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Communication
A Stable Impedance-Matched Ultrawideband Antenna System Mitigating

Detuning Effects for Multiple Biotelemetric Applications
Abdul Basir and Hyoungsuk Yoo

Abstract— Implantable antennas are integral but challenging com-
ponents of wireless biomedical implants. They are very sensitive to
variations in host tissue environments and their performance is affected
by coupling with circuitry and other components. To overcome these
issues, a small-sized ultrawideband antenna system with stable impedance
matching has been proposed. The suggested antenna has a small volume
of 28.85 mm3 and mitigates detuning due to changes in implantation
scenarios or coupling with circuitry and batteries of the device. Initially,
the antenna and devices were designed in a homogeneous muscle box
using finite element method-based Ansys HFSS. For further verification
and multiple applicability, the proposed antenna within the devices
was implanted into different implantation sites in a realistic human
Duke model and analyzed through finite-difference time-domain-based
Sim4Life. