwidth. Unlike
conventionalmethods that rely on capacitive elements, this approach achieves effective resonance shifts without
introducing additional passive components such as capacitors or inductors [14, 27]. The implementation of
DGS in this design consists of incorporating slots on both the radiating patch and the ground plane. These slots
disrupt the surface current distribution, altering the effective electrical length of the patch and consequently
shifting the resonance frequency. Thismodification not only improves impedancematching but also extends
the current path, contributing to the enhancement of the antenna’s overall performance. The reflection
coefficient (S11) results at each optimization stage are presented infigure 5(a). The initial design featured a
baseline configurationwith slots on both the radiator and the ground plane. The choice of the spiral shape is
based on its simple design and ease of fabrication. Additionally, a key advantage of this option lies in its intrinsic
dispersion characteristics, whichmake spiral andmeander antennas less affected by variations in the dielectric
properties of the surrounding biological tissues [29]. In thefirst stage, a weak resonancewas observed at 1.48
GHzwith an S11 of−15 dB. In the second stage, the addition of extra slots introduced a secondary resonance at
approximately 2.8GHz, with an S11 of−9.98 dB. In the third stage, the integration of open-ended slots and a
rectangular cut on the ground plane shifted the second resonance to 2.38GHz and adjusted the lower resonance
to 1.4GHz, in accordance with theoretical predictions. Thismodification increased the structure’s capacitance,
thereby lowering the resonance frequency. Finally, in the fourth stage,fine-tuning adjustments resulted in an
upper resonance around 2.45GHzwith an S11 of−26 dB and a lower resonance at 1.41GHzwith an S11 of
−50 dB, achieving an extensive bandwidth of 1836.8MHz.

Figure 3. (a)Detailed architecture of the leadless pacemaker, and (b) the capsule endoscope.
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The power reflected by the antenna is quantified using theVoltage StandingWaveRatio (VSWR), which
directly depends on the reflection coefficient S11S11. For optimal antenna performance, theVSWR should
ideally remainwithin the range of 1 to 2 [2]. Throughout the optimization process, a comprehensive VSWR
analysis was conducted at each iteration, alongwith the evaluation of S11S11. The relationship betweenVSWR
and the reflection coefficient is given by the following equation:

| |
| |

( )=
+
-

S

S
VSWR

1

1
111

11

Figure 5(b) presents the frequency inGHz on the x-axis and theVSWRon the y-axis. To ensure optimal
antenna performance, theVSWRvalue is 1.02 at 2.4GHz and 1 at the resonance frequency of 1.4GHz. This
behavior confirms that as theVSWRapproaches 1, reflection losses areminimized, which corresponds to a low
S11 value, indicating a strong impedancematch. The results demonstrate that the optimized antenna achieves
VSWRvalues close to 1, confirming the effectiveness of the design at the targeted resonance frequencies.

2.4. Equivalent circuitmodel
To analyze thewideband behavior of the ultra-wideband antenna, an equivalent circuitmodel was created using
the AdvancedDesign System (ADS), as illustrated infigure 6(a). Thismodel is based on theDegraded Foster
Canonical (DFC) framework [3], which is awell-establishedmethod for characterizing ultra-wideband

Figure 4.Designing steps of the wideband antenna.

Figure 5. (a)Reflection coefficient and (b)VSWR for each designing step.
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antennas. Awideband antenna ismodeled as a radiating structure withmultiple closely spaced resonances,
where adjacent frequency bandsmay partially overlap. Each resonance is represented by parallel-connected RLC
lumped elements. To achieve awideband response,multiple parallel RLC circuits are cascaded, each
corresponding to a specific resonance band. Infigure 6(a), the capacitance and inductance define the
fundamental resonance of the antenna, while the remaining higher-order resonances are captured by three
additional parallel RLC circuits connected in series. The resistancesmodel the radiation losses at their respective
resonance frequencies. These losses are related to the energy radiated by the antenna during its operation at
specific frequencies. Thefirst R1L1C1 circuit ensures the impedancematching across the operating band, the
secondR2C2L2 regulates the lower-frequency response of the antenna, and the third R3C3L3 controls the
behavior at higher frequencies. The component values of the equivalent circuit are detailed in the table presented
infigure 6(b). The component values, provided infigure 6(b), were verified by comparing themodel’s response
with full-wave electromagnetic simulations carried out inHFSS after optimization inADS.

