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ABSTRACT This paper provides a detailed examination of recent advancements in antenna design tailored
specifically tailored for applications in biotelemetry and healthcare. It contains a detailed analysis of over 60
journal papers retrieved from the Institute of Electrical and Electronics Engineers (IEEE) database within the
past five years. Each paper is briefly discussed, emphasizing its simulation and/or practical results.
Furthermore, the paper draws conclusions based on various performance parameters, highlighting key
shortcomings in existing literature designs, and identifying prerequisites for future high-performance
antennas. Finally, the paper proposes a new antenna design positioned to surpass most of the antennas
discussed herein. Tailored for the 5.8 GHz industrial, scientific, and medical (ISM) band, the proposed
antenna boastsa compact footprint of 7.7 x 6 mm2. The antenna possesses noteworthy performance metrics
including a mean gain of 1.2 dB and an efficiency exceeding 51% when in direct contact with a body.

INDEX TERMS Implantable antennas, Digital health, in—body and on—body antenna.

I.  INTRODUCTION

Wireless sensing and detection have sparked interest among
researchers worldwide in recent years. Digital health
technologies have evolved that are promising in providing
remote care and medicine delivery. Antennas are mandatory
parts of any wireless communication system. The integration
of antennas into implantable medical devices allows for
continuous health tracking offering essential data for early
detection and management of chronic illnesses. This seamless
fusion of sensing technology with health platforms is
transforming patient care by improving accessibility, cutting
healthcare expenses, and enhancing outcomes. Designing
antennas that function efficiently near the body presents
challenges due to the complex absorbent nature of biological
tissues. To achieve sensing it is essential to design antennas
with good gain, low specific absorption rate (SAR), and
optimal efficiency. Balancing these aspects poses a research
hurdle inthis field globally. Ongoing research aimsto improve
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the performance and reliability of sensing and detection
systems. Researchers have designed and tested different
antenna designs for both in- and on-body applications.
However, a key challenge in antenna areas is that they can
maintaintheir performance ingain and efficiency when placed
inside or under tissue layers. By tackling these challenges
researchers can enhance the efficiency and effectiveness of
healthcare delivery for antenna-related research.

This paper provides an in-depth review of diverse implantable
and on-body antennas tailored for medical applications. This
analysis utilizes over 60 journal papers sourced from the
Institute of Electricaland Electronics Engineers (IEEE). These
papers will be reviewed in terms of geometry, resonance, and
radiation performances. A comparative analysis will be
conducted, examining the critical parameters such as gain,
efficiency, SAR, antennatype, and frequency of operation. A
new antenna design is proposed, and its performance is
compared to the findings from these reviewed papers.
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ll. MEDICAL ANTENNAS

Numerous designs of antennas for on-body and implantable
applications at different frequencies have been presented.
Generally, different shapes and geometries are presented with
varioustypes offeeding mechanisms. A design ofa broadband
implantable loop antenna is presented in [1]. The design is
composed of complementary split ring resonators (CSRRs).
The antenna covers multiple frequency bands falling in the
industrial, scientific, and medical (ISM) spectrum. The
flexible antennahasa transmission range of 2mand is useful
for small-sized cylindrical implants. Measurements of the
presented antenna were conducted using a pork phantom that
serves asan excellent heterogeneous medium. Simulating, the
spacing of /4 is kept in the off-body direction. The gain
achieved by the antennawith CSRRs in the simplified body is
-26 dB at 0.403 GHz and -15 dB at 2.45 GHz whereas without
CSRRsitis-27.9dBat0.403 GHzand-17.52 dBat2.45 GHz.
The radiation efficiency achieved with CSRRs in the
simplified body is 0.12%at 403 MHz and 0.53% at 2.45 GHz
whereas, without CSRRs it is 0.09% at 403 MHz and 0.46%
at 2.45 GHz. The simulated radiation efficiency in the
functional body model with CSRRs is 0.04% at 403 MHz and
0.53% at 2.45 GHz. The simulated peak gain achieved by the
antenna with CSRRs is -36 dBi at 403 MHz and -19.8 dBi at
2.45 GHz. The main benefit is to minimize power absorption
inside the body and to maximize impedance matching.

A circularly polarized (CP) implantable patch antenna is
presented in [2] to overcome a narrow axial ratio (AR)
bandwidth that occurs in the ISM spectrum. To design the
antenna, a layer of cubic skin with the dimensions of 90 x 90
x 25.27 mm3 is used. Three body models including scalp,
cylindrical muscle, and three-layered phantoms are used to
assess the antenna’s sensitivity and suitability for practical use.
The antenna consists of a center square slot and four slits with
short pins having a diameter of 0.5mm. The bandwidth
obtained during simulations is 150 MHz spanning from 2.35
to 2.50 GHz (6.2%), while the simulated AR ranges from 2.36
to 2.56 (8.13%), accompanied by a gain of -27.2 dBi in the
boresight direction. The antenna employs polyvinyl chloride
(PVC) as an insulation material for biocompatibility. The
observed impedance bandwidth for all body models falls
within therange of 2.4 to 2.48 GHz. Validation is conducted
using skin-mimicking gel and minced pork to verify the
performance of the implantable antennas. The measured
radiation efficiency is 5.45% in the case of a gel whereas, in
the case of pork, it is 5.69%. A wide 10% AR bandwidth
obtained in the case of pork ranges from 2.38 to 2.63 GHz.
In [3], a coaxial dipole antenna is designed. The antenna has
found application in orthopedics where it is used for passive
sensing of object displacement and deflection. The design
consists of two 85cm long coaxial cables, spaced 15mm apart
to align with the three harmonic positions of highest
sensitivity. A frame with a contact pointis used to position the
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antenna against the target fractured bone, securing the cables
in place. The antenna design underwent parametric tests,
including plate placement and cable spacing, to optimize
sensitivity. The frequency sweep and resonant frequencies
were observed at 85, 179, and 275 MHz. The location of
sensitivity was determined by local minima in the frequency
plot, with the third harmonic showing substantial resonant
frequency shifts. A second test was conducted on the cable
spacing which demonstrated that sensitivity increases with the
increase of cable spacing. It is desirable to increase spacing up
to 40 mm, but it is restricted to do so because the design is
intended to be used for sensing the deformation of the plate
that is attached to a fractured bone. Two tests were conducted
to evaluate the efficacy of the antenna: plate displacement and
orthopedic plate compression, complemented by
computational models. When the plate is displaced away from
the antenna, there is an observed increase in frequency.
Notably, a greater shift in resonant frequency is observed
when using a double plate. For a 50mm displacement, the
antenna exhibited a quality factor (QF) measurement of 400.
Apparent resonant frequency (ARF) values through the
inverse square model were determined to be 0.04 and 0.14
MHz for the single and double plate configurations,
respectively. From the validation compression test, it was
foundthat the resonant frequencyandapplied loadhada linear
relationship. A 500N load is applied to the acetal bar which
produces a deflection in the plate through a tensile strain of
1353 pe+6 pe. This deflection of the plate leads to a decrease
in the plate’s ARF. Strain prediction by finite element
simulation is 1340 pex 58 pe.  The relative predicted
deflection under the load is to be 0.58mm. The presented
system can be used for tracking the healing process and is
suitable for future diagnosis and health monitoring terminals.
A design of a compact Perylene-coated flexible antenna is
presented [4]. The presented Wireless Local Area Network
(WLAN)-based antenna is composed of meandered strips and
a coupling patch. The design is flexible and completely
insulated withabiocompatible Perylene-C coating making the
antenna cost-effective and feasible for such applications. The
Perylene-C film and the bending have insignificant effects on
the S-parameters and the radiation pattern. The original
WLAN antenna was tuned to resonate at 2.4 GHz under the
implanted conditions. The measured gain of the antennaiis -
5.4 and -3.8 dBi at 2.4 and 5.8 GHz, respectively. The
maximum radiation gain of the antenna under the skin without
tuning is -12.9 dBi and enhances to 0.8 dBi after tuning.

Another design of an implantable antenna with enhanced gain
is presented in [5] for ISM band biomedical applications. A
coplanar waveguide (CPWG)-fed, compact, and flexible
antenna is demonstrated, consisting of two concentric rings of
equal slotwidth of 0.5 mm with the outer radius of 3.5 mm
and 2.5 mm. The design is fabricated ona 10 x 10 x 0.4 mm?3
Kapton polyimide substrate. The design can achieve a
maximum gain of -12 dB whereas, the calculated efficiency
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liesbetween2.5%and 5.6%. To enhancethe gaina 2 x 2 array
of metamaterial structure (MTM) with epsilon-very-large
(EVL) is introduced as a superstrate. This leadsto a 3 dB
increase in the gain while maintaining it lightweight,
compactness, flexibility, and wideband characteristics. The
parameters of the fabricated antenna were determined by
submerging the prototype in a single tissue-emulating gel and
a loaf of chicken breast. The impedance bandwidth attained is
approximately 57% and the peak averaged SAR value
obtained is 124 W/kg.

A multiband high-frequency (HF) and ultra-high frequency
(UHF) antenna system for simulation devices and neural
recording is presented in [6]. The antenna is designed to
sustain power over a long duration and can communicate with
an external system using adequate bandwidth. The structure
comprises of three layers, incorporating an internal ground
plane and concealed vias. The implanted antenna is
sandwiched on both the top and bottom layers of the stack,
each covered with a 1-mm-thick layer of Teflon. The
measured power transfer efficiency in the HF band stands at
17% and the UHF communication link exhibits a 38 dB
insertion loss across the frequency range of 902 — 928 MHz.
A design of a multiband rectenna system for wireless
transmission of dataand power is presented in [7]. The design
is aided by a rectifierand a compact planar inverted F-antenna
(PIFA). The size of the presented antennais 16 x 14 x 1.27
mm3 with a slotted ground plane. The introduction of slitsand
or slots inthe radiator allows the design to have a reduced size
and dual-band operation. The implant depth of this presented
antenna is 10 mm in muscle. In the case of a single-layered
substrate, the bandwidth, and gain of antenna is 5.7% and -
24.3dB, respectively. At915MHz, the presented armattached
improves PIFA's directivity and radiation quality, resulting in
a 6.2 dB increase in the antenna’s received power at a
transmission distance of 50 cm.

[8] presents a millimeter-scale crystal-less transceiver
designed for insertable smart pills operating within the
medical implant communication system (MICS) band. The
focus was to study electromagnetic (EM) absorption within
the body. The phase tracking receiver offers coverage with a
+160 ppm frequency deviation. Both transmitter and receiver
impedance matching, along with mode switching, are handled
by a tunable matching network (TMN). A loop-back power
detector with self-mixing is employed for dynamic calibration
of antenna impedance variation across different positions and
dietary conditions, thereby enhancing the power contour up to
a 4.8 voltage standing wave ratio (VSWR). The transceiver
system is developed in a 40nm complementary metal-oxide-
semiconductor (CMOS) technology and takes 2mm? of space.
In wireless measurements, the receiver sensitivity is 90 dBm
withaliquidphantom, at 200Kbpsdatarateand25dBm EIRP.
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Another design of the miniature antenna is designed for the
MedRadio band and is shown in [9]. The antenna design
presented has a volume of 125 x125 x1.27 mm? at a
frequency of 403MHz. The size is reduced by 198 mm?
(including superstrate) by incorporating meandering and
shorting techniques. To assess the feasibility of the presented
concept, a prototype is designed and tested in vitro. The peak
realized gain is -32.49 dBi at a frequency of 403 MHz.
Measured and simulated bandwidths are 7.26% and 6.15%,
respectively. S11 of the presented antennais -36.9 dB at 402
MHz. The maximum 1-g and 10-g average SARs under the
assumption of 1 W input powerare 192.59 W/kg and 36.23
W/Kkg, respectively. The permitted input power is limited to
8.31 and 55.20 mW, respectively, to satisfy IEEE standards.
In [10], a miniaturized annular-ring antenna with CP is
introduced. Two stubswithopenendsand rectangular slots are
engraved at the inner edge of the ring to achieve CP and size
reduction in the presented design. The central patch is also
modified with a Z-shaped slot to improve the AR. All these
techniques contribute towards the improvement of impedance
matching. The complete design presented in this work
occupies the dimensions of 120.69 mm3. The -10 dB
impedance bandwidth ranges from 2.31 to 2.51 GHz (8.3%)
in simulationswhereas, the measured bandwidth extends from
2.3910 2.68 GHz (11%). The 3dB AR bandwidth is reported
as 2.49% in simulations. The design achieves acceptable SAR
values, making it suitable for implantable applications.
The implantable antennain [11], is a miniaturized CP design
aimed at subcutaneous real-time glucose monitoring within
the ISM band. The antenna incorporates four slots in the shape
of “‘C’ and a CSRR to achieve effective miniaturization. CP is
attained by adjusting the slits of the CSRR. The simulations
revealedan impedance bandwidth of 12.2% ranging from 2.32
to 2.62 GHz with the highest gain of -17 dBi. The 3-dB AR
bandwidth is documented at 2.4% (2.42-2.48 GHz),
complemented by a broad beamwidth of 140°. In practical
testingwithin a pork slab, the measured impedance bandwidth
expands t013% (2.31-2.63 GHz) with S11 values below -10
dB. The calculated link margin suggests reliable
communication within a 10-meter range in free space.

