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fforts to promote patients’ quality
of life through advanced healthcare
technology are increasingly focus-

EDITOR’S NOTE |

The intersection of advanced healthcare and wireless technology
ing on implantable wireless biomedical is rapidly redefining patient care, particularly in the realm of
telemetry systems, particularly on the brain implants. Nevertheless, antenna design for intracranial
development of compact, multifunction- operation is highly challenging, requiring a delicate balance
al implantable antennas. These antennas among miniaturization, radiation performance, and biological

enable continuous medical monitoring safety. This article tackles these challenges by reviewing the

and support various functions such as progression of head-implantable antenna technology over the

data transmission, wireless power trans- last seven years and by offering a detailed technical examination Asimina Kiourti
fer (WPT), and control signals across and comparison of three distinct planar inverted-F antenna designs.
multiple frequency bands. This arti- The “Bioelectromagnetics” column welcomes articles on biomedical applications of
cle reviews the challenges and recent electromagnetics, antennas, and propagation in terms of research, education, outreach,
advances in miniature multiband anten- and more. If you are interested in contributing, please e-mail me at kiourti.1@osu.edu.
nas for brain implants, with a compara-
tive analysis of three planar inverted-F
antennas (PIFAs) designs, dual band,

triple band, and quad band, as case stud-

brain implants is expanding due to their complex, nonhomogeneous head tissues,

potential for early-stage treatment of requiring models that integrate multiple

ies evaluated under the same metrics as neurological diseases. Recent advance- tissue types. Early studies by Gabriel

the surveyed literature.

INTRODUCTION

In recent years, the advent of wireless
implantable medical devices (WIMDs)
has brought revolutionary achievements
to the modern healthcare industry by
making medical care personalized and
consistently accessible. These devices
facilitate long-term monitoring of
human health status and study normal/
abnormal bodily functions by record-
ing a variety of physiological param-
eters [1]. Among the various WIMDs
[2], [3], [4], [5], [6], research on wireless
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ments have led to the development of
safe, intelligent cranial implants that
provide continuous real-time remote
access to patient data. The core innova-
tion lies in implantable antennas for reli-
able transcranial wireless links. Unlike
typical antennas in free space, designing
antennas for implantation in the human
head presents unique challenges. These
first include ensuring miniaturization
and thinness to minimize biological
intrusiveness. Simultaneously, applying
higher resonance frequencies, e.g., in
the cm- or even mm-wave ranges, is
impractical due to high path loss in bio-
logical media, necessitating electrically
small antennas. Second, electromagnetic
(EM) waves must propagate through
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et al. [7] characterized the dielectric
properties of various biological tissues
for different frequencies to understand
their impacts on EM signal propagation.
Brain implants, used extensively for neu-
ral signal sampling, need to be placed
up to 15 mm deep within the cranial
cavity. This considerable depth of brain
implants and surrounding lossy tissues
impact radiation efficiency and commu-
nication effectiveness. Third, to ensure
safety, antennas must comply with spe-
cific absorption rate (SAR) safety regula-
tions, which limit the transmitted power
and thereby the wireless communica-
tions distance. Finally, antenna band-
width must be broad enough to counter
the possible antenna detuning due to
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variability in the tissue properties. As
a result, compact, broadband antennas
with high radiation efficiency, biocom-
patibility, and safety are highly desirable
in modern wireless medical applications.
To meet these requirements, a trad-
eoff in efficiency, bandwidth, and other
parameters has been made to design an
implanted antenna with proper imped-
ance matching for effective radiation in
lossy brain tissue.

In addition to these specific chal-
lenges, there is an increasing need for
versatile and multifunctional implant-
able antennas capable of meeting the
demands of modern medical applica-
tions [8], [9], [10], [11]. Emerging appli-
cations like real-time brain monitoring
and brain—computer interfaces require
higher data rates and multiplexing capa-
bilities, which can be supported by
operating across multiple bands for flex-
ibility and compatibility with existing
protocols. In this context, the develop-
ment of implantable antennas providing
WPT, data telemetry, and control signal-
ing at multiband or wideband operation
has spurred a notable trend in research
efforts. For this purpose, multiple
authorized medical frequency bands,
including the Medical Implant Com-
munication Service (MICS), Medical
Device Radiocommunication Service
(MedRadio), Wireless Medical Telem-
etry Service (WMTS), and Industrial,
Scientific, and Medical (ISM) bands
[1], are available. The MICS band is
between 402 and 405 MHz, and the
expanded MedRadio band is from 401
to 406 MHz. WMTS bands consist of
frequency ranges of 1,395-1,400 MHz
and 1,427-1,432 MHz. MICS, MedRa-
dio, and WMTS bands are intended for
accessing patients’ health conditions
uninterruptedly and for data transmis-
sion. Conversely, the ultrahigh-fre-
quency range ISM bands, centered at
433.92 MHz, 915 MHz, and 2.45 GHz,
can be used for WPT and switching con-
trol between sleep and wake-up modes.
Among the large number of antenna
structures studied for WIMDs, the
PIFA has emerged as a promising candi-
date. It comes with relatively simple and
well-established design principles and
is compatible with many known anten-
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na miniaturization techniques, yielding
electrically small antennas with good
size—performance balance also when
placed in a biological environment [12],
[13]. This work reports recent advanc-
es in implantable antennas for wireless
brain care, focusing on miniature far-
field multiband PIFAs for integration
into brain-implantable biotelemetric
systems, with compatibility to system-
on-chip (SoC)-based platforms where
multiplexing and software-defined radio
(SDR) techniques enable multifunction-
al operation. We survey peer-reviewed
antennas emphasizing 2018-2025
reports, with comparable frequency
bands and implant depth/tissue mod-
els, followed by case studies of three
PIFA designs.