2.5. Simulation andmeasurement implantation scenarios
The ultra-miniaturized implantable antenna design, bothwith andwithout an integrated system, was developed
usingHFSS andCST simulators. The process of simulation andmeasurement is shown infigure 7. Initially, the
antennawas positioned inside a synthetic homogeneousmuscle phantomwith dimensions of 100mm×
60mm× 100mm, as seen infigure 7(a). Table 1 [34] details the electromagnetic properties for various tissues
such as the stomach, heart, and intestines. The antenna’s performancewas evaluated using a 3656DVector
NetworkAnalyzer, which operates within the 300 kHz to 20GHz range, as depicted infigure 7(c). To further
validate the antenna’s performance in a realistic biological environment, the antennawas integrated into
commercially sourcedminced pork obtained from a supplier near Casablanca,Morocco. Theminced porkwas
used tomimic the dielectric properties of human tissue due to its similar water and fat content, which closely
resemble the properties ofmuscle tissue atmicrowave frequencies. The S11 response during the integration of
the antenna into theminced pork is shown infigure 7(d). The results demonstrated a stable impedancematch
and consistent performance across the operating frequency bands. To assess how the electronic components
affect antenna performance, a devicemodel was created inHFSS, including the case, antenna, electronic
assembly, sensors, batteries, and powermanagement unit, as depicted infigure 7(a). The simulated results
aligned closely with themeasured results, confirming the accuracy of the design and its suitability for
implantation in biomedical applications.

This study evaluated the antenna’s effectiveness bymeasuring S11 values in different human body tissues.
The results demonstrate that the designed antenna exhibits excellent adaptation characteristics in all four types
of tissues. A slight impedancemismatchwas observed in the small intestine due to its high conductivity, but the
antenna effectivelymaintains resonance and covers the designated frequency bands.Moreover, the antenna
consistently delivers robust performance, evenwithmanageable frequency adjustments caused by the high-
water content and increased permittivity of the stomach. The antenna remains effective for all these organs,
maintaining optimal performance across diverse anatomical environments.

2.6. Parametric analysis
This section is dedicated to the parametric evaluation of the proposedwideband implantable antenna.
Parametric analysis of an antenna serves as amethod to optimize and customize the dimensional parameters in
response to various scenarios. During this parametric analysis, wemaintain the use of the same uniform

Figure 6. (a)Equivalent circuit representation of the proposed antenna using lumped elements. (b)Comparison of the reflection
coefficient betweenHFSS simulations and the circuitmodel in ADS.
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equivalent phantom, characterized by consistent dielectric properties and dimensions for eachmedium, as
previously detailed and depicted infigure 7(a). Furthermore, the antenna is positionedwithin the phantom to
monitor how variations in antenna design parameters affect the reflection coefficient and impedancematching.
Regarding our proposed antenna, the crucial parameters considered in this parametric analysis include the
feeding point’s location, the length of the patch side strips (L1–2), and the dimensions of the ground slots (C1-2-3),

as outlined infigures 2(a) and (b).While a comprehensive examination of each parameter is beyond the scope of
this article, it is essential to emphasize that, based on the specified parameters, our observations affirm the
judicious selection of all parameters.Moreover, the proposed antenna is shown to be highly adaptable according
to these parameters, as wewill discuss further.

