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ABSTRACT: This work presents the design and analysis of an ultra-compact multiband circularly polarised microstrip antenna for next-
generation implantable medical device (IMD) applications. The antenna is constructed using a Rogers RT/Duroid 3010 substrate, charac-
terised by a relative permittivity (εr) of 10.1 and a thickness of 0.635mm. It features ultra-compact dimensions of 15×15×0.669mm3.
The design allows multiband operation at frequencies 2.5GHz, 5.8GHz, 6.8GHz, and 7.5GHz. This is done by using U-shaped and
rectangular slots, circular perturbations, and a modified ground structure. This configuration ensures a reflection coefficient that re-
mains below −10 dB across both the ISM and UWB-H bands. The proposed design achieves a size reduction of approximately 25–40%
compared to existing implantable antennas, while accommodating four operating bands, in contrast to conventional single- or dual-band
designs. It provides enhanced bandwidth up to 9.54% in the UWB-H region. Circular polarisation is realised at higher frequencies (7.4–
7.6GHz) with an axial ratio below 3 dB, ensuring orientation-independent communication. The gain ranges from −32.2 dB to −23 dB,
consistent with implantable antenna performance in lossy tissues. Performance is validated through full-wave simulations and experi-
mental testing using a three-layer (skin-fat-muscle) tissue model. The maximum specific absorption rate (SAR) is 1.489W/kg, averaged
over 1 gram of tissue, at an input power of 1W, meeting IEEE safety standards. Overall, this design successfully balances miniaturisation,
multiband operation, polarisation performance, and safety, thereby making it suitable for dependable biomedical telemetry applications.

1. INTRODUCTION

Next-generation implantable medical devices (IMDs) re-
quire a “circularly polarised (CP)” structure of an ultra-

compact multi-band microstrip antenna. These antennas enable
reliable in-body wireless communication because they support
various medical and ISM frequency bands in a compact enclo-
sure. Circular polarisation increases the stability of links by
minimising sensitivity to orientation, and the small size and
iocompatibility allow patients to be safely ensured with re-
duced “specific absorption rate (SAR)” and allow integration
into advanced implantable health systems. Because of their
low profile, light weight, ease of manufacture, and connectivity
with both planar and integrated circuits, microstrip antennas are
widely used in wireless systems. Usually, a microstrip antenna
is made up of a continuous ground plane on one side and ametal
patch on the other side of a dielectric substance. This is a simple
structure used in mobile communications, satellite networks,
radar, wireless sensor networks, and IoT applications. Never-
theless, conventional microstrip antennas are limited by the fol-
lowing factors: narrow impedance bandwidth, single-band op-
eration, low gain, and polarisationmismatch, and therefore can-
not be used in next-generation communication applications [1].
The rapid development of wireless technologies, with in-

creased data rates, effective spectrum management, and system
miniaturisation, has generated a strong demand for advanced
antenna designs. The future communication systems, such as
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5G, future 6G, satellite communications, and device-to-device
communications, demand antennas able to work across mul-
tiple frequency bands without compromising radiation perfor-
mance. Multiband microstrip antennas have received consider-
able attention, since they allow the same antenna to be used to
support a variety of services, thus minimizing hardware redun-
dancy and system complexity. However, achieving multiband
operation often increases design complexity or size, which is
not desired in compact applications, such as smartphones and
wearables.
As a result, miniaturisation has emerged as a critical require-

ment in antenna engineering. Ultra-compact antennas are re-
quired in space-constrained systems, such as wearable systems,
unmanned aerial vehicles, small base stations, and higher in-
tegration systems such as MIMO configurations. However,
reducing antenna size normally results in poor radiation effi-
ciency, reduced bandwidth, and degraded impedance match-
ing. Therefore, achieving compact multiband antennas with-
out compromising performance remains a major research chal-
lenge [2].
Another consideration in design is polarisation. CP antennas

have the benefits over linearly polarised antennas of low po-
larisation mismatch, enhanced multipath performance and ro-
bustness to changes in orientation. These properties render CP
antennas very attractive to modern wireless systems. Conven-
tional microstrip antennas are, however, naturally linearly po-
larised, and to become CP, it is necessary to employ other de-
sign methods, such as corner truncation, asymmetric slots, dual
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feeding or perturbations. Circular polarisation of small multi-
band antennas has been especially difficult to implement but is
important to provide reliable communication in next-generation
systems [3, 4].
The present work addresses the issues by developing an ultra-

compact multiband, CP microstrip antenna, which is specif-
ically designed for IMD applications. The design enhances
spectral efficiency, minimizes distortion, and ensures consis-
tent performance across a range of frequency bands by opti-
mising the antenna shape, feeding techniques, and electromag-
netic behaviour. These antennas will be important in future
IMD-based communication systems, including high-speed cel-
lular networks, miniature radio-frequency (RF) front-ends, and
small wireless devices.
Although modern wireless communication is based on con-

ventional microstrip antennas, their nature limits their use,
which has led to innovative design techniques, including the de-
velopment of new materials and designs that will improve their
performance and flexibility for various applications. This work
is important in that it deals with the growing demand to develop
compact, multi-band, CP antennas with the capability of reduc-
ing intermodulation effects. The results of the present research
are part of the development of high-performance antenna sys-
tems that align with the high standards of next-generation IMD
applications.