IMPLANTABLE ANTENNA
DEVELOPMENT: REQUIREMENTS

AND DESIGN TECHNIQUES

Designing WIMDs prioritizes reliable
communication, sustainable power, min-
iaturization, biocompatibility, and safety.
To date, several biotelemetry communi-
cation techniques have been explored,
including inductive coupling and far-field
RF for linking in-body and off-body units
[14], [15], along with alternative meth-
ods like galvanically and capacitively
coupled intrabody communication (IBC)
[16] and ultrasonic [17], [18], optical [19],
and molecular IBCs [20], [21]. Inductive
coupling is employed for short-range data
transmission, while RF methods sup-
port far-field communication through
biological tissues. Despite advance-
ments, challenges remain in improving
biotelemetry systems. The EM perfor-
mance of implantable antennas depends
on several application specific factors,
including permissible antenna size and
shape considering the target location
and the device encapsulation, the sur-
rounding tissue type, and implant depth.
They all affect and to some extent limit
implantable antennas” EM performance
parameters. In addition to the regular
antenna performance parameters, SAR
also needs to be considered jointly when
optimizing antennas for WIMDs. The
following subsections review common
design techniques and compare recent
implantable antenna performances.
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ANTENNA MINIATURIZATION
TECHNIQUES

Implanted antennas integrated into
WIMDs occupy significant space, nota-
bly in lower biomedical resonances such
as MICS (402—405 MHz) or MedRadio
(401-406 MHz) bands. Thus, antenna
development primarily focuses on design
techniques that reduce effective wave-
length within dissipative tissues to mini-
mize implanted antenna volume.

HIGH-PERMITTIVITY MATERIALS FOR

SIZE REDUCTION AND INSULATION FOR
IMPROVING EFFICIENCY

Employing high-permittivity materials
in the substrate/superstrate is one of the
simplest methods to reduce the anten-
na size. These materials decrease the
effective wavelength and consequently
lower the antenna’s operating frequency.
For this purpose, various commercial
microwave circuit board materials have
been introduced for implantable anten-
na design containing Rogers RT/duroid
RO3210 [22], RO6010 [23], RO3010
[24], [25], RO6002 [26], and ARLON
1000 [27], all possessing the relative per-
mittivity (€,) of 10.2, as well as Taconic
RF-10 [28] with & =10. Some research-
ers have utilized materials with much
higher &, such as MgTa, sNb, 50 with
&- =28, resulting in great size reduc-
tion. In contrast to microwave circuit
design, where the loss tangent of sub-
strate/superstrate is also of major
importance, an implantable antenna’s
radiation efficiency is dominated by the
near-field energy loss, which is much
higher than the energy loss in common
dielectric substrate/superstrate materi-
als. Nevertheless, higher-permittivity
materials are affected by the surface
wave excitation, leading to a degrada-
tion in antenna radiation performance
including lower bandwidth and radia-
tion efficiency [29]. Additionally, radio
wave absorption through the inhomo-
geneous dissipative biological tissues
reduces radiation efficiency, mainly due
to near-field coupling. To address low
efficiency, insulating the antenna with
various substrates and superstrates has
been studied. Research on different
biocompatible insulators like zirconia,
alumina, silicone, Teflon, polyamide,
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PEEK, and polypropylene shows that
proper material with effective thickness
reduces attenuation and improves anten-
na efficiency [30], [31].

SHORTING PIN INSERTION IN
IMPLANTABLE ANTENNA DESIGN
Another technique to downsize the
antenna involves shorting the antenna
radiating element to the ground plane
using a shorting strip or pin. PIFA serves
as a prominent example of an implant-
able antenna utilizing a shorting pin
[30]. According to PIFA theory, insert-
ing a shorting pin modifies the resonant
length from A/2 to A/4, addressing size
limitations better than conventional
microstrip antennas [32]. In this regard,
two low-profile PIFA variants have been
investigated: the spiral PIFA and the
meandered PIFA [13], [33]. Despite
having identical physical lengths, the
spiral PIFA demonstrates lower reso-
nances and higher radiation efficiency
than the meandered structure. However,
the PIFA type is typically selected based
on modern biomedical application needs
and specific design goals to enhance its
performance [34].