2.6.1. Impacts of the position of the feed
The impact of altering the position of the antenna’s feeding point on S11 and impedancematching is graphically
represented infigures 8(a) and (b) respectively. It becomes evident that the antenna’s impedancematching

Figure 7. Simulations andmeasurements of implantation environments: (a)Antenna implantationwithin a homogeneous phantom
with dimensions of 100mm× 100mm× 60mm (b)Prototypes of the proposed antenna and 3D-printed capsule housing dummy
electronics. (c)Measurement setup for the reflection coefficient of the antennawithout the system in free space. (d)Measurement
setup for the reflection coefficient of the antennawith theCP systempositioned inminced pork.

Table 1.Electromagnetic properties of human body tissues.

Parameters Permittivity Conductivity

1.4GHz 2.4GHz 1.4GHz 2.4GHz

Small intestine 57.1 54.4 2.44 3.17

Large intestine 56.1 53.9 1.34 2.09

Stomach 63.9 62.2 1.44 2.21

Heart 57.5 54.8 1.51 2.26
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across the extensive operating bandwidth is substantially affected by the feeding point’s placement. The
impeccable impedancematching achieved by the proposed antenna experiences disruption as the feeding point
transitions from the right corner to the left corner. For amore comprehensive grasp of this phenomenon, the
impedances associatedwith these various feeding point positions are graphed on the Smith chart, as seen in
figure 8(b). At position 1, the antenna exhibits a capacitive impedance, which requires an upward shift of the
impedance trajectory loop to reduce the capacitance.When the positionwas changed from2 to 3, a slight
transition from capacitive to inductive impedance behaviorwas observed in the impedance loop.Notably, at
position 4, the size of the impedance loop increased, indicating a substantial and stable impedancematch over a
wide frequency range. From a frequency band perspective, it is evident that the influence of the feeding point is
essential to create amulti-resonant antenna. The antenna resonates at a single frequency of approximately 1.41
GHzwhen in position 1. A second resonance, butwith relatively high S11 values, appears around 1.9GHzwhen
the antenna is in position 2. The antenna behaves as a dual-band antenna in position 3, with improved
impedancematching. Finally, when the antenna is positioned at position 4, its adaptability is greatly enhanced,
and its operating frequencies coincide with the intended ones.

2.6.2. Variations in the side strips length (L1-2) of patch
In order to attain optimal performance within the specified operating frequencies, precise adjustments were
made to the dimensions of the slots on the plate, specifically L1 and L2. The variation in the S11 response of the
wideband antenna as a function of L1 and L2 is illustrated infigure 9(a). It becomes evident thatwhen the L1-L2
pair is held constant at L1= 0.6mmand L2= 0.2mm, the antenna showcases a broad bandwidthwith favorable
impedancematching, in alignment with its resonant frequencies. However, it’s worth noting that impedance
matching displays limited sensitivity to changes in the values of L1 and L2, as depicted in the Smith chart in
figure 9(b). Furthermore, for the configurationwhere L1= 0.6mmand L2= 0.2mm, the size of the impedance
loop expands. This signifies a substantial and stable impedancematch across the entire frequency spectrum,
indicating enhanced performance and consistent impedance characteristics.

2.6.3. Variations in the side strips length (C1-2-3) of ground
The investigation of the ground plane slot (C1-2-3) on the behavior of the proposed antenna has revealed
significant insights, as showcased infigure 10. By varying the lengths of the ground plane slot (C1-2-3), we can
readily adjust both resonant frequencies, as evidenced by the S11 curve.Notably, as C123 increases, there is a
noticeable leftward shift in the resonance frequencies. Conversely, reducing C123 leads to a narrower spacing
between neighboring bands, resulting in improved coupling.However, it is important to note that this narrower
spacing also causes degraded reflection coefficients. Despite the changes in ground plane slot lengths, the
antenna’s impedancematching remains relatively less sensitive to variations inC123, as clearly depicted in
figures 10(b), (d),(f) of the Smith chart. This characteristic ensures robust performance over a range of
configurations and contributes to the antenna’s adaptability in real-world scenarios.Moreover, we observe the
remarkable alignment of both resonance frequencies whenC1, C2, andC3 are set to 0.8mm, 0.8mm, and 1mm,
respectively. This specific configuration has been deliberately selected due to its desirable characteristics,
demonstrating optimal resonance frequencies and favorable coupling properties. The ability tofine-tune the

Figure 8. Influence of variations in feeding point position on (a) S11 and (b) impedancematching.
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antenna’s behavior through themanipulation of ground plane slot lengths enhances its versatility and suitability
for variousmedical telemetry applications. Thesefindings underscore the importance of carefully considering
the ground plane slot design in optimizing the performance of implantable biomedical antennas.