2. RESEARCH METHODOLOGY
Initial work on implantable medical device (IMD) antennas
mainly focused on single-band operation in medically defined
frequency bands, such as “Medical Implant Communication
Service (MICS) band (402405MHz)” and “Industrial, Scien-
tific, and Medical (ISM) band (2.4248GHz)”. Traditional mi-
crostrip antennas, specifically patches and monopole types,
were preferred due to their simple design and predictable radi-
ation properties [6]. However, low frequencies required larger
antenna due to longer wavelengths, which was very difficult to
miniaturise. To overcome these challenges, a number of meth-
ods were invented, including utilisation of high-permittivity
substrates, shorting pins, slot loading, and meandered struc-
tures. Although such strategies were successful in minimizing
antennas, they tended to have low bandwidth and poor radia-
tion efficiency [7]. As IMDs have been developed to operate
in multifunctional, high-data-rate applications, the significance
of multiband antenna designs has increased. Multiband opera-
tion allows using one antenna to serve many purposes, includ-
ing low-power telemetry, high-speed data transfer, and wakeup
signalling [8]. Many strategies have been explored to achieve
multiband properties, such as slot-loaded microstrip antennas,
fractal geometries, and stacked patch structures. The slot con-
figurations, U-shaped, E-shaped, and L-shaped slots, enable the
formation of more resonant modes without the need to signif-
icantly increase the size of the antenna. Fractal geometries,
meanwhile, use self-similarity to create a variety of resonances
with a small footprint [9].
Circular polarisation (CP) has increasing significance in im-

plantable medical device (IMD) antennas due to its ability to
overcome polarisation discrepancies caused by the random ori-

entation and movement of devices [10, 11]. Compared to lin-
early polarised antennas, CP antennas provide an improved link
reliability both in in-body [12] and on-body communication.
Various methods have been created to realize CP in microstrip
antennas, such as truncated patch corners and perturbation of
slot asymmetries [13], dual-feed designs, and sequential rota-
tion in array designs. Single-feed CP structures are also pre-
ferred in IMDs due to their lower complexity and less power
consumption [14]. However, achieving a large bandwidth ratio
band of compact multiband implantable antennas is a signifi-
cant challenge.
The other vital consideration is the effect of the human body

on antenna performance [15]. Biological tissues, which are
highly permittive and conductive, play an important role in res-
onant frequencies, radiation efficiency, and radiation patterns.
Multilayer tissue phantoms and anatomical models are popular
in full-wave electromagnetic simulations to account for such ef-
fects [16, 17]. Also, encapsulation materials like polydimethyl-
siloxane (PDMS) and Parylene-C are not only biocompatible
but also enhance impedance matching and bandwidth. These
layers, however, add complexity to the design and must be op-
timised carefully to ensure that they meet size, performance,
and safety constraints.
Another critical aspect in IMD antenna design is SAR com-

pliance, as regulatory standards impose strict limits on electro-
magnetic energy absorbed by human tissues [12, 18]. Antenna
miniaturisation and appropriate distribution of near-fields can
minimise SAR. Ground plane modification, “electromagnetic
bandgap (EBG)” structures, and “artificial magnetic conductors
(AMCs)” are some of the techniques used to localize the fields
to enhance radiation efficiency and keep SAR within permissi-
ble limits. Nonetheless, these techniques can increase antenna
size or fabrication complexity, which can offset the advantages
of smaller SAR andmake themanufacturing processmore com-
plicated.
Recent advancements in optimisation techniques, including

parametric methods, genetic algorithms, and machine learning-
based approaches, have enabled simultaneous optimisation of
antenna parameters, such as size, bandwidth, axial ratio, and
SAR [10, 11]. Despite significant progress in developing com-
pact, multiband, and circularly polarised IMD antennas, most
existing designs optimise only a limited set of parameters, of-
ten at the expense of others. Achieving ultra-compact size
with stable multiband operation, effective circular polarisa-
tion, and reliable performance in lossy biological environments
while maintaining SAR compliance remains a key research
challenge. These limitations motivate the development of ad-
vanced antenna architectures and optimisation strategies for
next-generation IMD systems, where reliability, miniaturisa-
tion, and multifunctionality are essential.