EXTENDING THE CURRENT PATH OF

THE ANTENNA RADIATOR

In addition to utilizing PIFA struc-
ture and high-permittivity materials,
introducing meandering and spiraling
topologies to the radiator effectively
reduces antenna size. These methods
lengthen the current path to excite
antennas operating at lower resonanc-
es. There have been extensive reports
of using these techniques in the
implantable antenna design [35], [36].
Further size reduction can be achieved
by stacking and using defected/slot-
ted ground metal layers to increase
the current path length and widen the
bandwidth [25]. References [38], [39],
and [40] detail the use of three-layer
and four-layer stacked PIFAs for broad
impedance bandwidth within a com-
pact antenna.

EMPLOYING LOADING METHOD FOR
IMPEDANCE MATCHING

Unlike previous methods of miniaturiza-
tion, employing the loading technique

can improve the impedance matching,
Introducing appropriate inductive or
capacitive loading at the desired operat-
ing frequency, the imaginary component
of antenna impedance can be effec-
tively countered. References [41] and
[42] applied inductive loading to reduce
the antenna size, while in [43], capaci-
tive loading led to a 72% reduction in
antenna size compared with a conven-
tional circular polarized (CP) microstrip
patch antenna, particularly in biomedical
applications. In addition to the inductive/
capacitive loading, a split ring resonator
(SRR) offers another solution for loading
impedance matching and reduction in
antenna size. Shubin Ma et al. [44] intro-
duced an SRR-inspired antenna, shrink-
ing the implantable antenna size to a
cylindrical volume of 7 X 8.62 X 1 mm3
and achieving complex conjugate match-
ing to the capacitive RFID IC without
extra components.

RESONATING AT HIGHER-

FREQUENCY BANDS

Approved frequency bands for wire-
less medical implants communications
include MICS, MedRadio, WMTS,
and ISM bands. MICS or MedRadio
bands are typically used for wireless
medical implant communications, while
other bands are introduced for biomedi-
cal telemetry systems. Liu et al. [45]
presented a wide-bandwidth antenna
for monitoring heart and head health
conditions at 2,400 MHz. In [46], an
IR-ultrawideband pulse at 4 GHz was
used for biomedical applications. Refer-
ences [47] and [48] introduced a capsule
antenna and an implantable antenna,
respectively, resonating within WMTS
bands. Higher frequencies allow for
smaller antennas and high-rate com-
munication links, but on the other hand,
tissue conductivity and free space path
loss over a fixed distance increase with
frequency. Therefore, antenna dimen-
sions, operating frequency, and commu-
nication distance must be considered
based on the application. Overall, the
low-GHz range has been suggested as
most suitable considering the balance
between the negative effects of increas-
ing the frequency and the difficulty of
miniaturizing antennas for WIMDs
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when lowering the frequency toward
the 100-MHz range [8].

OVERVIEW OF EXISTING MULTIBAND
IMPLANTABLE ANTENNAS

This review compares PIFA- and
microstrip patch-based multiband anten-
nas intended for head or scalp implan-
tation. We report comparable metrics,
frequency bands, volume, implant depth,
realized in-tissue gain, SAR values, and
use of shorting pin and antenna struc-
ture, so designs from different groups
can be read side by side. Table 1 sum-
marizes the performance and details
of recent multiband brain implantable
antennas [8]. Recent studies [49], [50],
[51], [52] have introduced various dual-
band implanted antennas using PIFA and
microstrip patch structures for miniatur-
ization. These designs have used shorting
pins and slots in the radiating element
and ground plane to achieve dual reso-
nances, and all include a superstrate layer
acting as a low-loss buffer between the
radiator and human tissues. Studies [50]
and [52] used high-permittivity materials
to enable antennas to operate at lower
frequencies. Various antenna shapes,
such as circular forms, have been consid-
ered to reduce implant intrusiveness [50],
[53]. Biocompatible superstrate layers are
used to decrease thickness and simplify
fabrication [49]. Spiral-shaped radiators
with high-permittivity materials and slot-
ted ground layers are used in triple-band
antennas [28], [54]. While [2S] employs a
PIFA structure, [54] does not include a
shorting pin, distinguishing it from many
other designs. Improvements in imped-
ance bandwidth for dual-band PIFA are
addressed in [25] and [55], through spiral
radiating elements and strategic shorting
techniques, leading to significant frac-
tional bandwidths.