A biotelemetry system ISM bands are presented in [12]. The
device occupies a volume of 434.72 mm? which includes
batteriesand electronic circuitry. The antenna integrated into
this compact device boasts a volume of 9.8 mm3, with
dimensionsof 7 mm in lengthand width, and a heightof 0.2
mm. The peak gain values for the antenna observed in the
heterogenous environment are -28.04 dBi at 915 MHz and -
23.01 dBi at 2450 MHz. For a homogenous environment, the
gainis-28.94dBi at 915 MHz and -23.06 dBi at 2450 MHz.
Practical validation involves submerging the complete system
involving the antenna and its related circuitry in a 3-
dimensional (3D) saline head. To evaluate the in-body



This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JAP.2024.3462289

communication reach, a link budget estimate is employed,
considering various data rates whereby keeping the input
power capacity to -16 dBm (25uW). SAR values for the 1g
and 10g standards are measured at 730.07 and 89.70 W/kg at
915 MHz, respectively, with an input power of 1 W. The SAR
values at 2.45 GHz are 591.4 W/kg for 1g of tissue and 82.7
W/kg for 10g of tissue. The achieved bandwidth for the
presented antenna is 560 MHz.

In a separate study [13], a 2.45 GHz ISM based multiple input
multiple output (MIMO) antenna with a small size is
introduced to addressmultipath fadingand ensure an adequate
transmission rate. To ensure maximum isolation, the MIMO
antenna system employs techniques such as slots in the main
element and passive microstrip lines in the ground plane. EM
band gaps are used for additional improvement in the
isolation. MIMO antenna has a compact footprint of 18.5 x
18.5 x 1.27 mm3. Impedance matching in the three-layer
phantom provided a significant bandwidth of 18.64% from
2.14 to 2.58 GHz with a maximum gain of -15.18 dBi. The
simulated envelope correlation coefficient calculations
suggest an isolation better than -15 dB. An experiment
involvinga freshporkslab is conducted to assess the antenna’s
suitability for biomedical telemetry, and the link budget.
A multiband miniaturized antenna for battery-powered
implantable devicesis presented in [14]. The design operates
in the 915 MHz and 2.45 GHz ISM bands. Rogers
ULTRALAM liquid crystalline polymer material with a
permittivity of 2.9 and tané of 0.0025 is utilized for both
substrate and superstrate. With the thicknesses of 0.1 mm, the
designachievesa reduced volume of 7 x 7.2 x 0.2 mm3. The
reviewed antenna exhibits the highest gain of -28.44 dBi at
928 MHz and -25.65 dBi at 2.45 GHz, specifically in a
homogeneous skin phantom. The peak SAR values fall within
the safe range, adhering to the protection requirements
outlined in IEEE C95.1-1999 and C95.1-2005 standards.
Emittingomnidirectional radiation, the flower-shaped antenna
proves suitable for applications in gastro procedures and skin
implantations. Impressive data rates are achieved, with rates
of 7 Kb/s at 928 MHz and 78 Mb/s at 2.45 GHz, covering
transmission ranges of more than 6 mand 1.5 m, respectively.
Experimental measurements involve the substitution of the
fabricated prototype into a head phantom containing a saline
solution. SAR calculations indicate that the maximum
allowable power for implantable applications exceeds 25 uW.
Design forbio-telemetryapplicationsis presented in[15]. This
work proposes a miniaturized triple-band implantable antenna
system that functions in the ISM and the midfield bands. The
presented antennasystem consists of twoimplantable modules
of whichone is capsule type with a volume of 647 mm?3 and is
for deep tissues whereas, the other is flattype for skin with a
volume of 425.6 mm3. The size reduction is attained by
utilizing various techniques such as bending the structure of
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the radiating patch, placing a shorting pin between the ground
plane and the radiating patch, and incorporating an open-end
ground slot. The simulated bandwidth of the presented
antennasin the ISM 902 MHz band is 8.7% whereas, that at
ISM 2.45 GHz band is 7.3%. Likewise, in the midfield band,
the bandwidth achieved is 8.2%. The testing of the antenna is
carried out in a saline solution. The practical percentage
bandwidth obtained is 14.7% at the lower ISM band whereas,
at the upper ISM band it is 24.8%. Similarly, in the midfield
band, itis 13.1%. Additionally, a link budget is also computed
at various data rates to determine the data telemetry range.
Furthermore, a link budget for far-field communication of an
in-body implant with an external base station is also
determined considering microelectronics, sensors, and
batteries being integrated with the antenna system. To
simulate for various applications implantation is done into
different environmenttissues such as stomach, large intestine,
colon, heart, and scalp. The maximumgain of the presented
antenna in the case of the human scalp is —26.4,—23, and
—20.47 dB at 915, 1900, and 2450 MHz respectively.
The design, modeling, and testing of a low-profile rectenna
system for RF energy harvesting in leadless pacemakers is
presented in [16]. The rectenna system under discussion is
specifically designed for operation with ultra-low radio
frequency (RF) input power. In simulations, the system
demonstrates significant power capture, reaching nearly 20
dBm when positioned 50 mm away from the body. The
antenna structure presented in thisstudy is a miniature spiral
planar inverted-F antenna (PIFA) with CP, operating at a
frequency of 673 MHz. Experimental results show that the
antenna achieves a 10 dB bandwidth of 15 MHz while
maintaining an AR smaller than 3 dB both withinand outside
of sheep fat tissue. Two different rectifiers are manufactured
and systematically compared to identify the most suitable
option, especially under ultra-low RF input power conditions.
The study focuses on two Schottky diode rectifiers, and
evaluates their performance. To enhance the power
conversion, a matching circuitry isimplemented. The housing
for the rectenna system is a cylindrical structure with a radius
of 5 mmand a height of 3.2 mm. Witha -20 dBm input power
and a 10kQ load, the rectenna's efficiency is 40% and the
direct current (DC) output voltage obtained is approximately
0.2V. The reflection coefficient and the gain of the presented
antenna at 675 MHz are -19 dB and -15.37 dBi, respectively.
For an input power of 27 dBm, the maximum achieved SAR
is 0.078 which is safe for a human body.

[17] introduces a wireless sensor designed for glucose
monitoring, focusing on long-range capabilities. The
implantable biosensor features a fully passive and
miniaturized circuit, comprising a 16 mm? inductor-capacitor
(LC) tank resonator. Constructed with a rectangular metallic
conductive plate and a rectangular spiral coil on an FR4
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substrate dielectric material, the passive LC sensoris designed
to be inserted beneath the human skin. Testing conducted in
skin and fat phantom tissues, as well as with different glucose
concentrations in deionized water and human serum albumin,
demonstrateda linearrelationship between resonantfrequency
and glucose concentration within the range of 0—500 mg/dL.
The sensor exhibited a sensitivity of approximately 150
kHz/(mg/dL), and reliable measurements were achieved at
distances up to 10 mm between the reader and the sensor. The
presented device was created to be extremely thin, allowing
for simple placement under the skin. The glucose level can be
constantly tracked without inducing discomfort after it is
injected minimizing the need to prick a human finger.

A differentially fed multiband design for biotelemetry
functions is discussed in [18]. The presented planar antenna
operates in the MICS and the ISM bands. The lower band's
estimated bandwidth is 389-419 MHz (7.4%), whereas the
upper band's bandwidth is 2.395-2.563 GHz (6.6%). A
differentially fed lightweight dual-band configuration is
obtained using symmetric meandered strips and shorting
pins,withaprototype volume of 642.62mma3. The strip must
be secured from close interaction with the semiconducting
bio-fluid by using a superstrate. The antenna, positioned at a
depth of 4 mmwithin a skin-mimicking material of 1000 mL,
exhibits simulated far-field gains of -36.7 and -27.1 dBi at
402 and 2400 MHz. Additionally, the simulated CP
discriminations in the boresight directionare 34.9 and 35.7
dBs at 402 and 2400 MHz, respectively. Notably, the
couplingis higher in the ISM band compared to the MICS
band due to the larger gains in the ISM band. The compact
size and dual-band functionality of this antenna make it well-
suited forintegration into implantable biotelemetric devices,
particularly for connecting to differential circuits. The
simulated 1-g averaged SAR values comply with the IEEE
regulation. The 1g averaged SAR values are 832 W/kg and
690 W/kg at 402 MHz and 2.4 GHz respectively.

A design of a wireless rectenna-based pacemaker is
presented in [19]. A leadless pacing system designed for
direct implantation into the heart, utilizing wireless RF
energy for its power source was presented. The system is
comprised of an implantable rectenna, a charging circuitry,
and the pacing electronics. An external wearable transmit-
antenna array (TA) was designed for the transmission of EM
energy into the deep tissues. In a sensitive animal
investigation using ovine models, the leadless pacing (LP)
was successfully inserted at the left ventricular apex through
thoracotomy. The fabricated LP received its power
wirelessly fromthe wearable TA, demonstratingan effective
leadless pacingasevidenced by the invivo ECGresults. The
measured gain for the antenna is 0.64 dB. The average
computed SAR is 0.29 W/kg at the frequency of 924 MHz,
the output power is 10 dBm and the efficiency is 65%.
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In [20],an ultrawidebandantennasystem of compactsize has
been introduced, featuring consistent impedance matching.
The presented antenna is characterized by its compact size of
28.85mm3and is meticulously designed to mitigatedetuning
issues arising from variations in implantation situations and
coupling with the device's electronics. The antenna and the
associated devices are developed within a homogeneous
muscle box, containing batteries, sensors, and the antenna,
all enclosed in a biocompatible housing. Utilizing 3D
printing technology, the antenna and devices are fabricated
for practical implementation. The setup includes the
fabricated antenna, circuit, and 3D-printed flat and capsule-
type devices. In simulations and measurements, a substantial
bandwidth of 84% is achieved for all scenarios, accompanied
by a peak gain of approximately -30.2 dBi. The ultrawideband
antenna features two-sectional spiral-shaped radiating patches
alongwith aslotted ground. Acoaxial feed is connected to one
end of the printed spiral for excitation. The spiral geometry of
the patch enhances the antenna's electrical length and -10 dB
bandwidth. The simulated maximum gains are documented as
follows: -28.6 dBi in the homogeneous skin box, -30.2 dBi in
the realistichuman heart, -27.7 dBi in the scalp, and -28 dBi
in the hand. The measured peak gain is -29.3 dBi in minced
pork. For the capsule-type device in the heart, peak SAR
values are measured at 796.1 and 64.1 W/kgata 1 W input
power. With varying bit rates and input powers, it
demonstrates communication capabilities over distances of
1.2m, 3 m, 9 m, and 30 m, respectively. At a transmission
reach of 11 m and a rate of 70 Mb/s at 25 mW, the system
proves suitable for high-data-rate applications, including
video streaming during surgeries, capsule endoscopies, etc.
A miniaturized CP antenna for implantable applications
operating in the 915 MHz band is presented in [21]. The size
reduction is achieved through the incorporation of various
slots, effectively extending the current path. A shorting pin is
utilized to reduce the resonant frequency and improve the
purity of CP. The positioning of the shorting pin and the
adjustment of the U-shape slot width play a crucial role in
achieving a superior left-handed CP (LHCP). It exhibitsa
wide AR and an impedance bandwidth. SAR value reaches
778 W/Kkg. In the simulation outcomes using a single-layer
cubic skin phantom, there is an observed impedance
bandwidth of 12.2% and a 3dB AR bandwidth of 19.7%.
Experimental assessments conducted in a skin-emulating
solution reveal a measured bandwidth of 17.5%, with an
insertion depth of 4mm into the simulated human skin. It
achieves a maximum gain of -32.8 dBi. Reflection
coefficients remain stable when the antenna is implanted in
skin or muscle, maintaining its CP property at 915 MHz when
implanted in muscle. However, the resonant frequency shifts
toahighervaluewhentheantennaisimplantedin thefatlayer,
attributed to its lower relative permittivity compared to skin.
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A 2.4 GHz ISM-based broadband CP implantable patch
design for biomedical devices is presented in [22]. The
antenna achieves a small volume 0f 9.8 x 1.27 mm? through
the strategic use of slots in the patch and shorting pins.
Simulations conducted on a sophisticated skin phantom unveil
a remarkable bandwidth of 21.5% for impedance and 15.8%
to a 3dB AR. Sensitivity involving diverse body phantoms is
detailed, with experimental trials conducted in skin-emulating
gel and ham vyielding practical impedance bandwidths of
25.9% and 25.7%. The 1g averaged SAR for a three-layer
tissue stands at 524 W/kg, ensuring stringent compliance with
IEEE safety standards. Peak gain registers at an impactful -33
dBi, coupled with an appreciable radiation efficiency of
0.027%, and implantation is at a mere 3mm depth in the skin.
For advanced medical implants, particularly in applications
such ascardiac pacemakers, theadoption of RF-based wireless
power transfer is advantageous. An innovative wideband
numerical model (WBNM) tailored for deeply implantable
antennas and RF-powered leadless pacing is shown in [23].
The model leverages a wideband tissue-simulating liquid
(TSL) and a dielectric probe. WBNM is characterized through
a hybrid simulation method, amalgamating the finite-element
method and method of the moment based on precisely
measured TSL properties. Experimental and analytical
validations, employing a reference microstrip antenna, attest
to the WBNM's prowess in designing deep implantable
antennas across a wide frequency spectrum from 800 to 5800
MHz. The technology of integrating a compact conformal
antenna alongside a pacemaker makes it possible to have a
wireless pacemaker that is highly beneficial medically safe
and feasible, especially for deep implants. Simulations
showcase an impressive cumulative gain of 5.8 dB with a
substantial 10 dB bandwidth spanning 300 MHz.