3. DESIGN METHODOLOGY

3.1. Design of Multiband Antenna System
The antenna proposed is developed on a Rogers RT/duroid
3010tm substrate whose relative permittivity is 10.1, and loss
tangent is 0.0035 with a thickness of 0.635mm. The radiat-
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(a)

(b)

FIGURE 1. Geometry of the proposed multiband implantable antenna
(unit: mm), (a) front view, (b) back view, and (c) side view.

ing patch and ground plane are modelled with copper whose
thickness is 0.017mm. The total volume of the antenna is
15 × 15 × 0.669mm3, which is also good to use as an im-
plantable antenna. The antenna design relies upon a small cir-
cular patch, U-shaped slots, rectangular slots, and a circular per-
turbation of the radiating element. More slots are added to the
ground plane to regulate current distribution and produce sev-
eral resonant modes. These geometric changes are successful
in making the electrical length larger than that of the physical
footprint, thus allowing multiband performance.
In realistic designs of microstrip antenna, electromagnetic

fields do not have complete confinement of the dielectric ma-
terial, but rather, a large fraction of the field radiates in the air
above the substrate as a result of fringing. Consequently, the
antenna acts as a system which is in a medium with dielectric
constant between those of air and substrate relative permittiv-
ity (εr). The parameter h is the thickness of the substrate, and
D shows the effective diameter of the circular patch. Higher
values of the ratio h/D improve fringing fields, resulting in in-
creased field interaction with air and thus less εeff. The εeff pa-
rameter will be a critical concern when designing ultra-compact
antennas, which, as may be seen, directly influences resonant
frequency, impedance band bandwidth, and axial ratio behav-

ior, all of which are important to attaining stable circular polar-
ization.

εeff ≈ εr + 1

2
+

εr − 1

2

(
1 + 12

h

D

)− 1
2

(1)

aeff ≈ F√
εeff

(2)

Patch periphery fringing fields cause the antenna’s electrical
size to increase compared to its physical size. This phenomenon
is explained by the effective radius, which enables the resonant
behavior of the antenna to be predicted correctly.

Where F =
8.791× 109

fr
(3)

where F is a frequency dependent design constant in this ex-
pression with fr being the desired resonant frequency in hertz.
This correlation makes the relationship between the frequency
of operation and the size of antennas to a direct correlation. The
higher the resonant frequency, the smaller the patch size, and
hence antenna miniaturization is possible. The equation plays a
critical role in the development of small-sized, multi-band an-
tennas.
To verify how each structural modification contributes to

multiband behavior, the antenna is developed in three stages
as shown in Figure 2.
The proposed antenna is fabricated on a Rogers RO3010 sub-

strate with dimensions 15×15×0.635mm3, with a relative per-
mittivity (εr) of 10.1 and a low loss tangent (tan δ = 0.0035).
Using a high-permittivity substrate enables antenna miniatur-
isation by electrically shortening the wavelength while main-
taining acceptable radiation performance.
The radiating element contains amodified circular patchwith

an approximate diameter of 10.2mm, centrally located on the
substrate and incorporating multiple slots to optimise perfor-
mance. The antenna is excited via a microstrip line feed, which
extends from the underside of the substrate to the centre of the
patch. Three aligned strip-like slots are implemented in the
ground plane to enhance coupling and impedance matching.
A circular aperture on the patch functions as a parasitic res-

onant cavity. It disturbs the fundamental TM11 mode, help-
ing produce higher-order resonances and providing capacitive
loading that improves impedance matching at higher frequen-
cies. The lower-frequency band is primarily produced by a U-
shaped slot, lengthening the effective current path without the
need to enlarge the antenna size. It also introduces inductive-
capacitive loading, which improves feed coupling and return
loss.
To intentionally disturb the patch’s symmetry, two symmet-

rical vertical slots are added on either side, creating a multitude
of higher-order resonances. These slots optimize the effective
radiation aperture, reduce surface-wave effects, and optimize
radiation stability and bandwidth at higher frequencies. The
design also uses three strip-like slots in the ground plane. It has
a central slot under the feed line and two shorter, symmetrical
side slots. This design successfully loads the area between the
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FIGURE 2. Design steps of the proposed multiband antenna.

FIGURE 3. Comparison of reflection coefficient (S11) results of Step 1
to Step 3 of the proposed antenna.