3. Results and discussion

Implantable antennas often face significant frequency detuningwhen integratedwith implantablemedical
devices (IMDs). Addressing this challenge, wideband (UWB) antennas have been proposed tomitigate
frequency detuning, as discussed in [15]. Themain objective of this studywas to design an exceptionally
compact antenna capable ofmaintaining stable impedancematching over a wide bandwidth, specifically
optimized for effective operationwithin the human body. The antenna’s optimizationwas initially carried out in
a homogeneous phantomusingHigh-Frequency Structure Simulator (HFSS) version 2023.R2. Subsequently, its
performancewas evaluated through simulations in a homogeneous phantomusing CSTMicrowave Studio.
Experimental validationwas conducted by fabricating a prototype antenna, and the results closelymatched the
simulation outcomes. The antenna underwent careful testing in various anatomical regions, including the
stomach, small and large intestines, heart, and other segments of the gastrointestinal system, as depicted in
figure 7. Figure 11 presents a comparative analysis of the reflection coefficients exhibited by the antenna in these
different environments. It is evident that the antenna consistentlymaintains stable impedancematching over a
wide frequency range in all simulated scenarios. The observed bandwidths for the small intestine, large intestine,
stomach, heart, and porkmeat were 1567MHz, 1591MHz, 1557MHz, 1836.8MHz, and 1520MHz,
respectively. These results affirm the viability of the proposedwideband antenna for inclusion in implantable
medical devices (IMDs). Additionally, figure 12 provides a visual representation of the radiation patterns of the
wideband antenna asmodeled in various scenarios. Despite variations in implantation sites, the gain polar
patterns exhibit a similar omnidirectional character, with variations primarily inmaximumvalues. Notably, at
the operating frequency of 2.45GHz, the radiation patternsmaintain an omnidirectional nature in both the
horizontal (H) and elevation (E) planes.However, antenna performance is significantly impactedwhen situated
within the human body, primarily due to a notable reduction in efficiency. As reported in [35], the principal
causes of this degradation include the absorption of electromagnetic radiation and substantial interaction
between the antennas and surrounding tissues. The extent of this impact varies in intensity depending on the
specific tissue type and depth of implantation. Consequently, the radiation efficiency of implanted antennas
often dropswell below -20 dB (1%) [36], representing a substantial decline from their performance in free-space
conditions.

The simulation results demonstrate a significant variation in peak gain across different anatomical
environments at 2.4GHz. The observed peak gain for the heart was−19.92 dBi, which is relatively high
compared to other locations. This higher gain can be attributed to the composition and structure of cardiac
tissues, which appear to attenuate the electromagnetic signal less. In contrast, the peak gains observed in the large
intestine, small intestine, and stomachwere−21 dBi,−24 dBi, and−24 dBi, respectively. These lower values

Figure 9. Influence of variations in L1-2 on S11 (a) and in impedancematching (b).
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indicate greater signal attenuation, likely due to higher electromagnetic absorption and increased interaction
between the antenna and surrounding tissues in these regions. These results underscore the importance of the
implantation site in optimizing the communication performance of implantablemedical devices. The variability
in peak gain across different implantation sitesmust be carefully considered during the design and placement of
such antennas to ensure reliable and efficient communication.