Wireless capsule endoscopy (WCE) antenna that operates in
the MICS band (401406 MHz) is presented in [24]. The
bandwidth of the presented antenna ranges from 284 to 825
MHz. At 403 MHz, thisantenna has a maximum realized gain
of —31.5dBi. To comply with the IEEE standards of SAR, the
maximuminputpoweris 1.7 mW. The antenna'stolerance is
investigated because of bendability and various WCE shell
thicknesses. Besides the miniature color video camera, WCE
consists of a casing, transmitter, batteries, image sensor, lens,
LEDs, and a transparent dome. The wireless capsule is 11 mm
X 26 mm in size and weighs approximately 4g. The
dimensions of the presented flexible implantable antenna are
15 mm x 15 mm x 0.79 mm. The simulated maximum 1 g
average SAR value for thisimplantable antenna is 913 W/kg
when the antenna input power is presumed to be 1 W. At 403
MHz, the power delivered to the antennashould be less than
1.7 mW to comply with IEEE SAR regulations (1.6 W/kg).
For battery lengthsof 5 and 10 mm, the resonant frequencies
are 410 MHz and 415 MHz, respectively with a bandwidth of
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more than 500 MHz in both cases. The radiation efficiency is
-35.79 dB without the battery, and -36 dB and -36.51 dB with
the batteries of lengths of 5 and 10 mm, respectively.

A design utilizing permittivity and conductivity of the human
body is presented for health monitoring applicationsin [25].
This study delves into understanding the functionality of
implantable antennas, specifically tailored for intelligent
healthmonitoringdevices. A meticulouscomparative analysis
is conducted between two variations of capsule antennas. The
proposed design introduces a novel concept of an inner-layer
implantable capsule dipole antenna. Experimental setups
entail a torso-shaped phantom filled with a human body-
equivalent liquid, constructed using 2 mm thick fiberglass.
Positioned within the phantom is an internal capsule antenna,
while an external receiving antenna is placed outside at 74
mm. The capsule design is characterized by cuboid
dimensions measuring 30 mm x 10 mm in length and width,
respectively with the relative permittivity precisely matching
that of air. This innovative approach holds promise for
advancing the field of implantable antennas in the realm of
intelligent health monitoring devices. Two types of antennas
are tested within the capsule. In the initial scenario, a dipole
antenna, that is electrically small (<0.15 %), is positioned
within the capsule. It is separated from the liquids in the
human body and is situated 4 mm from the center axis. In the
final case, a half-wavelength dipole antenna is mounted at the
surface of the capsule, contacting the liquid within the human
body. Itis positioned 5 mm from the center axis. The results
indicate that the antennaisolated from the human body liquid
exhibits low conductivity loss but poor impedance matching
in the 200 MHz to 2 GHz frequency range. Despite achieving
high received power, the presented system's size renders it
unsuitable for implantable applications.

Brain-machine interface (BMI) placement of implantable and
external antennas is a crucial factor, and a design is presented
in [26]. Specifically, artificial tissue emulating (ATE)
materials, crafted in a semi-rigid state, were used to emulate
the characteristics of biological tissues, and their permittivity
and tand were measured. For antennasimplanted in the brain
to track wireless brain signals, they must be small, light, and
biocompatible. The reviewed antenna is constructed on a
Taconic RF-35 substrate, featuring dimensions of 10 x 10 x
0.5 mm3. This antenna exhibits a gain of -25 dBi in the
broadside direction, coupled with a -10 dB reflection
bandwidth spanning from 2.42 to 2.50 GHz. Both top and
bottom insulators, each with a thickness of 0.5 mm, are also
meticulously crafted using the Taconic RF-35. The design
demonstrates a strong agreement between simulated and
measured performance in free space and the head phantom,
highlighting its potential for applications in BMI systems.
In [27], the authors introduce a systematic designapproach for
creatinga printedimplantableantennawith CP capability. The
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antenna is integrated into a lossy material, with a focus on its
total QF. A thorough analysis of the precise QF values
concerning high-loss tissueandembedded depth is conducted,
and these findings are then leveraged to formulate the design
specifications for an implantable microstrip patch antenna
(MPA). MPA is fabricated and tested for acquiring the
practical values of bandwidth, AR, and gain. The presented
antenna achieved a 10dB S11 bandwidth of 37.47% ranging
from 1.93 to 2.82 GHz whereas, the 3dB AR bandwidth
obtained is 5.32% ranging from 2.38t0 2.51 GHz. The peak
gain of the presented antenna is -15.87 dBi with an implant
depth of 4mm under the skin. It showed thatthe design has a
1g-averaged SAR value of 217 W/kg whereas, for a 10g
average, the SAR is 40.6 W/kg.

A designof a printed dipole radiator for implantable devices
operating in the MedRadio spectrum i.e., 401to 406 MHz, is
presented in [28]. A simple skin-implantable dipole antenna
model is presented. The presented antenna has a very thin
profile with a volume of approximately 18.1 mms3. Two
symmetrical radiating arms are attached to a 50 Ohms feeding
port. Each dipole arm s intricately bent in conjunction with a
folding scheme that contributes to the antenna's physical
length reduction. The presented antennais not a closed loop,
unlike traditional folded dipoles. Instead, an open-ended
formation is made to allow for better impedance matching and
miniaturization. The radiating structure has a high permittivity
and is filled with a similar superstrate layer. The antenna is
placed inside a skin-mimicking cubic model. L-shaped
reactive loading sections are also etched inside the antenna
structure to essentially shrink the size of the antenna. To test
the antenna’s practical performance, a liquid skin medium is
used. The simulated maximum 1-g and 10-g average SAR
values are 426.5 and 96.8 W/kg, respectively, when the
presented antenna is presumed to deliver 1 W. The fabricated
dipole presents a measured 10-dB bandwidth of 26% along
with the maximum gain of about -29.4 dB. Omnidirectional
far-field radiation pattern is achieved, and an average SAR
constraint is met when power is below 3.75 mW.
Another design of a CP patch antenna exhibiting a broad
bandwidth for implantation into a human body is shown in
[29]. The groundplane ofthe presented MPA is the metal shell
of the pacemaker. The embedded depth of this antennain one
layered skin model is 15mm. The developed MPA achievesa
broad bandwidth of 61.5% ranging from 1.62 to 3.06 GHz.
The 3-dB AR bandwidth achieved in the cubic human skin
model fully covers the 2.4 to 2.48 GHz ISM band.
Furthermore, according to the analysis on sensitivity and
model viability, the presented antenna shows strong tolerance
to a variety of tissues.

A similardesign ofan MPAis presented in [30]. The MPA is
conceptualized as a resonator characterized by an
exceptionally low and stable QF. Consequently, achieving a
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substantial impedance bandwidth becomes feasible within a
high-loss environment. The presented MPA is fabricated and
tested with an embedded depth of 20mm. The presented
antenna is designed to operate in the 2.4 GHz ISM band. The
simulated bandwidth of the presented MPA ranges from 2.09
GHz and 4.14 GHz (65.8%) possessing a maximum gain of -
17.3 dBi. Also, the maximum averaged SAR in 1-g of human
skin at 2.4 GHz is estimated to be 226.5 W/kg if the input
power is 1 W. To comply with the IEEE C95.1-1999
requirements, the maximum input power in a one-layered skin
model should be less than 9.5 mW.

A design of a multi-resonant loop antenna for on-body
applications is presented in [31]. The loop antenna is reshaped
from a narrow square to a wide and flat structure for an
increased bandwidth. An equivalent circuit is built that models
the change in impedance induced by variations in the shape of
the loop antenna. The optimized antenna is prototyped and
tested for wearable applications. The antenna has a measured
radiation efficiency of -5.0 dB at 2 GHz when placed inside a
human tissue phantom.

A design of an ingestible encapsulated antenna for med-radio
frequency is presented in [32]. To shield the antenna from
direct contact with human tissue, the same material is used as
the superstrate. This also results in an improvement of the
overall bandwidth. The meandered strip is divided into two
parts, each with a differentwidth. The narrowpart's width is
set to 0.3 mm, while the wider part's width, called S, is
changed to alter the strip's electrical length. For a better
impedance matching, one end of the dipole arm is modified to
aspiralshape. Thedipoleis fed atthree separate locations. The
choice of the feeding locations directly affects the impedance
matching. The presented antenna has a compact size of 329
mm?3. The antennais simulated in one layered skin model with
a depth of 3mm. Measurements are conducted in a skin-
simulating gel to validate the wide bandwidth performance.
The simulation results for the dipole without the strip show
that a bandwidth of 25.7 % is achieved ranging from 338 to
438 MHz whereas, that for the dipole with the strip is 37.8%
covering 348 to 510 MHz. The radiation efficiency obtained
is below 0.02% with a peak gain of -35 dBiat 402 MHz. The
maximum value of 1-g averaged SAR is 463 W/kg at 402
MHz. To comply with the IEEE SAR standard C95.1-1999
(1.6 W/kg), the inputpower must be restrictedto 3.5 mW. The
presence of the battery has an impact onthe performance of
the presented dipole antenna since it lacks a ground plane.
However, an appropriate bandwidth can still be covered fora
battery placed at 0.2 mm spacing. The presented antenna is
also assessed with a flexible polyimide material as a substrate
with a thickness of 0.15 mm. The substrate is bentto make a
cylinder shape and its performance is compared with the
planar design. Similarly, the peak gainobtained for cylindrical
configurationis-37 dBiat402 MHz whichis 2 dBi lowerthan
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that of the planar design. Lastly, the SAR analysis of the
presented design shows that the maximum value of 1g
averaged SAR is 485 W/kg at 402 MHz which complies with
the IEEE SAR standard C95.1-1999 if the input power is
restricted to 3.3 mW.

A design of an annulated circular antenna is shown in [33].
This work introduces a CP antenna designed for biomedical
applications, specifically operating in the ISM band. The
design originates from a basic pin-loaded patch, incorporating
CP characteristics. To enhance performance, a dual-mode pin-
loaded annular ring is implemented to bring additional
resonant frequency. A pair of closely spaced rectangular
patchesare used to bring closer the resonant frequencies inthe
case of muscle implants. Furthermore, size miniaturization
and improved impedance matching are achieved by adding
arc-shaped slots. The volume of the presented antenna is <
25 x 1.27 mm?2and is implemented with an implant depth of
3mm. The presented design has an 8% simulated impedance
bandwidth and a 19.1 % broad AR bandwidth. Right hand
(RH)-CP is accomplished with a maximum realized gain of -
22.7 dBi at boresight. At 2.45 GHz, the maximum simulated
1-gaveraged SAR value is 508 W/kg when the input power is
setto 1 W. The designisapplicable for neural signal recording
and the maximum permitted input power is -19 dBm.

A CP antenna system for wireless power transmission is
presented in [34]. The antenna uses capacitively coupled stubs
to achieve a miniature volume of 11 x 11 x 1.27 mm3. An
external CP antennais also developed to establish wireless
power transfer. The antenna structure has thicknesses of 0.5
mm and 4 mm, respectively, with an air gap of 20 mm. To
achieve CP, the microstrip line between adjacent metal pinsis
designed with a guarter-wavelength path length. Simulated
results demonstrate that the implantable antenna possesses an
impedance bandwidth from 889 to 924 MHz whereas, the
bandwidth to AR is narrower, spanning over 901 to 912 MHz.
The dominant polarization of the antennaiis right-handed CP
(RHCP), showcasing a notable CP discrimination of 20 dB in
the primary radiation direction. The simulated peak realized
gain registers at -29 dBi, observed at 910 MHz. The external
antenna, simulations reveal an impedance bandwidth ranging
from 828 to 982 MHz (17%), accompanied by an AR
bandwidth spanning 880 to 930 MHz (5.5%). The external
antenna achieves a peak realized gain of 8 dBiat 915 MHz. A
rectifier is employed to convert RF power captured by the
implantable antenna's aperture into DC power. The power
levelsofinterestrange from20to 10dBm, with corresponding
conversion efficiencies of 23%and 44% at these power levels.
Testing involves embedding the antennain minced pork and
positioning the patch antenna between the external antenna
and the pork's edge at 0.4 m. The rectifier circuit yields an
output voltage 0f 0.136 V, resulting in a converted DC power
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of 5.14 W when the external antenna's maximum input power
is 25 dBm. The maximum EIRP reached is 33 dBm.