FIGURE 4. Axial ratio versus frequency, indicating circular polarization.

feed and radiating patch, leading to better impedance match-
ing, deeper S11 minima, and better bandwidth. In addition, the
tri-strip slots in the ground plane minimize undesired surface-
wave propagation, which enhances the overall radiation effi-
ciency. The comparison of S11 results of the design steps of the
proposed multiband antenna is depicted in Figure 3.
The reflection coefficient (S11) of the antenna in Step 1 (Fig-

ure 3) illustrates dual-band operation, with a resonance around
2.8–3.0GHz and a stronger resonance around 6–6.3GHz. The
upper resonance is consistent with the basic TM11 mode of the
circular patch, which is expected in theory, given the dimen-
sions and dielectric characteristics.
A U-shaped slot is introduced to promote the emergence of

the lower-frequency resonance at around 3GHz by increasing
the length of the effective current path and altering the dis-
tribution of surface currents. This change enables the use of
two bands without increasing the patch’s size. The S11 re-
sults in Step 2 suggest that the U-slot maintains the lower-
frequency resonance, whereas the higher-frequency response is
now two separate, sharper resonances within the 6.6–6.6GHz
range, suggesting an enhanced multiband behaviour.
This separation and amplification of high-frequency modes

is achieved by introducing a circular slot, which acts as a para-
sitic resonant cavity with strong coupling to the dominant TM11
mode of the circular patch. The modified ground plane en-
hances this effect by introducing additional reactive loading.

Consequently, this change results in better impedance match-
ing and stronger S11 minima. Additional slot stabilises reso-
nances, increases matching, and allows the designer more flex-
ibility without increasing the antenna size. This finding con-
firms that the stepwise design approach is effective.
Multiband characteristics of the S11 response in Step 3 are

considerably improved compared to the preceding steps. A
good resonance is observed at 2.93–3.0GHz, and this confirms
that the lower band is due to slot-induced current extension. At
higher frequencies (6–8GHz), more distinct resonances appear
instead of a single narrow mode, with a perturbation of the sur-
face current paths by additional slots.
In comparison with Step 2, where only two high-frequency

resonances are dominant, Step 3 has othermodeswith increased
impedance, which are equivalent. The lower S11 minima at 6–
8GHz are a result of improved coupling between the feed and
radiating element, leading to lower reflection losses and better
electromagnetic performance.
In summary, the proposed antenna utilises slot loading and a

modified ground plane to enable compact, multiband operation.
Each slot facilitates resonance generation, impedance match-
ing, and radiation enhancement without enlarging the antenna
dimensions, thereby rendering the design well-suited for con-
temporary wireless and space-constrained biomedical applica-
tions. The corresponding frequency bands and bandwidths are
detailed in Table 1.
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TABLE 1. Achieved frequency bands with a bandwidth of the proposed multiband antenna.

Bands Achieved Frequency (MHz) Bandwidth Achieved (MHz)
ISM 2520–2551 31
ISM 5791–5853 62

UWB-H 6524–7173 649
UWB-H 7381–7567 186

FIGURE 5. Three-layer human skin phantom.

3.2. Circular Polarization (Axial Ratio) Analysis

The plotted “axial ratio (AR)” response illustrates circular po-
larisation behaviour of the proposed antenna over a wide fre-
quency range. As noted, AR varies considerably at lower fre-
quencies, staying considerably above the 3 dB mark, meaning
that the antenna radiates mostly linearly polarised waves in
those areas. Several sharp peaks and variations are observed be-
tween 2 and 6GHz, which verify the lack of stable circular po-
larisation in these bands. However, with increasing frequency,
especially near the higher microwave region, especially near
the ultra-wideband high (UWB-H) region, which is indicated
between about 7.40 and 7.596GHz, there is a significant dip in
AR response.
The AR decreases below the 3 dB criterion, reaching a min-

imum value of about 0.894 dB near this band’s central point.
This clearly confirms that the antenna successfully achieves cir-
cular polarisation within this specified UWB-H band.
The limited AR bandwidth indicates that the antenna is only

capable of operating as an effective circular polariser within this
restricted frequency range, and beyond this range, it is mostly
linearly polarised as the AR values exceed 3 dB. Consequently,
Figure 4 confirms that the engineered antenna is appropriate
for circularly polarised UWB-H applications within the 7.4–
7.6GHz range Figure 4.

4. SIMULATION RESULTS

A thorough parametric analysis was conducted via simulations
of the proposed antenna in Step 3, as illustrated in Figure 1.