For Completeness, non-PIFA/
patch approaches (e.g., loop/SRR and
CP implementations) have also been
reported for implants; they are noted
here for context but excluded from the
PIFA-focused comparison and Table 1.
Across the surveyed PIFA works, most
designs validate in multilayer head mod-
els or tissue phantoms and report SAR-
limited input powers in the milliwatt
range at the lowest band. The authors
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of [56] present a planar loop antenna on
a cylindrical capsule with two double-
SRR structures to enhance bandwidth,
improving radiation efficiency and
impedance matching. This achieves a
307-MHz to 3.5-GHz impedance band-
width and a gain improvement from
—34.3 dBi to —18.4 dBi. The work in
[57] introduces a dual-band CP antenna
with improved polarization at 920 MHz
and 2,450 MHz. A reactive imped-
ance substrate and stacked meandered
loop enable this flexible implantable
antenna to achieve wide bandwidth and
axial ratio bandwidth for reliable biote-
lemetry. Despite ongoing innovations,
CP antennas remain among the most
challenging implantable designs. Most

reported implantable antennas are vali-
dated at depths less than 5 mm in head
or scalp models [25], [28], [51], [54], [57].
Although some antennas aim to operate
at deeper implant depths, they either
have larger volumes or are implanted
in one-layer tissue models of skin [58]
or muscle [50], [52]. Deeper implant
locations generally limit the antenna
radiation efficiency further, bringing an
additional challenge for brain implant
antenna design [1], [59], [60], [61], [62],
[63]. Details of authors” work on mul-
tiband brain implantable antennas are
provided in the “Case Studies of Mul-
tiband PIFA Designs” section. As illus-
trated in Figure 1, recent dual-, triple-,
and quad-band PIFA or patch implant-

able antenna achieve multiband opera-
tion using shorting pins/strips with slot
or meander techniques and high rela-
tive permittivity (&) of substrates/super-
strates, with validation in multilayer head
models or liquid head phantoms. Report-
ed realized gains in tissue follow depth-
dependent efficiency limits, and SAR
constraints typically bound permissible
input power to the milliwatt range at the
lowest band. Designs spanning 400, 900,
1,400, and 2,400 MHz trade electrical
size against bandwidth and efficiency
under these constraints. These observa-
tions frame Table 1 and the case studies
of the “Case Studies of Multiband PIFA
Designs” section without preferring any
single implementation.

TABLE 1. RECENT REPORTED MULTIBAND IMPLANTABLE ANTENNAS.

SAR (W/kg) (for 1TW
Reference Frequency Gain Short Input Power)
and Year Antenna Structure (MHz) Volume (mm?) Depth Tissue (dBi) Pin 1g 109
[64] Meander-line 915 4x3.5%x0.05 4 mmunderscalp, 274 Yes 573 58.3
2024 patch* 1,450 (also 50 mminthe  -22.5 530.7 53.9
1,900 heart muscle and -21.7 473.8 47.7
2,450 stomach) —21.2 466.7 46.9
[65] Circular patch with 915 7x7x%x0.2 15 mm in head -283  Yes 158.4 N/A
2023 a pendulum-shaped 2,450 -18.5 197.2 N/A
circular slot*
[66] Spiral slotted/ 915 13x13%x0.635 4 mminscalp -30.3  Yes 338.69 N/A
2022 meandered PIFA* 2,450 -21.2 207.51 N/A
[67] PIFA* 915 7%x5x%x0.37 4.5 mm in head —27.2 Yes 377.6 40.7
2022 1,900 —22.2 2754 33.8
2,450 -19.9 279.5 372
[28] Spiral-shaped 402 7% (11.22%0.5 4mminhead -33.3 Yes 241 N/A
2021 circular PIFA¥ 1,430 =219 269 N/A
2,450 -19.6 290 N/A
[68] PIFA* 915 5.6 x6x0.2 5 mm in scalp —26.8 Yes 34425 34.73
2020 1,900 -18.8 629.8 63.68
[51] Slotted patch 915 7x7x%x0.2 3 mm in head =277 Yes 730.07 89.70
2020 2,450 -23.0 59140 82.71
[54] Spiral-shaped PIFA* 402 7x%x6.5%x0.377 3 mminscalp -30.5 No 588 92.7
2019 1,600 —22.5 441 85.3
2,450 -18.2 305 81.7
[69] Slotted meandered 915 8 %6 % 0.5 4 mm in head -28.5 No 971.56  118.26
2018 patch 2,450 —22.8 807.34 102.04
[37] Serpentine-shaped 915 7%x6x0.5 4.5 mm in head —-264  Yes 380 40.4
2018 patch* 1,900 -23 358 38.2
2,450 —20.47 363 40.3
*Slotted ground plane.
IEEE ANTENNAS & PROPAGATION MAGAZINE APRIL 2026
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CASE STUDIES OF MULTIBAND