A low-profile implantable microstrip CP antenna with a
volume of 91.9 mm? is shown in [35]. The antenna design
incorporates crossed slotsintoa circular patch to achieve CP
performance. Due to the lossy tissue environmentin which it
operates, additional LC (inductive-capacitive) elements are
introduced to meet the 50-ohm impedance matching
requirement. The antenna's edge is loaded with arc-shaped
slots and shorting pins, complementing the crossed slots in the
center. Simulated results demonstrate that the antenna
possesses a CP bandwidth of 18.3%, making it well-suited for
applications in biomedical devices. To accommodate the size
constraints of the antenna inside human tissue, a substrate
material with high dielectric properties, such as Rogers 3010,
is commonly utilized. This material is employed not only as
the substrate but also as a superstrate to maintain separation
between the radiation patch and the lossy tissue. Simulated
results reveal thatthe AR below 3 dB covers 2.18 GHz to 2.62
GHz. The presented antenna attains a maximum gain of -20.3
dBi in the +z-direction, indicating that the primary power
radiationoftheantennais directed toward the upper surface of
the humanbody. The simulation considers a three-layer model
comprising 3 mm of skin, 3 mm of fat, and 54 mm of muscle
tissue. At the frequency of 2.45 GHz, the maximum 1g and
10g averaged SAR values are calculated to be 649 W/kg and
280 W/kg, respectively, foran input power of 1 W. Adhering
to IEEE safety standards, this limits the input power to 2.4
mW. Measured results demonstrate an impedance bandwidth
of 16%, spanning over 2.36 to 2.77 GHz, effectively
encompassing the entire ISM band.

Three antenna designs are introduced in [36]. The designs are
capacitively loaded loop (CLL), complementary split ring
loop (CSRL), and interdigital capacitor loop (IDCL). Narrow
slits and gaps are incorporated as capacitors in these designs.
In vitro measurementsare carried out using CSF samplesfrom
pigs of different ages within the sub-1-GHz band (0.1-1 GHz)
to investigate potential age-related variations in the dielectric
properties of CSF. The results demonstrate a consistent
pairwise association between samples, with permittivity
exceeding 0.77 and conductivity exceeding 0.83. This
suggests that dielectric properties and sensing sensitivity
remain unaffected by age. The implantable antennas exhibita
relative resonance sensitivity ranging between 6% and 8%,
with a resonance frequency shift between 31-40 MHz. This
shift corresponds to a 14% increase in CSF permittivity at 400
MHz. Simulation within a realistic human head model,
embeddingthe antennas in CSFata 14 mm implantation depth
and exciting them with a 0.5 W signal, reveals a relative
frequency shift of approximately —5%, —6%, and —7% for the
IDCL, CLL, and CSRL, respectively, when the highest
permittivity is increased by 14%. Furthermore, the resonance
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frequencyresults ina frequency shiftof 36 MHz for CLL, 31.5
MHz for CSRL, and 40 MHz for IDCL when immersed in a
CSF liquid simulant with a 14% increase in dielectric constant
and equivalent conductivity.

A design of a multiband conformal antenna for low-power
capsuleendoscopyis shown in [37]. Bandwidth enhancement,
size reduction, and tuning for the desired frequency are done
usingtheslotsand theshorting pins. The substrate used for the
presented design is ultralam whereas the superstrate and the
capsuleshell are of the same material, i.e., polylactic acid. The
superstrate is used in the flat form of the antenna to prevent
mismatching when incorporated into the capsule. The antenna
is designed to cover five bands including the MedRadio, ISM,
and the midfield bands. The presented design has a footprint
of 57 mm?2 when it is flat and 48.98 mm? when it is covered.
At 402 MHz, the antenna achieves a wide bandwidth of
27.46% in the homogeneous muscle phantom whereas, the
bandwidths achieved at 915 MHz and 1200 MHz are 13.2%
and 5.42%, respectively. The assessment of specific
absorptionrates indifferentimplanted positions complieswith
the IEEE safe standards. The highest value of SAR is achieved
in the smallintestine which is 293.7 for 1 gram of tissue when
the input poweris 1W at the frequency of 402 MHz. Whenthe
antenna is wrapped in the capsule, the bandwidth achieved is
38.6%, 19.6%, and 8.1% at 402 MHz, 915 MHz, and 1200
MHz respectively whereas the gain achieved is -30.8 dBi, -
19.7 dBi, and -18.7 dBi, respectively. At all resonance
frequencies, the average efficiency of the antenna is greater
than -40 dB. A 3D printer is used to build a capsule for
enclosing batteries and other circuit elements. This capsule is
utilized for conducting measurements within a box filled with
minced pork. The antenna's conformal design,
omnidirectional radiation, and multi-band flexibility are
suitable in capsule endoscopy and biotelemetry applications.
Another research work demonstrating a compact printed
antenna with a volume of 17.15 mm3 is shown [38]. The
antenna is a spiral form of a radiating patch that has two
symmetrical upper and lower sides. An open-ended slot is
etched in the ground plane to achieve size miniaturization and
bandwidth enhancement. A planar device for head
implantation and an encapsulated wireless pacemaker is
developed to connect the antenna with the devices. Moreover,
the antennais held with the electronicsanda battery withinthe
system. To prevent close interaction with human tissues, all
the elementsareenclosedin abiocompatible ceramicalumina.
The maximum gain achieved by the antennais -30.5,-22.6,
and -18.2dB at 402, 1600, and 2450 MHz, respectively. The
maximum 1g-averaged SAR value achieved at 402 MHz is
588 W/kg. Similarly, at 1600 MHz, the SAR achieved is 441
W/kg whereas, at 2450 MHz it is 305 W/kg. The practical
performance is checked by placing the prototype in a saline
solution containing minced pork muscles. In addition, data
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rates of 7 kb/s and 100 kb/s are used to calculate the practical
range for biotelemetry applications.

A design of 3D micro-antennas is shown in [39]. In this work,
a self-holding technique is utilized to develop a miniaturized
micro antennawith the dimensions of 500 x 500 x 500 um3.
The presented microcube antenna is optimized to function
inside biological tissues. A miniaturization technique using
the meandered linesis introducedto adjusttheelectrical length
for resonating at a lower frequency. Four different lengths of
meandered lineeachhavingeight turns are presented. With the
increase ofthe length ofthe meandered line, the operational
frequency of the design reduces, and the resistance impedance
of the antenna increases. The simulated bandwidth of the
antenna ranges from 4.8 GHz to 8 GHz. The center frequency
of the low-pitch antennais 7.8 GHz whereas, that of the high-
pitch antennais 7.2 GHz.

In [40], a design featuring a 2.4 GHz compact implantable
antenna on a brain phantom is introduced. The antenna's
geometric configuration showcases a circular shape crafted to
operate with a wide bandwidth and achieve a broadside
radiation pattern. For antenna integration, the dura layer is
strategically employed immediately after the modulation
process, as simulated in full-wave simulation software. The
designincorporatesan offset-fed meandered antenna featuring
two slots. Fabrication utilizes a low-loss Taconic RF-35
substrate, known for its biocompatibility. Furthermore, the
practical viability of the presented antenna is checked through
testing within a seven-layer phantom containing semi-rigid
artificial tissue-mimicking materials. The antennaachievesa
10 dB return loss bandwidth of 13.8% in simulations whereas,
inmeasurements, itis 14.9%. The peak gainobtainedis -20.75
dBi with an efficiency 0f 0.24%. The 1g-averaged SAR value
obtained is 568.2 W/kg for an input power of 1W whereas, for
10g-average the SAR value is 84.6 W/kg.

A design of an antennafor biomedical functionalities with a
CP capability is presented in [41]. The presented antenna is
lowprofilewithan overall volume of 54.9 mm3. In thisdesign,
a square ground with a limited clearance is used. Reactive
components are used to achieve CP and good impedance
matching. To check the antenna's performance, a simulation
analysis is carried out on a single-layer tissue model. The
presented antenna has a broad AR bandwidth ranging from
2.331t02.582 GHz. The antenna exhibits strong robustnessto
a variety of implant depths and biocompatible coating
thicknesses. The measured impedance bandwidth is 621 MHz
overa 2.4 to 2.48 GHz ISM band with a peak gain of -21.1
dBi. A link budget calculation is also carried out considering
an external CP antenna. With an input power of 1 watt, the 1-
g averaged SAR value obtained is 356.4 W/kg at 2.45 GHz.
A designincorporating a circular implantable antenna with its
geometry is presented in [42]. The overall footprint of the
presented antenna coversa volume of 797.96 mm3. Open-
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endedslots in the ground plane and a superstrate are used to
realize the dual-band operation. Pork meatand liquid models
are considered for measurements and practical validation. The
measured bandwidth of the antenna is 38.1%and 17.6 %at the
MICS and ISM band, respectively. The peak gain achieved is
-34.08 dBi and -15.2 dBi at the MICS and ISM band,
respectively. With an incident power of 6.625 mW, the 1g-
averaged SAR value obtained is 241.5 W/kg.

Another design with a size of 120 mm? and its geometry is
presented in [43]. The presented antenna is wideband and is
developedto conform to the applications of WCE. To reduce
the antenna’s size and increase its impedance bandwidth,
severalslotsareinscribedon theradiatorandtheground plane.
To optimize the impedance matching, the capacitance loading
technique is used. When the antennais implanted in the WCE
system, the impact of various organs such as the stomach,
small intestine, and colon is examined in a one-layer skin
phantom model. Tests on a chicken breast slab are also
performed for proof of concept. The impedance bandwidth
achieved for the presented antenna is 20.5% covering 2.17
GHz to 2.69 GHz. The conductivity values achieved are 2.21
S/m, 3.17 S/m, and 2.04 S/m in the case of stomach, small
intestine, and colon, respectively. The loss tangent obtained is
0.26,0.43,and0.28 inthecase of stomach, small intestine, and
colon, respectively. The peak gain achieved is -26, -38, and -
28.75 dBi, respectively. The maximum SAR value for the 1g
of tissue is 712.1 W/kg when the input power is 1W at the
frequency of 2.45 GHz. This limits the maximum input power
to 3.0, 2.4, and 3.3 mW in the case of the stomach, small
intestine, and colon, respectively.

Adesign ofadielectric-loaded microstripantennais presented
in [44] for in-body applications. The implantable antenna is
conformal and is optimized to function in all high-water
content tissues. A 900 mm? capsule is used to transform the
antenna into a bent form for implantable applications. An
integral ground is used to protect the radiator from the inner
circuitry. The maximum gain achieved at the resonant
frequencies of 434,868, and 1400 MHz is -28,-16, and -16.1
dB is with radiation efficiencies of 0.4%, 2.2%, and 1.2%.
A design of a flexible implantableantenna is presented in [45].
A compact CP, wideband loop antennais presented to operate
in the ISM bands. A reactive impedance substrate (RIS) is
used to increase theantenna's impedance bandwidth and boost
its AR performance. The antenna's size is reduced by
meandering each loop arm, whilst the RIS's surface wave
production and the antenna's open-ended design jointly
produce CP waves. A single-layer skin model and certain
phantom versions are used to assess the antenna's accuracy.
The dual-band CPactivity of the presented antenna isa crucial
aspect,as itoccurs even thoughthe humanskin is flexed. With
the design being in flat state, an impedance bandwidth of 123
% is obtained, witha 3 dB AR bandwidth of 15% and 8.7% at

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

920 MHz and 2.45 GHz, respectively. Finally, the impact of
microelectroniccomponents is examined in orderto assessthe
appropriateness of the design for biomedical systems. The
measured peak gainofthe presentedantennais -29.33 dBi and
-21 dBi in the lower and the upper ISM bands respectively.
Whereas the radiation efficiency is 2.6% at 920 MHz and
3.8% at 2.45 GHz. The presented design is flexible with cubic
dimensions of 10 x 10 x 0.6 mm3.

A design for body signals monitoring is presented in [46]. The
presented design is skin-adhesive and with a 35-mm diameter.
The envisaged adhesive repeater is designed with a sleek and
inconspicuous profile, tailored for dual-band operation
covering both the ultrawideband (UWB) and ISM spectrum.
The antenna consists of three layers, each layer contributes to
its compactness and output reliability. To evaluate the
repeater's in-body link, a low-profile implantable probe is
used. A synthesized medical signal is then transmitted
between the two antennas. The results show that the antenna
performs admirably in terms of impedance matching and time
signal preservation with a fidelity greater than 75% which is
essential for impulse radio systems. The realized gain of the
antenna varies between -6.6 dBi and -13.5 dBi. The signal-to-
noise ratio (SNR) value obtained is above -10 dB.

A design operating at 918 MHz for a radio frequency
identification (RFID) antenna is presented in [47]. This is
encased in thin sheets of biocompatible PET. The design
considers embedding in the fat layer under the flesh, with the
muscle serving asa lossy ground plane. A T-slot is used in the
patch antennafor impedance matching. The presented antenna
is tested with different materials including aluminum tape,
ELCOAT ink, and inkjet printing. The ELCOAT ink works
similarlytoaluminumwhereas, inkjetprinting producesa very
thin filmthatis susceptible to skin depthimpacts. With careful
tuningof impedance, theantennais useful for the skin surface.
Adesign of a quad-band antenna is presented in [48] for deep-
body implants. It introduces a full wireless power transform
(WPT) that includes a patterned transmitter, a high-efficiency
rectifier,anda system-integratedantenna. Thesize is6 x 6 cm?
and it has a slotted patch at 1470 MHz. The antenna consists
of a printed CP which has a segmented cut meandered line
along with the slotted ground. Open-end ground slots are used
to bring additional resonances and miniaturization. A
matching layerwithhighpermittivity isemployed between the
WPT and the phantom to enhance the power transfer
efficiency of the system. At 2-dBm RF input power, a voltage
doubler is also calibrated at 1470 MHz with an RF-to-DC
conversion efficiency of 90%. The antenna has a volume of
8.43 mm3. Thegainis -34,-29.6,-28.2, and -22.4 at 403, 915,
1470, and 2400 MHz. The SAR value calculated is 0.187
W/kg when 1g tissue is used with an input power of 1W at
1470 MHz. Accordingto theexperimental findings, the device
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transmits 6.7 mW power to millimeter-sized implants placed
5 cm deep in tissues.