4.1. SAR Analyses for Implantable Safety
A planar three-layer tissue model of dimensions 40mm ×
40mm × 33mm is used for SAR evaluation, consisting of fat,
skin, and muscle layers. Figure 5 shows a multilayer human
body tissue model comprising of skin (2mm), fat (8mm), and
muscle (23mm) layers. These tissues’ dielectric properties,
such as permittivity, conductivity, and density, differ signifi-
cantly and have a very large effect on the absorption of elec-
tromagnetic waves and power dissipation in the body. SAR is
a measure of the speed at which electromagnetic energy is ab-
sorbed in per unit a mass of biological tissue, which is given
as watts per kilogram (W/kg). This parameter is essential for
safety, as outlined by regulatory organisations, such as IEEE
C95.1 and ICNIRP. They set forth limits of 1.6W/kg averaged
over 1g of tissue according to FCC standards, or 2W/kg av-
eraged over 10 g of tissue per ICNIRP standards, to maintain
thermal safety during the operation of implants [19].
The proposed multiband antenna is tested for each layer sep-

arately by inserting it into the layer, as shown in Figure 6. The
SAR is calculated utilising SAR = σ

ρ |E|2, where ‘E’ (V/m)
represents electric field intensity; ‘σ’ (S/m) indicates conduc-
tivity of human tissue; and ‘ρ’ (kg/m3) reflects mass density of
human tissue.
Table 2 summarizes the SAR and total gain performance of

the proposed implantable antenna in different biological envi-
ronments. These environments include skin, fat, muscle layers,
and a skin phantom. Such parameters are highly essential in as-
sessing safety and radiation efficiency of implantable antennas
in biomedical communication.
SAR is the rate of electromagnetic energy absorption in bi-

ological tissues in watts per kilogram (W/kg) per 1 gram of
tissue. Reduced SAR values signify safer operation with the
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TABLE 2. Obtain SAR and Gain at different layers of skin phantom of the proposed antenna.

Layers SAR W/kg (over 1 g of tissue) Gain Total (dB)
Skin 0.703 −16.1

Fat 0.775 −6.2

Muscle 1.316 −29.9

Skin Phantom 1.489 −20.05

(a) (b)

(c) (d)

FIGURE 6. SAR analysis results for (a) skin layer, (b) fat layer, (c) muscle layer, and (d) human skin phantom.

least thermal impact, thereby meeting biomedical safety re-
quirements. The SAR in the table are acceptable biomedical
values, which confirm the antenna’s suitability in implantable
applications.
The muscle demonstrates, of tissue layers has a higher SAR

value (1.316W/kg) than skin and fat, due to its higher water
content, conductivity, and dielectric constant, which increase
electromagnetic energy absorption. The highest SAR value of
1.489W/kg material in the skin phantom is attributed to its de-
sign that strongly resembles the characteristics of biological
tissues, which may cause a somewhat higher but evenly dis-
tributed absorption in experimental validation process.
The SAR of fat tissue is relatively low (0.775W/kg), a

characteristic of low electromagnetic energy absorption abil-
ity. This is because it has low conductivity and dielectric loss
which reduce its capability of absorbing RF energy; thus, it is a
safer medium with improved power dissipation characteristics.
This behaviour is also supported by gain radiation charac-

teristics in the different tissue environments illustrated in Fig-

ure 7. The greatest gain of −6.2 dB is in fat tissue, indicating
that fat tissue has low-loss properties. Comparatively, the skin
exhibits moderate signal attenuation, a gain of−16.1 dB, which
is its intermediate dielectric characteristics. However, the gain
of muscle is far less at −29.9 dB, which means that RF signals
are heavily absorbed and scattered. The gain of the skin phan-
tom is −20.05 dB; this is a negative figure, but it shows that
the phantom performs quite well in controlled conditions, as it
is able to simulate real-life conditions.

4.2. Influence of Bending on Conformal Surface

The antenna exhibits matching, stable impedance, and radiation
properties that are not deteriorated due to bending and demon-
strate conformal and implantable applications.
Figure 8 shows the proposed implantable antenna conformal

testing setup, which is bent around a cylindrical surface with
radius R. This design evaluates its mechanical flexibility and
electromagnetic stability in realistic implantation conditions.
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(a) (b)

(c) (d)

FIGURE 7. Gain in (a) skin layer, (b) fat layer, (c) muscle layer, and (d) skin phantom.

  FIGURE 8. Bending of the proposed antenna.

As implantable antennas are intended to operate in curved bi-
ological tissues (e.g., skin, fat, and muscle) but not a flat en-
vironment, such a conformal analysis is essential to accurate
performance evaluation.
Figure 9 shows how bending influences the antenna’s reflec-

tion coefficient (S11) at 0mm (flat), 20mm, and 15mm cylin-
drically radii of antenna. The study of effects of bending on
impedance matching and resonant behaviour is critical since
in real-world application, the antenna is matched to curved
anatomical structures. This guarantees confidence in real-life
biomedical applications.
In the case of the flat antenna (R = 0mm), the antenna has

strong, deep resonance dips at the frequencies of interest, which
shows that the antenna radiates well, and the impedance is well
matched, which can be used as a reference. Bending to a radius
of 15mm, the S11 response exhibits minor resonant frequency
and magnitude changes of the dip as a result of structural de-
formation, which changes current distribution, electrical path