PIFA DESIGNS

The following three antennas are pre-
sented as case studies using the same
metrics reported in the “Implantable
Antenna Devel()pment: Requirements
and Design Techniques” section to illus-
trate design choices and tradeoffs at
increasing band counts from dual- to
triple- and finally quad- bands. In the
work [59], the authors presented a dual-
band implantable PIFA for brain implant
communications. It operates at the ISM
bands, with one band (902 MHz) for
WPT and the other (2,400 MHz) for
sleep/wake-up signal control, making it
suitable for systems focused on power

management and state control. Next,
in the works [1], [60], and [61] by the
authors, functionality of the antenna
was extended to triple-band operation.
By introducing an additional resonance
at the MedRadio band (402 MHz), the
triple-band PIFA supports health data
telemetry while retaining WPT and
signal control at the ISM bands (902
and 2,400 MHz). This configuration is
well suited for efficient power manage-
ment and data transmission. Later works
[62], [63] further enhanced these capa-
bilities, enabling simultaneous access
to physiological data via MedRadio and
WMTS bands, while maintaining WPT
and signal control at the ISM bands for

Receiver antenna
|
Superstrate
i3
Ground

£

[69]

e 1 5T

FIGURE 1. Structures of the reported PIFA- and microstrip patch-based multiband

antennas for head/scalp implantation.
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advanced applications. This evolution
from dual-band to triple- and quad-band
antennas, with their design methods
and results, demonstrates progressive
enhancements that enable more versatile
wireless brain health devices.

DUAL-BAND IMPLANTABLE
PIFA: DEVELOPMENT AND
NUMERICAL MODEL

DESIGN PRINCIPLES

Figure 2 shows the configuration and
geometry of the developed dual-band
PIFA with embedded slots. It incorpo-
rates a shorting strip vertically connect-
ing the radiating patch to the ground
plane in the y—z coordinate plane and
a feeding pin with a 0.6-mm radius
facilitates antenna feeding via a 50-Q
coaxial cable. The primary PIFA design
procedures consist of two phases; first,
the geometry of the radiating element
was calculated at the favorable ISM fre-
quency band of 902 MHz applying the
given formula in free space [1],

f= C
4@ (L +W + h — Wishorting-Strip))
1

where Co represents the speed of light

in free space, &, signifies the substrate
relative permittivity. L and W denote
the radiator length and width, respec-
tively. b and Wishorting—strip) determine
the substrate thickness and the shorting
strip width. According to (1), employ-
ing substrate or superstrate with high
permittivity aids in reducing the anten-
na size while maintaining the desired
frequency of 902 MHz. To this end,
Rogers RO3210 was utilized for sub-
strate/superstrate layers, featuring a
relative permittivity of & =10.2, loss
tangent of tand=0.003, and thick-
ness of h=0.625mm. To adapt the
initial design for use within biological
tissue, the authors shielded the radia-
tor with a superstrate layer to insulate it
from surrounding tissues and improve
radiation characteristics. Additionally, a
biocompatible silicone coating (MED-
2000, Avantor Inc., USA; &.=2.2,
tand = 0.007, fhcoating =1.8 mm) was
applied to the PIFA, known for chemi-
cal stability and low dielectric loss.
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FIGURE 2. The configuration and geometry of the developed dual-band implanted PIFA (unit for all values is mm) [59].

Initial dimensions calculated by (1)
involve 15 mm of length (L), 10.4 mm of
width (W), and 1.5 mm of shorting strip
width (Wishorting-strip))- In the second
phase, adding slots (i and l2) into the
radiating patch reduced antenna size and
widened bandwidth, extending effective
current flow and enabling operation at
902 MHz. Further adjustments in slot
number and length facilitated operation
at 2,400 MHz, resulting in a compact,
broadband dual-band PIFA suitable for
multitasking WIMDs.

SIMULATION SETUPS

All EM simulations and numerical mod-
eling were conducted in the ANSYS
high-frequency structure simulator
(HFSS) based on the FEM method
to develop an implantable PIFA. The
authors utilized a seven-layer head
model with rectangular shaped tis-
sue layers with their thicknesses and
frequency-dependent properties based
on the four-term Cole—Cole model, as
shown in Figure 3. This validated model
offers a computationally efficient and
accurate basis for brain-implantable
antenna design.

SIMULATION RESULTS AND DISCUSSION

The silicone-coated PIFA was evalu-
ated in the seven-layer head model,
where the antenna was implanted at a
depth of 14.35 mm in the cerebrospi-
nal fluid (CSF) layer. Authors evaluated
key design parameters to develop the
primary PIFA design and tune resonant
frequencies. Varying slot lengths (/1) and
the shorting strip (I5), as well as adjust-
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ing the feeding port position, affected
impedance matching and operating fre-
quencies. Shorter slot lengths created
higher resonances, while lengthening the
shorting strip enhanced lower-band fre-
quencies, notably at 902 MHz. Increasing
the distance (d) between the shorting
strip and feeding probe degraded the
reflection coefficient magnitude. Using
these principles, parametric sweeps in
HFSS optimized antenna impedance for
ISM band frequencies. Simulation results
confirm the designed PIFA with the
volume of 11x19%1.25 mm®, which
resonates at 902 MHz and 2,400 MHz
with input reflection coefficient values
of -8.5 dB and -11.8 dB, respectively.
The achievable impedance bandwidth
spans 800 MHz to 1,000 MHz (22%) and
2,200 MHz to 2,650 MHz (18.6%). The
results confirm that the developed dual-
band PIFA effectively emits radiation
toward outward head tissues. The anten-
na, linearly polarized with an E-field in
the YZ plane, achieved peak directiv-
ity of 1.5 dBi and 7.6 dBi on the z-axis at
902 MHz and 2,400 MHz, respectively.
The developed PIFA attained maxi-