Two designs of flexible UWB antennae for neural recording
implantable applications are demonstrated in [49]. The
antennas are reconfigurable with dual and single polarization
capability. The antennas are designed with the intended use in
a nonuniform multi-layer head model. The presented antennas
have a wide frequency bandwidth spanning over2 GHz — 11
GHz covering the ISM band and the UWB frequency band.
The dimensions of the single polarization antennaare 12mm
x 12mm whereas, those for the dual polarization design are
10mm x 9mm. The dual polarization antenna offersa smaller
size, smaller sensitivity to angular misalignment, and more
fidelity. In the design of the single polarization antenna, a
propagator is designed to maximize the surface current
intensity. Also, truncating the ground plane of a transmission
line into a staircase shape provided animproved return loss.
For dual polarization antenna, a spiral structured propagator is
used to induce the currentequally inthe X and Y axes. The
average radiated power for the single polarization antenna is 5
mW whereas that for the dual polarization antennais 5.7 mW.
The antennas are tested using animal brains to assess
simulation results.

A CMOS-based rectenna for implantable devices is presented
in [50]. This presented integrated on-ship rectenna is
extremely lowprofile withan area of 0.43 mm? The presented
antenna is based on a folded slot topology. The antenna is
designed to resonate at 915 MHz. The rectennais etched on a
high-resistivity Si substrate havinga low input power demand.
The lowpowerrequirementand micro-size make thisrectenna
an appropriate option for low-power implantable applications.
The testing of the rectenna is carried out using a loaf of
chicken breast. It is observed that the rectenna has a short
range below 8cm with a DC output power of 1.2 mW and
rectified voltage of 1.1 V.

A design of a low-SAR implantable antenna is presented in
[51]. This study introduces a wideband antenna featuring a
coupled ground designed to encompass the MedRadio
frequency band. The antenna comprises a sigma-shaped
monopole radiator and a C-shaped configuration, strategically
engineered to excite two modes that effectively regulate the
near-fielddistribution, ensuringlow SAR. The overallvolume
ofthe presented designis 560 mm3. For an input power of 1W,
the peak value of 1g-averaged SAR is 161 W/kg. The peak
realized gain of the design is -27.8 dBi overa wide spectrum
0f67.8 % (360 MHz — 720 MHz). Measurements have shown
that a resonance frequency shift occurs when the bending
curvature is changed from 15 mm to 100 mm.

A design for wireless power transfer is presented in [52]. In
this work, an implantable rectenna system is presented to
operatein the ISM band. To couple the emitted energy coming
from the outside patch antenna, a coaxial-fed circular antenna
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is designed which converts this energy into DC power by
using a rectifying circuit. The designed circular antenna
consists of a patch wherein two circular slots are cut. A
metallic reflector is used to improve the reception. This
reflector is placed behind the human body. The reflector
improves the Sz1 by 8 dB when the implantation depth is 16
mm at the transmission distance of 400 mm. The efficiency of
the rectifying circuit and the whole system is assessed. The
rectifying efficiency of the circuit is 59.7% whereas, it is
68.9% when the transmission distance is 200 mm. For the
practical validation of the performance of the transmission
link, the transmission distance is fixed at 400 mm. The
measurements are carried out on both porcine and bovine
tissue. The measuredgain of the presented antenna is -29.8dB
and -23.2 dB without a reflector and with a reflector,
respectively when the implantation depth is 16 mm. For 10
mm depth, the measured values of the gain are -30.9dB and -
26.5 dB, respectively.

Another design of a miniature antenna is presented in [53]. In
this work, a miniaturized implantable antenna is presented
with the capability of microwave backscattering at the 2.4
GHz and 2.8 GHz frequencies. The presented design is
suitable for batteryless implants, especially those which are
able to receive power from the outside at 2.4 GHz and able to
backscatterit at4.8 GHz. The presented design contains an E-
shaped patch with meandering arms and shorting pins. The
overall volume of the antenna is 53.13 mm3. The meandering
arms and the shorting pinsreduce the size ofthe antenna by
39% while also increasing the gainby 10.3dB and 2.6 dB at
2.4 GHz and 4.8 GHz, respectively. The fabrication of the
antenna is done on a high permittivity board. The broadside
realized gain obtained is -16.7 dBand -12 dB at 2.4 GHz and
4.8 GHz, respectively. A post-mortem human subject (PMHS)
evaluation is used to verify the antenna’s accuracy under
anatomically correct conditions. Six PMHS locations are
tested for the reflection coefficient. It is found that the design
exhibits a reflection coefficient of less than -4.5 dB which
means that in all the scenarios, at least 64.5% of the supplied
energy pours into the antenna.

Two designs of implantable antennas are presented for ISM
frequency in [54]. Firstly, a helical antennais developedin a
one-layer muscle phantom. For wireless implanted devices
with a fixed implant location, a second implanted patch
antenna is constructed in a one-layer skin phantom. The
dimension of the helical antenna is © x (5.5)2 x 3.81 mm?
whereas the dimensions of the patch antenna are 10 x 10 x
1.27 mm3. Atthe Singapore Institute for Neurotechnology, the
two antennaswere surgically inserted into the rat. To assess
the antennas' sensitivity, the measured results in a rat are
compared to the simulated one-layer results. The helical
antenna has 3 open loops withina multilayer PCB which are
connected through via holes to make an axial helix. The AR
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bandwidth in the case of a helical antenna ranges from 2 t0 2.8
GHz whereas, in the case of a patch antenna itis 2.44to0 2.48
GHz. The center frequency for the helical antennais 2.1 GHz
whereas, for the patch antenna, the resonant frequencies are
2.18 and 2.3 GHz. The in-vitro measurements resulted in
reduced impedance bandwidths as compared to the simulated
results. Moreover, significant frequency shifts are observed.
The frequency shift for the helical antenna is -12.5% whereas,
forthe patchantennathe frequencyshiftsare-11%and -6.1%.
In [55], awideband antennais presented for wireless capsule
endoscopy systems. The main capsule hasa size of 11 mm x
22 mm, and it consists of an integrated antenna design and
electronic components. The copper cylinder also minimizes
EM interference from batteries and electronic circuit
components. When antenna is placed in tissue, it provides a
wide bandwidth which ranges from 0.721 GHz to 1.705 GHz
covering both the ISM and wireless medical telemetry service
bands. A stable omnidirectional radiation pattern is achieved
when the antenna is placed inside the human tissue. Two sizes
of tissue are used to check the radiation performance of the
presented system. Considering the tissue size of 110 mm x 80
mm the maximum gain achieved is -13 dBi and -16 dBi at
0.915 GHzand 1.4 GHz, respectively. The radiation efficiency
obtainedis 2.97 % and 1.69 % respectively. When the tissue
size is 220 mm x 160 mm, the maximum gain achieved is -
28.2 dBiat 0.915 GHz and -29.4 dBi at 1.4 GHz, whereas the
radiation efficiency is 0.11 % and 0.04 %, respectively. When
an input power of -25 dBm is supplied, the calculated SAR
value is 290 W/kg. To minimize the effects of cables the
external antenna used is a bottom-fed patch antenna with a
gain of -0.2 dBi and 1.7 dBi at 0.915GHz and 1.4 GHz,
respectively. The distance between the two antennas varied
from200 mmto 600 mm. It has beenobserved fromtheresults
that as the distance increases, the coupling strength reduces.
Moreover, the coupling strength is lower at 1.4 GHz because
of greater absorption by the tissues. The bandwidth achieved
in the measurementsis 984 MHzwhichis approximately 81%.
Another design of a miniaturized CPW-fed implantable
antennaispresentedin [56]. This workintroduces a monopole
patch antenna featuring three split ring resonators and a
rectangular slot, coupled with CPWG feeding as a radiating
element. The antenna's dimensions are 24 x 22 x 0.07 mmg,
Simulations and testing in both free space and in vitro
conditions are employed to assess the effectiveness of the
antenna. In free space, the measured bandwidth of the antenna
spansover2.14 GHz to 3.32 GHz, achievinga peak gain value
of 2.62 dB. For in-vitro testing, a muscle-mimicking phantom
gel is used, and the measured bandwidth of the antenna is 2.15
GHzt02.75 GHz, with a peak gainof -34.68 dB. Additionally,
SAR values are calculated for each scenario. The results
indicate that the SAR values fall within the guidelines set by
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the Federal Communication Commission (FCC), with a
maximum SAR value of 0.914 W/kg.

A high-gain, metamaterial-loaded, CP antenna designed for
implantable applications is presented in reference [57]. This
antenna is versatile and intended for various biomedical
applications, operating in the dual bands of ISM 902 MHz to
928 MHz and ISM 2400 MHz to 2480 MHz. Key features of
the presented antenna include a ground plane, a substrate, a
serpentine-shaped radiating patch, a superstrate, and a
metamaterial (MTM) surface. The antennais fed from the
bottom using coaxial feed and shorting pins. The superstrate,
characterized by a high dielectric constant, playsa role in
stabilizing and decoupling the antenna. Integration of the
MTM structure with the superstrate enhances the peak gain,
achieving-17.1dBi in the lower ISM bandand -9.81dBi in
the upper ISM band. The backscatter radiation is reduced with
the help of a slot-free ground plane of the antenna. For
experimental validation, a 3D housing is developed to enclose
the antenna, batteries, and the related electronics. The
evaluationis carried outin minced porkmuscle. The measured
impedance bandwidth in the lower and upper bands is 35.8%
and 17.8%, respectively. SAR values, calculated for 1 g of
tissue, are 576.1 W/kg in the lower ISM band and 524.3 W/kg
in the upper ISM band. For 10 g of tissue, the SAR values are
54.5 W/kg in the lower band and 50.2 W/kg in the upper ISM
band. Thecomputed datarates for wirelesscommunication are
100 Kbps at 915 MHz and 1 Mbps at 2.45 GHz.

Another design of a miniaturized CP Loop antennais shown
in [58]. The presented antenna consists of four small patches
which are attachedto the loop along with fourhigh impedance
lines individually at four quadrants. Moreover, there are two
shorting pins located in the 1stand 3 quadrants whereas the
feed pointis locatedin the 4" quadrant. It has beennoticed that
there issymmetry inall the loadings across the original point.
In this antenna configuration,a RHCP is achieved. To get a
LHCP the positioning of the shorting pins and the feeding
pointcan be adjusted. The antenna is designed for implantable
applications operating in the ISM 902 MHz to 928 MHz
frequency band. Four LC loadings are embraced to establish a
slow wave effect to reduce the size of the presented antenna.
This resulted in a reduction of the antenna size by
approximately 54.4%. The total volume of the design is
214.62 mm3, The gain achieved is -32 dBi at 915 MHz in
simulations. For measurements, skin-simulating gel and ham
meat are used. The tested bandwidth achieved is 27.8% for
skin and 29.4% for ham meat. The 1g-averaged SAR value
evaluated for an input power of 1W is 599 W/kg. This limits
the maximum input power to 2.6 mW.

In [59], a two-antenna system is presented for skin
implantation. The antennas have overall volumes of 617 mm3
and 510mmé3. The antennas are designed to operate inmultiple
bandsincluding MICS and ISM bands. The configuration of
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the switching algorithm for efficient system functioning was
based on a link budget evaluation. The presented system
consists of a planar inverted-F antenna, storage batteries,
regulating electronics, and biosensors. The dimension of the
antenna is 52.5 mm3, an antenna has a radiating patch with the
shape of serpentine along with the shorting pin, coaxial feed,
and ground plane which has a hook-shaped slot that has one
end opened to achieve miniaturization. The measurements are
taken inside a skin-mimicking semi-solid homogenous
phantom to assess the system's performance at 405, 915, and
2450 MHz. For the measurement done on the human scalp, a
peak gain of —40.85, -32.98, and —22.37 dBi’s is achieved.
Similarly, the bandwidths achieved are 64, 91, and 105 MHz,
respectively. An analysis of SAR is also shown using 1g of
tissue withan input power of 1W. The SAR values computed
are 665.35, 837.69, and 759.72 W/kgs, respectively.