FIGURE 9. Reflection coefficient (S11) results comparison under bend-
ing radii R = 0mm, 15mm, and 20mm.

length, and impedance properties. With these variations, all res-
onances remain below -10 dB, which suggests good matching
and operational stability even in the presence of a significant
curvature.
At a 20mm bending radius, the S11 properties are more sta-

ble, and resonant frequencies are nearly the same as those of
the flat antenna. This increased impedance matching implies
that structural changes can have a small effect on performance.
The S11 response for larger bending radii is highly similar to
that of the flat antenna and shows no functionality degradation
or significant detuning. This proves that the slightest bending
has little influence on antenna performance. Table 3 also con-
firms that despite the additional bending resulting in minor fre-
quency and S11 variations due to changes in current paths and
electromagnetic coupling, the antenna always has an S11 of less
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TABLE 3. Comparison of frequency and bandwidth of the proposed antenna over different bending radii.

Radius of bending R = 0mm R = 20mm R = 15mm
Frequency Bands Freq (MHz) BW (MHz) Freq (MHz) BW (MHz) Freq (MHz) BW (MHz)

ISM 2520–2551 31 2529–2550 21 2533–2547 14
ISM 5791–5853 62 5787–5849 62 5789–5840 51

UWB-H 6524–7173 649 6523–7156 633 6560–7120 560
UWB-H 7381–7567 186 6466–6502 191 7400–7574 174

(a) (b)

FIGURE 10. Prototype of proposed multiband antenna. (a) Front view and (b) back view.

than −10 dB. These findings indicate the antenna’s excellent
mechanical versatility and electromagnetic stability and guar-
antee its good performance in real-life biomedical implantation
applications.

5. EXPERIMENTAL VALIDATION OF PROPOSED AN-
TENNA
A fabricated prototype of the proposed antenna is illustrated
in Figures 10(a) & (b). The functionality of the proposed im-
plantable antenna has been tested in an experimental configura-
tion, as shown in Figures 11(a) and (b), using a high-precision
measurement device in a realistic biological environment. This
specific arrangement was carefully engineered to stimulate in-
body operational parameters, thus making it easy to precisely
obtain antenna reflection characteristics. Within this configu-
ration, the antenna was interfaced with.
A skin-mimicking gel is developed to evaluate the antenna

in an implanted or in vitro environment [20]. The composition
includes Triton X-100, sodium chloride, vegetable oil, Gelatine
A, hand soap, deionised water, and pink food colouring for vi-
sual identification. Among them, deionised water has the great-
est electrical effect and vegetable oil the least; by altering their
proportions, it is possible to simulate varying water content in
human soft tissues.
Adding sodium chloride makes the material more conductive

and lowers its relative permittivity. This causes permittivity to
drop quickly from 500MHz–1GHz and slowly from 1GHz to
20GHz [21, 22]. Other components, such as gelatine A, Tri-
ton X-100, hand soap, and colouring, have minimal impact due
to their low concentrations. These variations allow accurate

TABLE 4. Ingredients for skin-mimicking material.

S. No. Ingredients Percent volume
i Deionised Water 68.33
ii Vegetable Oil 20.68
iii Gelatine A 8.99 (ρ = 1.2 g ml−1)

iv Soap 0.899
v Triton X-100 0.899
vi Sodium Chloride 0.166 (ρ = 2.165 g ml−1)

vii Pink food colouring 0.037 (1 drop = 0.042ml)

emulation of different human tissues, with Table 4 listing the
component percentages.
Figure 12 is an analysis of simulated and realized reflec-

tion coefficients (S11) of the proposed ultra-compact multi-
band microstrip antenna in free space. Several distinct resonant
bands can be seen at 2.6GHz, 6.0GHz and 7.5GHz, indicat-
ing multi-band functionality. The calculated values are in very
close agreement with the simulated values with slight devia-
tions due to fabrication tolerances and connector losses. The
S11 response exhibits deep minima below −10 dB, indicating
good impedance matching and effective radiation performance.
This shows that the antenna has efficient radiation behavior and
compatibility in its design with the next-generation circularly
polarized IMD.
Figure 13 shows a comparison of S11 in a simulation carried

out in a skin phantom and a tissue sample, which is a realis-
tic environment of implantable devices. Slight resonance shifts
and impedance changes are due to the lossy, high-permittivity
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(a) (b)

FIGURE 11. Fabricated prototype testing environment using VNA. (a) Free space and (b) mimicking gel.

FIGURE 12. Comparison of reflection coefficient (S11) results in free
space.

FIGURE 13. Comparison of reflection coefficient (S11) results in skin
phantom and mimicking gel.