mum gain values of -26.71 dBi with a
radiation efficiency of 0.2% at 902 MHz
and -17.5 dBi with efficiency of 0.31%
at 2,400 MHz. To confirm the imped-
ance matching without compromising
the attainable antenna gain, the antenna
realized gain (Gr=G(1— [S11]7)) was
calculated, which includes -27.7 dBi and
-18.1 dBi at 902 and 2,400 MHz, respec-
tively [59].

TRIPLE-BAND IMPLANTABLE PIFA

In further numerical study, the dual-
band antenna was extended into the
triple-band PIFA using meander-
ing techniques to lengthen the radia-
tor’s effective physical length. This
approach created a third resonance
at 402 MHz while achieving antenna
miniaturization. First, several slots ([a,
I3, ls, and I5) were embedded on the
radiator to further downsize the anten-
na and widen its bandwidth. Second,
the current flow path on the radiator
was elongated by meandering these
slots. Last, an additional meandered
slot (1) near the feeding port induced
a third resonance at 2,400 MHz.

Implanted Antenna  Skin

FIGURE 3. The seven-layer human head model for the implantable PIFA [1].
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FIGURE 4. The structure and geometry of the meandered triple-band implantable PIFA (unit for all values is mm) [1].

A preliminary small implantable
meandered PIFA was developed with
dimensions of 12.6xX19x1.25 mm?®,
operating at MedRadio (402 MHz) and
ISM bands (902 and 2,400 MHz) with
satisfactory radiation characteristics.
Considering the substantial impact of
the antenna’s width and length on its
radiation performance, slight adjust-
ments were made in the latest iteration,
increasing the length and decreasing
the width, accordingly, resulting in a
5.8% reduction in the antenna’s cross-
sectional area and boosting antenna
radiation intensity, especially at lower
frequencies. To fine-tune impedance,
parametric sweeps in HFSS adjusted
crucial design parameters including
meandered slot lengths, shorting strip
length, and feeding port placement.
Shorter slot lengths (11, I3, and I5) wid-
ened higher-frequency bandwidths,
while lengthening the shorting strip (ls)
expanded lower-frequency bandwidths.
Additionally, minimizing the distance
between the feeding port and shorting

Superstrate Radiator

(a)

Ground Plane

point (d) optimizes the reflection coef-
ficient magnitude. As a result, a self-
impedance-tuned triple-band antenna
was achieved. The geometry of the
optimized preliminary impedance-
tuned triple-band antenna is detailed
in Figure 4. The substrate and super-
strate layers were adjusted by 0.635 mm
for prototype manufacturing simplicity.
The antenna resonates at 390, 902, and
2,430 MHz with reflection coefficient
magnitudes of -8.1 dB, -9.2 dB, and
-15.8 dB, respectively, featuring broad
impedance bandwidths for these fre-
quencies. However, an incidental fourth
resonance around 1,600 MHz emerged
without alignment to a designated
frequency band. In the “Quad-Band
Implantable PIFA” section, methods
will be explored to align this resonance
with the 1,395-1,400 Mz and 1,427—
1,432 MHz WMTS bands to realize a
quad-band design. This underscores the
effectiveness of small meandered PIFAs
in creating versatile multiband antennas
for biotelemetry systems.

13.5cm

(d)

FIGURE 5. The prototyped PIFA: (a) prototyped PIFA layers, (b) the assembled
PIFA with coaxial feeding cable, (c) the phantom setup for testing the PIFA, and
(d) measured impedance matching employing a vector network analyzer [1].
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PROTOTYPE OF TRIPLE-BAND
IMPLANTABLE PIFA: SIMULATION