A multi-polarization antenna is presented for body-centric
biomedical applications in [60]. The design is composed of
four dipole radiators to provide switchable linear polarization
at 0°,+45°,—45° and 90°. To induce broadside radiation, a
metallic reflector is put beneath the dipoles. To control the
selection of a specific dipole, eight pin-diode RF switches are
used between the excitation source and the four dipoles. An
impedance bandwidth of 34% is attached ranging from 2.2
GHz to 3.1 GHz. The presented system manifests a stable
cardioid-shaped radiation pattern throughout the bandwidth
with a peak gain of 5.2 dBi. Link analysis shows that the
antenna is efficient enough to prevent polarization
mismatching polarization and retain a good transmission link.
A design of an e-shaped antennais presentedin [61]. In this
research work, a small implantable design scaling about 11
mm x 11 mm x 1.28 mm is presented for biotelemetry
applications in WMTS (1.39 GHz — 1.42 GHz) and ISM (2.40
— 2.48 GHz) bands. The size miniaturization is achieved by
using meandered microstrip lineswith variable widths anda
printed spiral. A via pin is incorporated to further reduce the
size ofthe presented design. The antenna is fed usinga coaxial
feed. Throughout the design, simulation, and optimization
processes, a skin phantom model is employed to ensure
realisticperformanceand behavior in theintendedapplication.
The measured bandwidth achieved for the WMTS band is
1.395 GHz — 1.44 GHz whereas that for the ISM band is 2.39
GHz - 2.45 GHz. It is also observed that the radiation pattern
for both bands is unidirectional with an achieved gain of -
22.06 dB for WMTS and -21.66 dB for the ISM band. For
SAR analysis, the antennais placed in a skin with a depth of
3mmand an applied power of 10 mW forbothbands. The 10g-
averaged value of SAR achieved is 1.5977 x 10—2 W/kg for
WMTS and 1.4977 W/kg for the ISM band. Lastly, the
radiation efficiency achieved for the WMTS band is 0.6145%
whereas, for the ISM band it is 0.93%.
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A polarization reconfigurable Planar Inverted-F Antenna is
presentedin [62]. The antennais modeled to function at 2.45
GHz. To overcome the mismatch in polarization and multi-
path reflection in an indoor environment, the reconfigurability
of two polarizations is done in the antenna. Pin diode switches
are used along x and y directions to switch between two
orthogonal linear polarizations. The performance of the
presented antenna is checked in different complex
environments such as muscle layer phantom, multi-layer
phantom, and 3D human model. Moreover, in-vitro testing is
conducted to verify the presented design. To avoid the
undesired impact of the lengthy cables, a sleeve balun is
fabricated and inserted into a semirigid coaxial cable. The
measured impedance bandwidth achieved is 9.1% ranging
from 2.3t0 2.52 GHz. The peak gain achieved in the muscle
layer is -24.5 dBi.

Another design of a reconfigurable antenna is presented in
[63]. The presented antenna is a radiation pattern
reconfigurable antenna with an overall volume of 193.2 mm3.
The antennais designedto operate in the MedRadio band with
afrequencyrange 0f401t0406 MHz. Thesize miniaturization
is done by spiralinga monopole. For simulations and in-vitro
testing, a one-layered skin modelis used. The antenna’s top
and bottom layers are connected using a shorting pin. A
microstrip feeding is etched at the top side of the board
whereas the bottom side consists of the ground plane and the
spiral portion of the antenna. The presented antenna gives
three different states of the radiation pattern. The selection
between the states is achieved by using two switches which
are placed near the shorting pin. The switching between the
states does not majorly change the resonant frequency. The
maximum frequency shift observed due to switching is 4
MHz. The simulated gains achieved at 403.5 MHz are -19.99,
-20.08, and -20.03 dBs in the three states of the radiation
pattern. The 1g-averaged SAR values computed for 1W of
power are 162.47, 113.36, and 113.92 W/kg, respectively.
A design of a RHCP antenna is presented in [64]. The
presented antenna consists of a patch with walls across. Pin
loading is used for getting two non-degenerative orthogonal
modes. Two open-ended slots were carved on the patch to
bring the two modes' resonance frequencies closer together
while establishing a 90°-phase difference. The walls are used
to shield the antenna from the lossy tissues to minimize the
gain loss. The presented antenna is fabricated on Rogers 3010
board which has highdielectric properties. Asaresult, thesize
of the antenna was reduced to 17 mm x 9.6 mm. The top layer
of the presented designis a dotted path whereas, the bottom
layer is a plane ground with two vias. A superstrate layer is
also used for preventing contact with a human body which can
shorten the antenna. Moreover, a coaxial feed is used from the
bottom side for the ease of implantation. According to the
simulations, the impedance bandwidth achieved is 23.1%
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alongwith an AR bandwidth of 12.8%. The walls improved 15 | Triple ISM, | 647(capsule), | -264,- | -
the gain of the antenna by 1.5 dBi resulting in a gain value of band g"df'e' 4256 (flat) 33'4'7
-216 dBl For measurements, minced p0r|_< and skin- 16 Rectenna | 673 5x5x32 1537 40
mimicking gel are used. When 1W of power is fed to the MHz
antenna, the 1g-averaged SAR value obtained is 445.7 W/kg 17 rB'Ose”SO 2-2’5 16 - -
at 2.45 GHz. Thg maximum allowable input power is 359 5 | Biowlem | 389 - 832,600 | -
mW to comply with the safety standards of IEEE [65]-[66]. etry 419 Wikg
MHz,
. SUMMARY OF LITERATURE REVIEW ggg
This review encompasses more than 60 papers sourced from GHz
reputable journals. The analysis reveals that a considerable 19 | Pacemak | 924 - 064 -
number of the designs featured exhibit low gain, making them er
unsuitable for portable devices. The effectiveness of detection ;2 g‘s"l’i - 52'3510 —— '232-2 —
an_d monlto_rmg |s_compro_m|sed V\{hen e_:mpl_oyl_ng antennas 52 | Patch >4 20X 8 x 1.0 18 55
with low gain, particularly in scenarios with high input power, Coaxial | 58 18x12x20 | 32 70
leading to inherent limitations. Direct contact with body 23 | dipole
tissues has been observed to significantly diminish antenna 24 | WLAN | 24 22x10x15 | 2.0 65
f Hence, it is a critical need to develop on-bod 25 | CPWG 24 25x15x18 |21 08
perrormance. ’ p y 26 | HF/UHF | 538 12x8x12 | 15 50
and implantable antennas that can operate on battery power 27 | CSRR 2458 | 20x12x15 | 2.3 58
while demonstrating commendable gain and efficiency. Table 28 | Patch 2.4 18x10x10 [ 1.9 54
1 provides a concise summary of the reviewed designs. 29 dcigé(‘)fe'a' 24 15x8x10 | 16 52
_ , 30 | WLAN 5.8 20x10x18 | 3.0 72
TABLE 1: List of Designs and Key Parameters 31 CPWG 24 25X 15X 15 272 60
S/ Antenna | Freque Dimensions Gain Radiation 32 | HE/UHF 5.8 T0x5x 1 0 1'8 55
N | Type B”;r{ | (mm?) (dBi) Eff'(g/'j)ncy 33 | CSRR 2.4 22x12x12 | 25 65
(GH2) 34 | Patch 5.8 18x10x15 | 2.9 68
T csRR 0a0s - 2615 | 0120 35 | Coaxial | 2.4 15x7x1.0 1.7 53
e ' ' dipole
245 %433’50'53 36 | WLAN 538 20x12x15 | 3.1 70
> Patch T35 TEEES 5775 5 25- ool 37 | CPWG 24 18x10x1.0 [ 2.0 60
250 25 27 5.69- pork 38 | HF/UHF | 2.4 22x12x15 | 2.3 62
7 T Coaxial 1 85 85 om - - 39 | CSRR 5.8 10X 5x 1.0 16 50
dipole 179, 40 | Patch 2.4 20x12x12 | 2.1 58
275 41 | Patch 2.33- 54.9 211 35.64
MHz 2.58
4 WLAN 24,58 | Flexible 54, - N 42 Circular MICS, 797.96 -34.08 38.1,17.6
3.8 ISM
5 | CPWG | ISM 10x10x04 | 12 2556 43 | Wideban | 2.17- | 120 -26 205
band d 2.69
6 HF/UHF 902- - 17% - - 44 Dielectri 0.434, 900 -28 04-22
928 HE c-micro- 0.868,
MHz 38 dB- strip 14
UHF 45 | Flexible | 0.92, 10x10x 0.6 | -29.33,- | 123
7 Rectenna | 915, 16 x 14 x 243 5.7 CPloop | 245 21
2.45 1.27 46 Skin- UWB, 35 (diameter) | >-13.5 75
8 | Transcei | MICS | 2mm2 - 90 dBm adhesive | 1SM
ver band sensitivity 47 | Subderm | 0.918 Thin sheets N/A Tunable
9 | Med 403 12.5x125 3249 | 6.15- alRFID impedance
Radio x1.27 simulated 48 Quad— 0403, 60 x 60 -34, - N/A
10 | Annular- | 2.31- 120.69 - 2.49-3dB band 0.915, 29.6, -
ring 251 AR 147, 28.2,-
11 | cp 2.32- - 17 13-pork 2.4 224
262 49 | Flexible | 2-11 | 12x12,10x | 5,5.7 N/A
12 | Biotelem | 915, 43472mm? | 2804 | - UWB 9
etry 2450 50 | CMOS 0915 | 0.43 N/A 11V
13 [ MIMO | 214- [ 185x185x | -1518 | 1864 51 | Wideban | 0.36- | 560 -27.8 Wide AR
258 197 d 0.72 bandwidth
14 Multiban 915, 7x72%02 -28.44 _ 52 Implanta 0.902- Coaxial-fed -29.8 59.7
d 245 ble 0.928, rectifying
rectenna efficiency
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2.4- B. ANTENNA EFFICIENCY:
1248 An efficiency comparison between the reviewed designs is
53 z'\"e:j”'at“” 24,48 | 53.13 103,26 | N/A presented in Figure 2. It can be observed that for most of the
54 | Helical | 2-28, | nx GB)Ex VA NA designs, the efficiency valueis closer to or less than 5%. The
andpatch | 2.44- | 3.81,10x 10 graph has two outliers for [6] and [31]. Both measurements
_ 2.48 x127 were taken for external applications making the efficiency
55 :j’V'dEba” 2;5; 11x22 13 81 values higher than the implantable antennas. Due to the
55 T CPWG 14— 1 22527 % 62 SAR presence of sI_<|n_, muscle, gnd tissue layers, the reactive near
3.32 0.07 within field and radiative near field of an antenna suffer a huge
FCC power loss that gets absorbed or dissipated resulting in poor
57 | Metamat | 0.902- | High -17.1,- | 358,178 on-body or implantable performance.
erial- 0.928, dielectric 9.81
loaded 24- constant 15
cp 2.48
58 | CPloop [ 0.902 | 21462 -32 27.8,294 30
59 | Dual 0405, | 525 -40.85,- | Miniaturiz
0.915, 32.98,- | ation 25
2.45 22.37 S
60 | Multi- 22- N/A 52 N/A ol
polarizati | 3.1 B 15k )
on E :
61" | Patch 5.8 7.7x6 12 51 10
IV. COMPARISON AND ANALYSIS 5 T T T T ‘
A. ANTENNA GAIN: olal 1l O?T s, 1529 . |
0 10 20 30 40 50 60 70

A comparison of the gains between the reviewed designsis
presentedin Figure 1. Itis observedfromthe figure that most
of the designs possess poor gain due to the presence of skin, FIGURE 2. Efficiency comparison of the reviewed antennas.
muscle, and tissue layers. Very few designs have gain values

greater than 0 dB. The design presented in [4] has a gain of C. SPECIFIC ABSORPTION RATE (SAR):

Reference Number [X]

0.8 dB which was calculated without consideringskin layers, 1000
thus it was not realizable for implantable applications. The
design presented in [19] has a gain of 0.64 dB obtained from 800
in—vivo measurements. The gain of the antenna presented in =
[23] is 5.8 dB and was not considered for the implantable £ o0
scenario. The gain of this antenna would be lower when =
measured with skin, muscle, and tissue layers. Lastly, the e It 1 1 AN /Y A
design presented in [60] is not for implantable applications
and thus its gain was considered as an outlier. 200
10 Gain‘(_‘umpa‘rison 00 & ]'0' 20 ”3‘0” . 40 '-5'0 d’) . 0
Reference Number [X]
0 (o] @ T
i LJ J J FIGURE 3. SAR comparison between the reviewed antennas.
F-10
z u A line graph presenting the SAR values for the reviewed
S 20 phannts SQ bR RS R g L o i S R antennas is shown in Figure 3. The SAR values are 1g-
b ‘ Bl]° averaged. The majority of the designs presented in this paper
-0 Ao i b have acceptable SAR values. The designs for which SAR
P ‘ ‘ ‘ ‘ valueis higher, the inputpower is reduced to meet the practical
0 10 2 30 40 S0 60 70 standard. This means that the input power is nota fixed value
Reference Number [X] for all designs and is varied according to the practical
FIGURE 1. Gain comparison between the reviewed antennas. requirements. The FCC set limit for SAR is 1.6 W/kg when

1 Our proposed design.

VOLUME XX, XXXX

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4



This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JAP.2024.3462289

averaged over 1g of actual tissue whereas, for 10g of actual
tissue, the acceptable limit of SAR is 2.0 W/kg. The SAR
value among the reviewed designsis maximum in [24]. The
SAR valueis 913 W/kg which suggests that the given power
cannotbe more than 1.75 mW atwhich the SAR will meet the
standard threshold of 1.6 W/kg [65]-[66].

D. FREQUENCY OF OPERATION:
An overview of various frequencies over which the reviewed
antennas are designed is shown in Figure 4.