Figure 13 provides a visual representation of the radiation efficiency of the proposed implantable antenna
under study. Remarkably, in both scenarios, the radiation efficiency surpasses−40 dB across the entire
bandwidth. This indicates that, despite the challenges posed by the implantation, the antenna is still able to
maintain a relatively efficient radiation performance. Such observations are critical in understanding the

Figure 10. Influence of variations inC1 on (a) S11 and (b) impedancematching. Influence of variations inC2 on (c) S11 and
(d) impedancematching. Influence of variations inC3 on (e) S11 and (f) impedancematching.
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antenna’s behavior in the human body and guiding the optimization of its design for enhanced performance. It
is worth noting that achieving andmaintaining acceptable radiation efficiency levels are essential in implantable
antennas to ensure reliable and effective wireless communicationwithin the body. By studying the radiation

Figure 11.Comparison of reflection coefficient S11 underHFSS (a) and (b)CST.

Figure 12. 2Dpolar radiation patterns. (a) 2.45GHz. (b) 1.4GHz.

Figure 13.Gain and radiation efficiency of the proposed antenna underHFSS andCST.
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efficiency characteristics under different conditions and tissue types, valuable insights can be gained tomake
informed design choices and further enhance the overall performance and reliability of implantable antenna
systems.

3.1. Coupling analysis
The close proximity of the device components to the recommendedwideband antenna necessitates an
investigation into coupling phenomena between these components and the antenna. It is imperative to
comprehend the impact and sensitivity of our antenna to such interactions.Within the scope of this coupling
analysis, simulations are employed to explore potential implications and sensitivity of our antenna to the
presence of neighboring device components.We delve into how the proximity of these device components to
the antennamay give rise to interference, signal degradation, or alterations in the antenna’s characteristics.
Through a comprehensive examination of coupling issues, we canmake informed design decisions and optimize
the layout of device components tominimize any undesirable interactions with thewideband antenna. The
ultimate objective is to ensure peak antenna performancewhilemitigating any adverse effects on its
functionality. This coupling analysis will contribute to enhancing the overall performance and reliability of the
proposed systemby facilitating seamless integration between the device components and the antenna. As
indicated infigure 14, it is evident that the proposed antenna remains relatively unaffected by the coupling
effects, even under theworst-case scenario where the antenna directly contacts the implant components.

3.2. SAR analysis and tissue effects
A crucial facet of adhering to the biomedical device safety directives outlined by the IEEE pertains to the
assessment of Specific Absorption Rate (SAR). The IEEEhas established strict thresholds of 1.6Wkg−1 and
2Wkg−1 for 1 g and 10 g tissuemasses, respectively, with the primary aimof safeguarding patient well-being
[37, 38]. Accordingly, our investigation encompassed SAR computations within a phantommodel featuring the
stomach, small intestine, large intestine, heart, and resonance frequencies, as depicted in figure 15. A power
transmission of 1Wwas employed to generate the SARdata. It is imperative to note that, in order to alignwith
the specified guidelines, themaximum input power for 1 g tissues should not exceed 10mW (equivalent to 10
dBm) at 1.4GHz and 8.1mW (equivalent to 9.1 dBm) at 2.45GHz. This ensures that SAR values remainwithin
the established safetymargins.While the calculated input power values do not preciselymatch the
recommended figures, it is critical to underscore that implantable antennas are subject to stringent input power
limitations of 25 μW, as articulated in [14, 24]. These computations unequivocally demonstrate that the SAR
values associatedwith the implanted antenna conform to the IEEE guidelines and are deemed suitable for
utilization in Body-Mounted Implant (BMI) devices. Table 2 provides a comprehensive overview of the
estimated SAR values and the upper allowable input power levels for the specified implant locationswithin the
2.45GHz and 1.4GHz. The human body plays a critical role in the operation of implantablemedical devices
(IMDs), acting as a highly lossymedium.

Table 1 illustrates how the electrical characteristics of its tissues change based on the operation frequency. As
mentioned in [39], human body tissues have high permittivity and conductivity, which greatly contributes to
attenuation losseswithin the body.

Figure 14.Coupling effects due tometallic components of the system on thewideband antenna performance.
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3.3. Link budget analysis for biotelemetry
The assessment of telemetry range between the implantable device and an external base station holds paramount
significance in ensuring the dependable transmission of biological data. Nonetheless, the computation of the
link budget involves accounting formultiple loss factors, notably encompassing free-space losses, cable losses, as
well as losses attributed to antennamaterials andmismatches [5]. A diagrammatic representation of the
arrangement for link budget calculation is depicted infigure 16.

A linkmargin exceeding 20 dB is imperative for ensuring reliable communication. The calculation of link
margins involves employing the Friis equation to determine the disparity between the antenna power (AP) and
the requisite antenna power (RP). Onemethod for computing RP is outlined as follows:

( )= + +R B
E

N
KT 2p r

b

0

In this context, the variables Eb/No,K, To, and Br represent phase shift keying, temperature, bit rate,
Boltzmann’s constant, and Br, respectively. Conversely, the determination of Ap can be expressed as follows:

( ) ( )= + + - -A dB P G G L P 3p TX TX RX f L

The parameters PTX, GTX, andGRX represent, respectively, the transmitter power fixed at 4 dBm, the transmitter
antenna gain, and the implantable receiver antenna gain. The losses due to free space and polarizationmismatch
are denoted by Lf andPL, respectively. The free space loss, Lf, is typically dependent on the separation distance (d)
between the transmitting and receiving antennas. The following equations can be used to calculate these losses:

The parameters PTX, GTX, andGRX correspond to the transmitter power (4 dBm), the gain of the
transmitting antenna, and the gain of the implantable receiving antenna, respectively. The losses Lf and PL

account for free-space attenuation and polarizationmismatch, respectively. The following equations are used to

Figure 15. 3D analysis of specific absorption rates in the heart, stomach, small and large intestines of a humanmodel.

Table 2.MaximumSAR (1-g) values (for 1w input power) and allowable
maximum input powers.

Body tissue

Peak SAR (W/Kg)
1.4GHz 2.4GHz

Maximumallowable

power (mW) 1.4GHz

2.4GHz

Small intestine 376.36 477.3 1.5 1.7

Large intestine 373.33 475.88 1.45 1.67

Heart 466.35 466.35 1.38 1.63

Stomach 422.35 425.85 1.41 1.6
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compute these losses:

( ) ( )( )d
p
l

= ´ + ´ +L dB
d
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The linkmargin formula considers key parameters: d is the distance between antennas, δ is the path loss

exponent based on the environment,λ0 represents the free-spacewavelength, and d0 is defined as d0= l
L2 2

0

,

where L denotes themaximumantenna dimension in the radiation direction. Randomdispersion is accounted
for by S. The study utilizes an ideal half-wave dipole antennawith a 2 dBi gain as the receiver, simplifying the
analysis by neglecting polarization and impedancemismatch losses. Table 3 presents the connection budget,
whilefigure 17 demonstrates the link budget calculation. To ensure reliable data transmission, the linkmargin
must exceed 0 dB, with a 20 dBmargin considered for error-free communication. A conservative transmission
power of 25 μWis selected tominimize interference with other devices operating at the same frequency.

A closer examination of the connectionmargin graph reveals that as data rates increase, so does the
achievable communication range. Consequently, the proposed system exhibits the capability to effectively
establish communication over a distance of 20meters, even at high data rates of 78Mbps. Antenna systems
designed for high data rates, such as this one,find practical applications in domains like surgery, capsule
endoscopy, and other scenarioswhere a substantial transmission throughput is imperative. Figure 18 shows that
the received signal strength for both frequencies is plotted as a function of distance, demonstrating the ability of
the proposed antenna to communicate effectively with the transmitting antenna. The results presented in the
samefigure highlight an intriguing trend: when the proposed antenna operates at 1.4GHz, it has a greater range
thanwhen it operates at 2.4GHz. This distinction stems from a fundamental characteristic of radiowaves,
namely their wavelength. At 1.4GHz, radiowaves have a longerwavelength, giving the proposed antenna a
greater ability to penetrate obstacles andmaintain stable communication over long distances. Conversely, at

Figure 16.Conceptual diagram for the link budget analysis.