FIGURE 14. Antenna prototype measurement setups in an anechoic
chamber.

biological environment. In spite of this detuning, the antenna
still has several resonant bands with high matching (S11 <
−10 dB). The high consensus confirms the design robustness,
consistent stable circular polarisation and performance, which
proves its appropriateness in the communication of implantable
medical devices in human tissues.

5.1. Radiation Pattern Analysis

Figure 14 shows the radiation measurement setup of the pro-
posed antenna in an anechoic chamber. The antenna is inserted
into the tissue-mimicking gel to simulate an actual implant.
Absorbing walls of the anechoic chamber reduce reflections,
thereby enabling accurate gain and radiation-pattern character-
ization. These measurements provide an assessment of the an-
tenna’s radiation performance and polarization characteristics
under realistic in-body conditions.
Figure 15 shows the total gain radiation patterns at differ-

ent resonant frequencies. Red and blue dashed curves repre-
sent the two orthogonal field components. Usually, the patterns
show omnidirectional characteristics with low peak gain, which
is normal for implantable antennas because the tissue absorbs
signals.
This design allows the device to communicate reliably, re-

gardless of its position within the body. At 2520MHz, the E-
field pattern in Figure 15(a) shows nearly omnidirectional be-
haviour, with a broad main lobe indicating a uniform current
distribution. Conversely, the symmetrical H-field pattern in
Figure 15(b) indicates a balanced field distribution, support-
ing the stable circular-polarization characteristics of the an-
tenna. The E-field in Figure 15(c) at 5791MHz is more direc-
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TABLE 5. Comparison of gain for measured and simulated values.

Band Gain Simulated (dB) Gain Measured (dB)
ISM (2520–2551) −37 −23

ISM (5791–5853) −34 −34.5

UWB-H (6524–7173) −27 −32.1

UWB-H (7381–7567) −22.4 −32.2
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FIGURE 15. Radiation pattern in E andH plane at 2520MHz, 5791MHz, 6524MHz, and 7381MHz.
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TABLE 6. Comparison of parameters for various antennas from various studies.

Reference
Operating

Bands (GHz)
Size
(mm3)

Polarization
Peak Gain

(dB)
Bandwidth

(%)
Axial Ratio

(dB)
SAR
(W/kg)

Ref. [2] 0.403 576 Linear −28 1.2 — 1.45
Ref. [5] 0.403, 2.45 216 Linear −30, −18 1.5, 4.1 — 1.62
Ref. [8] 0.915, 2.45 196 Linear −25, −16 2.3, 5.0 — 1.58

Ref. [9] 0.403, 1.4, 2.45 152
Circular

(Higher freq
band)

−27, −20 1.8, 3.9 < 3 1.41

Ref. [10] 1.4, 2.45 150 Circular −22, −15 3.2, 6.5 < 3 1.36

Ref. [15] 0.403, 2.45, 3.5 64
Circular

(Higher freq
band)

−24, −14 2.0/5.8 < 2.5 1.29

Ref. [23] 0.405, 2.48 798 Linear −331, −14.55 38.1, 17.6 — 0.708, 1.497
Ref. [24] 0.608, 1.432 536 Linear −26.5, −19.9 16.3, 10.6 — 1.59
Ref. [25] 0.397, 2.49 1026 Linear −20.02, −22.82 9.4, 8 — 1.5
Ref. [26] 0.402, 2.45, 2.95 528 Linear −29.7, −3.1, −7.3 — 1.24, 1.45, 1.8
Ref. [27] 0.444, 1.644 604.8 Linear −46.5, −28.2 90.9, 53.7 — 0.489, 1.19
Ref. [28] 1.450, 2.450 960 Linear −32, −36 36 — 0.907, 1.11
Ref. [29] 0.400, 2.4GHz, 5.7GHz 524.4 Linear −40, −15, −13.5 13.25, 9.69, 6.27 — 0.494, 0.344, 0.320

Proposed
work

2.5, 5.8, 6.8, 7.5 150.5
Circular

(Higher freq
band)

−22, −34.5,
−32.1, −32.2

1.24, 1.07,
9.54, 2.48

< 3 1.489

tional and has fewer sidelobes because of higher-order modes,
whereas the H-field in Figure 15(d) is balanced, preserving
the purity of polarisation and enhancing the gain. The E-field
in Figures 15(e)–(f) at 6524MHz shows higher directivity and
controlled sidelobes, which is an indication of successful multi-
band excitation. The H-field, on the other hand, maintains its
angular coverage. At 7381MHz, the E-field in Figure 15(g) is
highly directive, and the symmetrical H-field in Figure 15(h)
reaffirms consistent performance and stable circular polarisa-
tion, making it suitable for implantable medical devices.

FIGURE 16. Gain comparison for measured and simulated values.