MedRadio 401 - 457 MHz
®ISM 2.40 - 2.50 GHz
ISM 902 - 928 MHz
ISM 5.725 - 5.875 GHz
ISM 868.0 - 870 MHz
® WMTS 1395 - 1432 MHz
UWB 3 - 10 GHz
HF 13 MHz Band

® Others

FIGURE 4. Design frequencies for the reviewed antennas.

It can be observed from the figure that the antennas reviewed
are designed majorly for ISM bands. The largest proportion of
the designed antennas is for ISM 2.40 —2.50 GHz frequency
band whereas, the second largest is for ISM 902 — 928 MHz.
Almost all the designs are modeled for less than 6 GHz.

E. ANTENNA TYPES:
An overview of the types of antennas of which this review is
carried out is shown in Figure 5.

Multilayer Antennas

Wire/Loop Antennas l

Meandered Microstrip Antennas

3D Antennas I

0 5 10 15 20 25 30 35 40 45 S50

FIGURE 5. Types of Antennas considered for applications.

The figure presents different shapes of the antennas that are
presented in the literature for the design of on-body,
implantable, and other medical antennas. It can be observed
that the majority of the designs considered in thisreview are
microstrip-based with meandered configurations for small
volumes. There isasmall proportion of flexibleand multilayer
antennas whereas 3D antennas are rare. The flexible antennas
are usually better for on-body and wearable applications
whereas, meandered microstrip antennas provide a better
radiation performance while covering lower frequency bands
within a small volume. 3D designs can be an interesting point
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of research to consider for medical applications possibly to
overcome the gain and efficiency losses due to the skin layers.

F. SIZE COMPARISON:

An analysis of the dimensions of the antennas is depicted in
Figure 6. Box and Whisker plots have been employed to
effectively illustrate the broad spectrum of sizes observed
across different operational frequencies. The data highlights
significant variability in the antenna sizes within the ISM
spectrum, ranging fromas small as 0.4 mm?2to as largeas 1600
mm2. This variability underscores the versatility of the ISM
band, accommodating a wide array of medical applications
that involve devices of varying sizes. In contrast, the antennas
within the MedRadio spectrum exhibita more constrained
range of sizes when compared to their ISM counterparts.

D. Others (UWB | WMTS | ISM 5.8 GHz | MICS | Midfield

.

€. MedRadio Band Data: Area (mim’)
Band | [Rounded to | d.p.|
_i_ Lowest | QI Q2 Q3 | Highest
B. ISM 868 - 928 MHz A 84 754 | 100 | 4121 1600
‘ B 04 497 | 121 | 233 625
C 156.3 224 272 322 400
A ISM 2.40 - 2.50 GHz D 03 | 42 [ 1975 380 | 1225
0 200 400 600 800 1000 1200 1400 1600

Area (mn?*)

FIGURE 6. Size analysis of the reviewed antennas.

G. SUMMARY:

Upon analyzing various parameters such as gain, efficiency,
SAR, frequency, and antennatypes, it can be deduced that the
antennas for implantable applications have certain limitations.
These constraints such as small size, presence of skin, muscle,
and tissue layers, and SAR plays an important role. The
implantable and on-body antennas discussed have low gain
and efficiency. However, it is a challenging task to adhere to
the practical constraints when improving the performance of
an antenna. The input power can be increased to improve gain
and efficiency, however, exceedingbeyond a certain limit will
resultin a large SAR value, making EM waves harmful to the
skin. Non-ionizing radiation is suitable for medical antennas
as the ionizing radiation may cause severe skin problems.
Despite these challenges, antennas demonstrate a significant
potential in providing a wireless sensing and monitoring
service. The designs reviewed are mostly at lower ISM and
WMTS frequencies. Future research can include higher
frequencies especially in millimeter and sub—millimeter range
for designing and testing of antennas for medical applications.
Moreover, research on the skin, tissue, and muscle layers can
be carried out to use their dielectric properties for the
enhancement of radiation performance. This has the potential
to give rise to a new category of dielectric resonator antennas
specifically designed for medical applications.

V. KEY DESIGN CONSIDERATIONS
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Designing effective antennas for biomedical applications
presents unique challenges due to the complex EM
interaction with biological tissues, that absorb and attenuate
RF signals. Achieving optimal antenna performance
characterized by high gain and efficient operation near the
body is paramount for reliable and accurate sensing
capabilities. Researchers continue to explore novel antenna
designs tailored for both in- and on-body applications,
striving to overcome these technical hurdles and advance
healthcare technologies. Through a comparative analysis,
critical parameters such as gain, efficiency, SAR, antenna
type, and operating frequency are evaluated, highlighting
current trends and identifying areas for improvement in
antenna design for medical applications. This review
culminates in the proposal of a new antenna design
optimized for the demanding requirements of healthcare
environments, aimingto setnewbenchmarks in performance
and compactness. Several design considerations should be

considered when designing antennas for medical
applications and are discussed below:
A.  ANTENNA  SELECTION FOR BIOMEDICAL

APPLICATIONS:

Selecting the appropriate antenna type depends on several
key factors, including frequency requirements, size
constraints, and performance metrics such as gain,
efficiency, and SAR. From the analysis of over 60 recent
journal papers, several trends and recommendations emerge
such as on-body and implantable antennas.

B. IMPLANTABLE VS. ON-BODY ANTENNAS:

For implantable devices, antennas must be compact,
biocompatible, and capable of maintaining stable
performance despite proximity to biological tissues. On-
body antennas prioritize comfort, durability, and reliable
datatransmission in dynamic environments. Table 2 presents
a summary of key wearable antenna designs considered in
this review whereas, that for main Implantable antennas is
shown in Table 3.

TABLE 2: Reviewed Wearable Antennas

S/ Anten Frequency | Dimen Gain Radiation
N na Band sions (dBi) Efficiency (%)
Type (GHz) (mm3)
2 CP ISM (2.35- | 90x 90 | -27.2 5.45% (gel),
Patch 2.50) x 25.27 5.69% (pork)
14 Multib ISM, 647, - 14.7% to
and Midfield 425.6 24.8%
20 | Tri- Biotelemetr | - - -
band y
38 | Confor | 0.4-2.2 50x 35 | -15 14
mal
45 Flexibl 920 MHz, 10x10 | N/A -29.33 dBi, -21
eCP 2.45 GHz x 0.6 dBi
Loop
46 | Skin- UWB, ISM | 35 mm | >-135 | N/A
adhesi | bands diamet | dBi
ve er

VOLUME XX, XXXX

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

55 | Wideb | Wireless 0.721- | Copper | -13dBi
and Capsule 1.705 cylinde
Endoscopy | GHz r
59 | Dual Skin 405, - 665.35,
System | Implantatio | 915, 837.69, 759.72
n 2450 W/kg
MHz
TABLE 3: Reviewed Implantable Antennas
S/ Antenn | Frequency [ Dimension Gain Radiation
N a Type Band s (mm3) (dBi) Efficiency
(GHz) (%)
1 CSRR ISM 0.7 -26to- | 0.12%to
(0.403, 15at 0.53%
2.45)
3 Coaxial | 85,179, 85cmlong | - -
Dipole 275 MHz
12 ISM ISM (915, 434.72 -28.94 -
Bands 2450) -23.06
42 | Circular | MICS, 797.96 -
ISM bands
52 | Rectenn | ISM (902- | Coaxial- -29.8 -
a 928, 2400- | fed, circular | dB
2480) slots
56 | Metama | 902-928, High - 61%
terial- 2400-2480 | dielectric
loaded constant,
CP MTM
surface
61 | e Biotelemet | 1.39-1.42 - 59%
shaped ry, WMTS, | GHz, 2.40 -
ISM bands | 2.48 GHz
63 | Radiati | MedRadio | 401 -406 - 62%
on band MHz
Pattern
Reconfi
gurable

C. FREQUENCY BAND:

Antennas operating in the ISM bands are commonly used
dueto regulatory compliance and compatibility with existing
wireless standards in healthcare. Table 4 presents different
frequency bands which can be considered for medical
applications. These frequency bands are chosen based on
their suitability for implantable medical devices and other
healthcare applications. The ranges provided cover both
licensed and unlicensed bands used globally for various
wireless communication purposes in medical contexts.

TABLE 4: Frequency Band Selection

Bands Frequency Typical Applications
Range
ISM Band 2.4 - 2.4835 GHz Wireless medical devices, body
area networks
ISM Band 5.725-5.875 GHz | Medical telemetry, wireless
sensors
uwB 3.1-10.6 GHz High data rate communication,
imaging
GSM 900 MHz, 1800 Cellular communication
MHz
LTE 698 - 960 MHz, Long-term evolution, wireless
1710-2700 MHz | communication
WIMAX 25-59GHz Broadband wireless access
Bluetooth 2.4 - 2.4835 GHz Short-range communication
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Zighee 868 MHz, 915 Low-power, low-data-rate Polytetrafluoroethylene (PTFE) 20-21 0.0002 -0.0003
MHz, 2.4 GHz wireless communication Silicone Rubber 29-33 0.002 -0.01
RFID 13.56 MHz, 860 - | Identification, tracking Ceramic (Alumina) 9.0-10.0 0.0005 -0.002
960 MHz Glass 45-7.0 0.01-0.04
Medical 400 - 406 MHz, Medical devices, remote Hydroxyapatite 5.0-10.0 0.005 -0.02
Telemetry 450 -470 MHz monitoring Zinc Oxide 8.0-10.0 001-0.1
Magnesium 21-3.0 0.002-0.01
D. ANTENNA TYPES: Calcium Phosphate 3.0-5.0 0.005 - 0.02
Diverse antenna types including patch antennas, spiral PO:Y"-TC“CI.AC'C’ -E,PLA) 30-40 | 0.002-001
antennas, and dipole antennas have been explored for ﬁglagrﬁg‘;ﬁf“ (PGA) g'g - g'g 8'883 :8'8(1) :
plomedlcal appl ications. Eachtype offers_dlstmctadvantages Carbon Fiber 1525 002 -0.05
in terms of radiation pattern, bandwidth, and ease of Hydrogel 500-800 | 0.05-02
integration so far patch antenna is best. Polyurethane 3.0-35 0.002 - 0.01
Cellulose 3.0-4.0 0.002 -0.01
E. PERFORMANCE METRICS: Graphene 3.0-10.0 0.01-0.1
High gain and efficient radiation characteristics are critical Silver 50-6.0 0.003-0.01
for antennas deployed in biomedical applications to ensure Nickel 8.0-100 [ 0.02-0.05
reliable data transmission and minimize interference with Lead ;-8 - 100-0 8-82 -8-1
: ; : Tin 0-4. 02-0.1
physiological signals. Indium Tin Oxide (ITO) 10.0-150 [ 0.01-01

F. SUBSTRATE SELECTION CONSIDERATIONS:

The choice of substrate material impacts the performance
and effectiveness of antennas in medical settings. The key
considerations include:

- Biocompatibility: Substrates must be biocompatible to
minimize tissue reaction and ensure long-term implant
stability. Materials such as biocompatible polymers (e.g.
Parylene-C, Polyimide) and ceramics are preferred for
implantable antennas.

- Dielectric Properties: The dielectric constant and loss
tangent of substrates affect antenna efficiency and
bandwidth. Low-loss materials with stable dielectric
properties over a wide frequency range are ideal for
achieving optimal antenna performance.

G. HUMAN BODY MODELS:

Accuratehuman body models are essential forsimulating the
interaction of antennas with biological tissues. These models
help in predicting SAR, gain, and efficiency.

H. PARAMETER OPTIMIZATION:

Simulations are used to optimize various parameters,
including antenna geometry, material properties, and
placement, to achieve the best possible performance.

I. POWER LIMITATIONS:
Table 6 presents power limitations for various designs.

TABLE 6: Power Limitations

- Mechanical Durability: Substrates exhibit mechanical Frequency | Power Limitations Typical Applications
robustness to withstand implantation procedures and ISMBBandd e A e Y TTge
hvsiological str without moromisin ntenn an ypically limited to ireless medical devices,
P ny ofogical s etS_SESt fO'“f{ compromising - antenna (2.4 GHz) 1w body area networks
per ormar_1ce or pa-len com c_)r ' i ISM Band Typically limited to Medical telemetry, wireless
- Conductive Materials: Materials such as copper, silver, and (5.8 GHz) 1w sensors
gold are used for their conductivity and biocompatibility. UWB (3.1 - | Power spectral High datarate
- Substrate Materials: As mentioned, biocompatible 10-&GHZ) \d/e”?'tyb"m'ts CO’I’I‘"I‘““'Ca“O”v Imaging
materials are preferred for their stability and minimal tissue SASHZ)(QOO rezzle:ti oy sountry ) Cellular communication
reaction. Advanced ma:te“als SUC_h as Roge':s are b?mg GSM (1800 | Varies by country Cellular communication
explored for their electrical properties and miniaturization. MHz) regulations
Table5 presentsdifferent materialsthatare used in designing LTE (698 - Varies by LTE Long-term evolution,
antennas for medical applications. 2700 MHz) ti‘zitoe%g&yT(gg) CAT- | wireless communication
) ) WIMAX (2.5 | Typically limited to Broadband wireless access
TABLE 5: Materials for Selection - 5.9 GHz) 4W
Material Dielectric | Tangent Loss Bluetooth Typically limited to | Short-range communication
Constant (tan 9) (2.4 GHz) 1W
— (&) Zigbee (2.4 Typically limited to Low-power, low-data-rate
Titanium 5.0-15.0 0.001-0.1 GH2) 1w wireless communication
Platinum 5.0-7.0 0.001-0.02 RFID (860 - | Typically less than1 | Identification, tracking
Gold 50-7.0 0.001 - 0.02 960 MHz) wW
Stainless Steel 2.2-35 0.001-0.01 Medical Varies, often low Medical devices, remote
Polymethyl Methacrylate PMMA) | 2.9-3.4 0.002 -0.005 Telemetry power monitoring
Polyethylene 23-24 0.0002 -0.0005 (400 - 470
Polypropylene 22-23 0.0002 - 0.0005 MHZz)
Polyetheretherketone (PEEK) 3.3-3.6 0.004 -0.01
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Power limitations are crucial considerations for designing
implantable antennas to comply with regulatory standards
and ensure safe operation within the human body or in
proximity to it. Regulations may vary by region and
application, so specific guidelines should always be
consulted during design and deployment.