Table 3.The key parameters taken into consideration for conducting a link budget analysis.

Parameters Variables Values

Resonance frequency ( )f GHz0 1.4–2.4

Noise PowerDensity ( )/N dB Hz0 −203.93

Transmitter Power ( )P dBTX m −16

Polarizationmismatch loss ( )P dBL 1

Temperature ( )T Kelvin0 273

Path Loss ( )L dBf Distance dependent

Transmitter antennaGain ( )G dBTX i ( )=G GHz1.4TX −36 dBi

( ) = -G GHz2.4 19.78TX dBi

Receiver antennaGain ( )G dBRX i =G 2RX dBi

BoltzmannConstant K ´ -1.38 10 23

Available Power ( )A dBP Distance dependent

Bit rate Br 78 bits

Required Power ( )R dBP Adaptive (Bit rate)
Antenna Power ( )A dBP Adaptive (Distance)
Margin ( )-A R dBP P figure 17

Path loss exponent d 1.5

Shadowing effect S(dB) 0
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2.4GHz, range decreases due to the increased absorption of waves by obstacles and their greater sensitivity to
interference.

These results underline the crucial importance of frequency selection in the design of biomedical antennas
forwireless communication applications. This nuanced understanding of the interaction between frequency
and range offers substantial perspectives for the optimal design of biomedical antennas in various application
contexts.

Table 4 compares the performance of the proposed antennawith recent studies, emphasizing compliance
with implant specifications, particularly size constraints critical for implantable devices. The proposed antenna
meets these stringent requirements and ranks among the smallest designs reported. Operating in dual-band
mode, it leverages two frequency bands for distinct signaling types, enhancing the system’s flexibility and
functionality. This study enables the evaluation of the coupling rate between the antenna and the implant, a
critical factor that can disrupt the signal and affect the overall systemperformance. By accurately quantifying this
coupling, it becomes possible tominimize its impact through parametric optimization and the encapsulation of
the antenna in biomedicalmaterials, thereby enhancing the implant’s electromagnetic compatibility.Without
this analysis, the results would remain somewhat detached from reality, as the antenna is inherently linked to the
implant. An inaccurate estimation of the coupling effect could compromise the efficiency of the device,
highlighting the necessity of this study to ensure optimal performance under real implantation conditions.
Encased in a biocompatiblematerial, the antenna ensures safe integration into the human body, addressing a
limitation inmany existing designs.Moreover, it complies with Specific Absorption Rate (SAR) safety standards,
ensuring patient protection.Despite these strict constraints, the antenna achieves exceptional performance,

Figure 17. Link budget analysis of the antenna in homogeneous phantoms.

Figure 18.Received signal strength against distance.
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aligningwith its design objectives to provide a compact, high-performance, and safe solution for implantable
applications.

4. Conclusion

This paper introduces a compact wideband implantable antenna designed to operate at 2.45GHz and 1.4GHz,
aimed at overcoming impedancemismatch challenges associatedwith variations in human tissue properties,
age-related factors, and the specific needs of implantablemedical devices (IMDs). By integrating open-ended
slots in the antenna’s patch and ground plane, the design achieves improved frequency tuning, impedance
matching, and size reduction. To assess the antenna’s practical performance, wave propagation studies were
conducted in tissuemodels, followed by implantation in different human organmodels for further validation.
Compliancewith IEEEC95.1-1999 safety standardswas ensured through an analysis of Specific Absorption
Rates (SAR) at the implant sites. Linkmargins were calculated to evaluate the communication range between the
external base station and the antenna system. The antenna’s designwas verified through simulations usingHFSS
andCST tools, with experimental validation performed on prototypes withinminced pork. Themeasured
results closely alignedwith the simulations, confirming the antenna’s effectiveness and practicality for real-
world implantable applications.
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