Figure 16 shows a comparison between simulated and mea-
sured gains versus frequency of the proposed implantable an-
tenna. The antenna operates on ISM (2.520–2.551GHz and
5.791–5.853GHz) and UWB-H (6.524–7.173GHz and 7.381–
7.567GHz). There is close consistency between measured and
simulated data, as shown in Table 5. The slight deviations are
due to fabrication tolerances and tissue-loading effects, which
verify credible multiband radiation functionality when applica-
ble in IMD applications.
Firstly, in terms of size, the proposed antenna (150.5mm3) is

significantly compact compared to many reported designs such
as [23], [25], and [28] while still maintaining competitive per-
formance. This reflects the efficient miniaturisation achieved
without severely degrading radiation characteristics.
Secondly, most earlier designs operate on only one or two

frequency bands, mainly the MICS band (around 0.4GHz) and
ISM band (2.45GHz). The proposed design, on the other hand,
operates on four frequency bands (2.5, 5.8, 6.8, and 7.5GHz),
and it enables more advanced features, including high data-rate
communication and more compatibility with modern biomedi-
cal telemetry systems. Such multiband capability is a definite
advancement over previous works. Polarisation-wise, most of
the reference antennas are linearly polarised and therefore sub-
ject to polarisation mismatch losses within the human body.
The proposed antenna employs circular polarisation (CP) in
higher frequencies (axial ratio < 3 dB) to achieve much better
link reliability and orientation insensitivity, a significant bene-
fit in implantable applications.
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Considering gain, even though implantable antennas have
low gain as a consequence of tissue losses, the proposed design
offers similar performance (−22 dB to−34.5 dB range) to other
works. Some of the designs are marginally better at certain
bands, but tend to trade off size or bandwidth. Regarding band-
width, the proposed antenna attains sufficient fractional band-
widths in various bands and matches or exceeds a few previous
works with very limited bandwidths (e.g.,∼ 1–3 percent). This
guarantees that it works more steadily in detuning conditions
in biological tissues. Lastly, regarding SAR, the suggested an-
tenna will have a value of 1.489W/kg, which does not exceed
the IEEE safety limit (1.6W/kg of 1 g tissue). This proves that
the antenna is safe to implant in biomedical devices, despite
the multiband and compact design, which is as safe as most re-
ported references.
Overall, the proposed work has a good trade-off among

miniaturisation, multiband functionality, circular polarisation,
and safety compliance, which is not simultaneously achieved in
most of the compared designs, as shown in Table 6. This con-
firms its excellence and ability to be utilised in contemporary
implantable medical devices.

6. CONCLUSION AND FUTURE SCOPE
The current study focuses on the design of an ultra-compact
multi-band CP microstrip antenna which can be used in next-
generation Implantable Medical Devices (IMDs). These de-
vices should meet high requirements, such as size, safety, and
effective communication. The antenna is designed on a high-
permittivity Rogers RT/Duroid 3010 substrate (εr = 10.1,
thickness = 0.635mm, and loss tangent = 0.0035), allowing
it to reduce size considerably and still achieve acceptable elec-
tromagnetic performance. It is small in size with a total vol-
ume of 15 × 15 × 0.669mm3 and can play a role in areas
with space constraints in implants. The radiating patch has U-
shaped, rectangular, and circular holes, which enable multiband
operation by exploiting multiple resonant modes. Additionally,
three slots are incorporated into the ground plane to improve
impedance bandwidth and radiation stability in lossy biologi-
cal environments. A microstrip line inset-fed is optimised to
achieve the desired impedance matching and reflection coef-
ficients less than −10 dB at 2.5GHz, 5.8GHz, 6.8GHz and
7.5GHz in the ISM and UWB-H bands.
At higher frequencies, circular polarisation is achieved by the

controlled perturbation of orthogonal surface currents, realising
an axial ratio below 3 dB andminimising polarisationmismatch
due to the implant orientation and bodymotion. Simulation and
measurement outcomes confirm stable radiation properties, in
which gain is around−23 dB at lower frequencies to−32.2 dB
at higher frequencies, indicating good signal propagation in bi-
ological tissues. A three-layer (skin, fat, muscle) tissue model
safety validation demonstrates a maximum SAR of 1.489W/kg
(average of 1 g), within the IEEE safety limits, and is biocom-
patible.
In spite of these advancements, more effort is required to en-

hance bandwidth and radiation efficiency at lower medical fre-
quencies without the need to increase the antenna. Future stud-
ies can explore magneto-dielectric substrates, flexible biocom-

patible materials and meta surface-based miniaturisation meth-
ods. Furthermore, experimental validation using anatomically
accurate phantoms could help bridge the gap between simula-
tion and practical implantation.
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