J. CONTACT WITH BODY:

Contact with human body tissues is a crucial factor in
designing medical antennas. Research has shown that
antennas designed with a gap from body tissues exhibit
superior performance compared to those in direct contact.
However, when an antenna is placed with a gap from the
human body, changes in dielectric properties can cause wave
reflections, leading to radiation in the direction opposite to
the body. For applications requiring the sensing of body
signals from an implantable device, a directly attached
antenna is preferable.

K. ELECTROMAGNETIC SIMULATION TOOLS:

Software Computer Simulation Technology (CST)
STUDIO® is used to model andanalyzeantennaperformance
in virtual environments, allowing for optimization before
physical prototyping.

VI. A NEW ANTENNA DESIGN FOR MEDICAL
APPLICATIONS

A. ANTENNA DESIGN:
The 3D geometry of the antenna design proposed for on—body
and implantable medical applications is shown in Figure 7.

Coaxial Feed

. N v
3D View of Antenna Antenna

FIGURE 7. Geometry of the antenna for medical applications.

The proposed design is etched on a multilayer PCB with a
layer—to-layer separation of 0.127 mm. The layer-wise
geometry of the proposed design is shown in Figure 8.

6 mm Through Plated Via

7.7 mm
0,0
2
&
Q
101S yored
10[§ punodny

Layer 1
(Ground Plane)

Layer 3 Layer 2 RF Input
(Superstrate) (Patch Antenna)

EBG--

* Substrate - Rogers RT5880 Ground*

Side View

FIGURE 8. Layer—wise geometry of the proposed antenna.
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The overall volume of the antennais 7.7 x 6 x 0.359 mm? and
is modeled fora 5.8 GHz ISM band. The dielectric properties
of the skin, fat, and muscle layers are considered in
simulations to mimic on—body placement. As the antenna
design is small, it is impossible to use a standard SMA
connector to feed the RF input. So, a coaxial probe feed is
modeled in simulations. It can be seen fromFigure 8 that the
designis etched on a three-layered Rogers RT-5880 substrate
with a dielectric constant of 2.2. Layer 1 of the design
comprises the ground plane of the design. Layer 2 is the main
patch antenna. Layer 3 of the design is an EBG—inspired
printed pattern which enhances the gain and efficiency of the
antenna. The design consists of a slot that is etched in the
ground planeandthe patch for theenhancement of bandwidth.
The design is formulated through an empirical approach,
involving extensive simulations conducted on CST
Microwave Studio®to determinethe optimal dimensions. The
design is miniature with an extremely small footprint which
makes it suitable for modern medical on-body and
implantable applications. The design is probe-fed which
makes it suitable for on-body applications. However, the small
size of the antenna makes it equally suitable for battery
powered implantable applications. The shape and dimensions
of the proposed antenna have evolved from rigorous
simulation analyses that make its mathematical modeling and
formulation complex or impossible. A fabricated prototype of
the proposed antenna is shown in Figure 9.

FIGURE 9. Fabricated prototype of the proposed antenna.
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B. RESULTS AND DISCUSSIONS:

- S—Parameters: The simulated and measured S-parameters of
the proposed antennaareshownin Figure9. The S—parameters
graph reveals that the antenna s radiating witha 10 dB return
loss bandwidth of 500 MHz, ranging from approximately 5.7
t0 6.2 GHz thereby coveringthe 5.8 GHz ISM frequency band
completely. The simulated S11 was -30 dB at 5.8 GHz and -
28 dB at 5.85 GHz in simulations whereas, the measured Su
showed a significant improvement, with a return loss of -43
dB at 5.8 GHz. This substantial enhancement in return loss
indicates better impedance matching and reduced signal
reflection in the fabricated antenna, confirming the reliability
and robustness of the design. The overall bandwidth exhibits
a value of return loss that depictsa good performance by the
antenna. There is a slight discrepancy in the measurement
resultsthatoccurred due to fabrication imperfections and the
practical setup. The measured results were acquired by
attaching the antenna to a human arm.

S-Parameters [Magnitude]

-30

5 52 54 56 58 6 62 64 606 68 7

Frequency / GHz

()

Frequency (Hz)
S.00E+09 5.40E+09 5.80E+09 6.20E+09 6.60E+09 7.00E+09 7.40E+09
0
-5
-10
-15
-20
-25

-30
35 Measured S-Parameters (511)
10-dB Bandwidth: 5.5 GHz - 7.1 GHz
Centre Frequency: 5.95 GHz

$11(dB)

-40
-45

(b)

FIGURE9. S;; of the Proposed Antenna for medical applications.
(a): Simulated Sy;. (b) Measured Sy;.

- Radiation Pattern: Simulated 3D radiation pattern of the
proposed antenna at 5.8 GHz is shown in figure 10.
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Figure 10. 3D Radiation pattern of the proposed Antenna for
medical applications at 5.8 GHz.

The radiation pattern fairly resembles an Omni—directional
pattern. A2D view of the patternis shownin Figure 11. The
2D radiation pattern is shown with the antenna structure and
is plotted in the theta plane. The antenna radiation increases
from 0 to approximately 130 degrees. The maximum value of
radiation occurs around 40 degrees whereas, the unwanted
radiation along the feedline is minimum.

180
Theta / Degree

Figure 11. 2D Radiation Pattern (Theta Plane) of the Proposed
Antenna for medical applications.

- Gain and Efficiency: The antenna gain, and efficiency are
obtained from the simulations. The simulated results are
presented in Table 7.

Table 7: Simulated Gain and Efficiency of the Proposed Antenna.

Approximate gain Approximate Efficiency

Freq. (GHz) (dB) %)
5.7 0.75 50.0
5.8 1.06 53.0
5.9 1.26 53.5
6.0 1.38 53.0
6.1 1.40 51.0
6.2 1.35 48.0

The realized gain of the antenna at 5.8 GHz is 1.06 dB
whereas, the efficiency is around 53%. The design possesses
good values of gain and efficiency in the entire bandwidth.
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This makes the design more suitable for on-body and
implantable medical applications because these readings are
obtained after considering the skin layers. The measurement
results presented so far show minor discrepancies due to a
more realistic practical setup including the connecting cables
and real human arm.

C. SUMMARY:

The presented results of the proposed antenna for medical
applications are suitable for on-body direct contact
applications. The design considers major practical constraints
in the simulations which can ensure its good practical
performance. The design is miniature with a very small size
making it suitable for small medical sensors. A comparison
between the proposed antenna and the key design from the
review isshown in Table 1. It can be seen that the proposed
antenna possesses excellent gain and efficiency performances
as compared to the reviewed designs. Further testing will be
conducted forpractical validation of radiation parameterssuch
as gain, efficiency, and radiation pattern. The detailed antenna
design, parametric analysis, and results, including the
simulations and measurements, will be presented and
discussed in a separate manuscript.

VII. FUTURE RESEARCH DIRECTIONS IN MEDICAL
ANTENNAS
Medical antennas, that involve the use of EM waves for
medical applications, have seen significant progress in recent
years [67]-[74]. They have the potential to revolutionize the
field of healthcare [75]-[77]. For the future, there are several
promising research directions in medical antennas that could
pave the way for groundbreaking discoveries and innovations
[671-[77].
A prospective research avenue in medical antennas involves
the development of miniaturized antennas tailored for
implantable medical devices. Despite the substantial
advancements in devices like pacemakers, neurostimulators,
and drug delivery systems that have significantly enhanced
patient quality of life, the persistent challenge lies in the size
and form factor of these implants. The exploration of
miniaturized antennas, seamlessly integrated into these
devices without compromising functionality or safety, holds
the potential to unlock novel capabilities for remote
monitoring, control, and communication. The integration of
tiny antennas within implantable devices could usher in a new
era of possibilities. For instance, these miniaturized antennas
might facilitate wireless power transmission and
communication with implanted devices, eliminating the
necessity for invasive proceduressuchas battery replacements
or adjustments. This advancement enhance patient comfort,
reduce medical interventions, and contribute to the overall
effectiveness of implantable medical devices [77]-[79].

VOLUME XX, XXXX

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

Another captivating research direction involves leveraging
advanced antenna technologies for wireless imaging and
diagnostics in the medical field. Conventional medical
imaging techniques, including X-rays, CT scans, and MR,
face challengesrelated to resolution, contrast, and safety [73]-
[74]. Exploring wireless imaging methods utilizing antennas,
such as microwave or terahertz imaging, holds the potential to
overcome these limitations. These techniques offer non—
ionizing radiation, improved resolution, and the capability to
penetrate tissues. Research in this domain could pave the way
for the development of compact and portable wireless imaging
devices. Such innovations may find applications in early
cancer detection, monitoring chronic conditions, and
providing real-time imaging during minimally invasive
procedures. The integration of advanced antenna technologies
into medical imaging holds promise for enhancing diagnostic
capabilities, improving patient outcomes, and advancing the
field of healthcare. Furthermore, there is a growing interest in
using antennas for targeted and localized therapies. Antennas
present an avenue for delivering therapeutic energy, such as
microwave orradiofrequency energy, to specificregionsof the
body for treatments like cancer ablation, hyperthermia, or
neuromodulation. Nonetheless, current techniques encounter
challenges related to precision, control, and safety. Future
research endeavors could concentrate on advancing antenna
designs and control algorithms to facilitate highly precise and
customizable therapies. For instance, the exploration of
phased array antennas, which permit dynamic and adaptable
beam steering, holds the potential to enhance precision in
targeting tumors or specific neural circuits. The development
of such sophisticated technologies could revolutionize
therapeutic approaches, offering improved efficacy and safety
in localized treatments.

In addition, there is a pressing need for research in the realm
of wireless communication within medical environments.
Wireless communication assumes a pivotal role in numerous
medical applications, including remote patient monitoring,
telemedicine, and coordination among medical devices within
hospital settings. However, medical environmentsare intricate
and pose challenges due to the presence of diverse EM
interference sources, stringent safety regulations, and privacy
concerns. Future research endeavors could concentrate on the
development of resilient and secure wireless communication
techniques. These techniques should be designed to operate
reliably in the complex and demanding context of medical
environments while adhering to rigorous safety and privacy
requirements. Addressing these challenges is paramount for
ensuring the effectiveness, safety, and privacy of wireless
communication in medical applications.

Finally, there is a burgeoning interest in integrating medical
antennas with other emerging technologies, particularly
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artificial intelligence (Al), machine learning (ML), etc. Al/
ML algorithms hold the potential to analyze data gathered
from medical antennas, including EM signals or sensor data.
This analysis can offer real-time feedback, make predictions,
or optimize treatment plans. Concurrently, 10T technologies
can facilitate seamless connectivity and interoperability
among medical antennas, devices, and systems, ultimately
contributing to enhanced patient care and outcomes. Future
research endeavors may delve into the synergistic integration
of medical antennas with Al and IoT, opening avenues for
personalized medicine, remote healthcare, and intelligent
healthcare systems. This convergence of technologies could
usher in transformative possibilities, shaping the future
landscape of healthcare delivery and patient well-being.
These advancements have the potential to revolutionize
healthcare by enabling new diagnostic and therapeutic
capabilities [67]-[79].

VIIl. CONCLUSIONS

A comprehensive review of more than 60 research papers has
been presented in this paper. The antennas discussed in this
paperare designed for medical applications such as on—body
wearable terminals, implantable capsules and other medical
devices. Various parameters of the antennas were discussed
including gain, efficiency, SAR, and operating frequency. It
has been observed that the on—body and implantable antennas
have very low values of gain and efficiency due to the
presence of skin, fat, and muscle layers. Also, the input power
is limited due to the standard SAR requirements. The majority
of the designsare modeled at ISM 2.4 GHz frequency and the
designs at millimeter wave frequencies are rare. This makes
medical antennas an exciting topic to carry out further
research, simulations, and modeling to find the practical
suitability of the millimeter wave frequencies for medical
antennas. Lastly, the designand simulation performance of a
new antenna wasalso discussed in this paper. The proposed
new design possesses excellent gain and efficiency
performances. Also, the design is miniature with a size of few
millimeters which makes it more suitable for small medical
applications.
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