AND EXPERIMENTAL EVALUATION

To validate the simulated antenna’s
characteristics, authors experimentally
mimicked the implantation approach.
The optimized triple-band PIFA was
manufactured and tested in an MVG’s
commercial liquid head phantom
using a plastic truncated cone-shaped
container. Figure 5(a) and (b) depicts
the fabricated prototype antenna lay-
ers on a 0.635-mm-thick Rogers
RO3210 substrate. While the seven-
layer structure is easily generated in
HFSS, creating a head phantom with
precise shape and tissue thickness is
challenging. Accurate electrical prop-
erties add difficulty; hence, authors
used tissue-mimicking liquid to control
uncertainties. A plastic truncated cone-
shaped container (height=13.5 cm,
upper radius = 8.5 cm, lower radius =
55cm) was filled with MVG’s
homogeneous liquid head phan-
tom as shown in Figure 5(c). The lig-
uid exhibits dielectric properties of
£,=43.56, 0 =0.91S/m at 402 MHz;
£,=40.89, 0=0.98S/m at 902 MHz;
and &-=3859, 0=174S/m at
2,400 MHz. A slender plastic tube
(height =13.25 mm) was affixed to the
container center to support the PIFA,
with the RF coaxial cable connector
sealed with silicone. For accurate com-
parison between measurement and
simulation results, the authors recre-
ated the plastic container shape filled
with tissue-mimicking liquid in HFSS.
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Figure 5(d) shows the measurement
of the prototype PIFA’s input reflec-
tion coefficient using a vector network
analyzer to assess impedance matching.
The results align well at the MedRadio
band (402 MHz) and the lower ISM
band (902 MHz), although the high-
er ISM band frequency (2,400 MHz)
shows slight deviations. Slight varia-
tions in the phantom’s permittivity and
conductivity for different frequency
ranges can shift the measured imped-
ance bandwidth, particularly noticeable
in the higher ISM band, as depicted in
Figure 6. These variations also impact
the reflection coefficient magnitude.
Additionally, difficulties in controlling
silicone coating thickness in practical
settings affect impedance matching at
higher frequencies. The authors then
investigated the prototype PIFA’s
radiation performance in head SAR
liquid. Measurements were taken in
an anechoic chamber for the MedRa-
dio band (ETS-Lindgren RF-shielded
enclosures) and a near-field system for
ISM bands. The anechoic chamber,
lined with radiation-absorbent mate-
rial, measured far-field performance
up to 550 MHz at a three-meter dis-
tance. The setup for testing the anten-
na at the MedRadio band (402 MHz)

Thus, the numerical model
and prototype multihand

PIFA demonstrate advanced

radiation characteristics,
outperforming previous
studies despite deeper
implantation.

is shown in Figure 7(a). The PIFA in
the liquid head phantom was tested in
the Satimo Starlab anechoic chamber
for ISM bands (902 and 2,400 MHz),
as illustrated in Figure 7(b). Figure 8
presents the simulated and measured
antenna gain patterns for resonant fre-
quencies of 402, 902, and 2,400 MHz
in the XZ and YZ planes. Due to mea-
surement limitations, the YZ plane gain
pattern for 402 MHz could not be mea-
sured. As Figure 9 depicts, the calcu-
lated realized gain (Gr=G(1—|Su )
shows good agreement between mea-
surements and simulations near the
target frequencies, confirming effec-
tive impedance tuning without sacrific-
ing gain. At 402, 902, and 2,400 MHz,
the antenna achieves realized gains

of —456, —27.6, and —25.4dBi.

8 o — RS
S = 10 s
= s
38 -20 .
© £ 30
o 8 1 L | L I 1
(@] 0.4 0.8 1.2 1.6 2 2.4
Frequency (GHz)
— Simulation (CSF) — Simulation (Container) — Measurement

FIGURE 6. A comparison of the simulated and measured reflection coefficient [1].

Table 2 provides the attain-

able antenna gain and radia-

tion efficiency percentages.

The authors also evaluated

the SAR values to determine

the maximum allowable net

input power for safety com-

pliance, adhering to IEEE

C95.1-1999 (FCC) and

IEEE C95.1-2005 (ERC)

standards. The antenna also

needs to meet the equiva-
lent isotropic radiated power (EIRP)
levels specified by FCC and ETSI
standards for the target frequencies
(402, 902, and 2,400 MIz) [1]. These
regulatory requirements may impact
the practical application by necessitat-
ing additional design iterations, mate-
rial evaluations, and testing procedures
before clinical use. Nonetheless, this
approach considers these constraints
early in the process to enhance the
feasibility of eventual regulatory com-
pliance and real-world deployment.
Table 2 indicates that the maximum
transmission power under the EIRP
limitation significantly increases at 902
and 2,400 MHz, reaching 173 mW at
402 MHz for a simulated antenna gain
of -38.4 dBi. As shown in Table 2, the
average SAR for the implanted PIFA in
a seven-layer human head model with 1
W transmitting power was numerically
characterized. Table 2 also presents
the corresponding maximum transmis-
sion power levels. The data confirm
that SAR safety limits are stricter than
EIRP limits. However, even the low-
est radiated power of 5.9 mW is high
for low-power radio telemetry systems
used in wireless implant communica-
tion. Thus, the numerical model and

FIGURE 7. The measurement setup of the prototyped triple-band PIFA within liquid at 13.25 mm depth in (a) an anechoic
chamber and (b) the Satimo Starlab anechoic chamber [1].
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FIGURE 8. The simulated and measured antenna gain (dBi) at XZ and YZ planes at (a) 402, (b) 902, and (c) 2,400 MHz [1].
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FIGURE 9. A comparison of the simulated and measured realized gain of the triple-
band implanted PIFA [1].

I TABLE 2. THE ANTENNA GAIN, RADIATION EFFICIENCY,
SIMULATED MAXIMUM SAR VALUES, AND MAXIMUM
ALLOWABLE INPUT POWER.

Maximum SAR
(W/kg)for TW Maximum Allowable
Gain (dBi) | RE (%) InputPower  Input Power (mW)
(95.11999 (€95.1-2005
Sim/ 1 10 (SAR<  (SAR<
Frequency Sim/CSF Container Measured g-avg g-avg 1.6W/kg) 2W/kg)
402 —38.4|0.01 —40.9|0.01 —-43.6|N/A 995 126 16. 159
902 —-22.4]0.10 —24.1|0.20 —-25.8|0.40 207.8 35.8 7.7 56
2,400 —25.8/0.10 —22.8|0.10 —20.1|130 272 334 59 60

RE: radiation efficiency.
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prototype multiband PIFA demonstrate
advanced radiation characteristics, out-
performing previous studies despite
deeper implantation. PIFA attains a
self-tuned triple band, a novel feature.
Prior triple-band antennas were tested
in the skin layer, which is a less lossy
tissue environment than the CSF layer.
Optimizing substrate and superstrate
properties enhances performance.
Removing the superstrate and using a
lower-permittivity substrate improves
peak gain [60]. This design is suitable
for deep brain implants, enabling
far-field WPT data. Fine-tuning
impedance ensures stable and effi-
cient communication links for wireless
brain implants [61].

QUAD-BAND IMPLANTABLE PIFA

In further numerical analysis, authors
developed a miniature self-matched
quad-band meandered PIFA resonat-
ing at MedRadio (402 MHz), WMTS
(1,430 MHz), and ISM (902 and
2,450 MHz) bands [62]. The design
maintains the same size as the triple-
band antenna (11X 20.5%1.8 mm®)
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FIGURE 10. The configuration of the developed meandered quad-band implanted PIFA (unit for all values is mm) [62].

implanted in the CSF layer within the
cranial cavity [62]. Figure 10 demon-
strates the developed quad-band PIFA
configuration. The simulation results
confirm the satisfactory gain val-
ues with adequate broad bandwidths

and suitable radiation efficiencies at
the 13.25-mm brain implant depth.
As further advancement, the authors
optimized and simplified the quad-
band PIFA structure utilizing a single
substrate layer (Rogers RO3210) with

Reflection
Coefficient (dB)

1
0.4 0.8 1.2

1
1.6 2 2.4 2.8

Frequency (GHz)

— Improved Quad-Band PIFA [63] — Quad-Band PIFA [62]

— Triple-Band PIFA [1]

FIGURE 11. The simulated reflection coefficient of the improved quad-band [63],

quad-band [62], and triple-band PIFA [1].

Implant Unit With SoC

a thickness of 1.27 mm. Moreover,
adjusted slots’ arrangement and edge
cut improved antenna performance
[63]. Figure 11 depicts the improve-
ment of impedance tuning for the
quad-band PIFA. The simulation
results demonstrate that the improved
PIFA achieves the standard reflection
coefficient of below —10 dB at all four
frequencies. In addition to antenna
characteristics, the practical implant
scenario must be considered. Figure 12
illustrates a potential application where
the antenna is integrated into an SoC-
based brain implant platform for dopa-
mine monitoring in Parkinson’s disease,
enabling data telemetry, wireless pow-
ering, and control through multiplexing
and SDR techniques.

p
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FIGURE 12. The platform of in-body and off-body units for wireless dopamine monitoring.
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CONCLUSIONS

The utilization of medical implants for
wireless brain care constitutes an inno-
vative paradigm within the biomedical
domain. This review outlined design
approaches and implementations, and
the examined three compact PIFA
case studies were designed to oper-
ate at MedRadio (402 MHz), WMTS
(1,430 MHz), and ISM (902 and
2,400 MHz) with inherent 50-Q match-
ing. Meandered slots and grounding
techniques enabled miniaturization,
with EM performance optimized via
full-wave simulations in a seven-layer
head model and validated experimental-
ly in tissue-mimicking liquid. The find-
ings align with known depth-dependent
efficiency limits and the bandwidth,
size, and SAR tradeoffs of in-tissue
operation. The authors™ current work
focuses on manufacturing and testing
the optimized quad-band PIFA and its
testing in SAR head liquid phantom.
These tests will evaluate short-term per-
formance such as impedance match-
ing, resonance stability, and radiation
efficiency. Within an SoC-based frame-
work, the reviewed multiband PIFAs
enable multifunctional operation in
future wireless brain implants, while
upcoming work will include extended in
vitro tests to verify long-term reliability
and material stability.
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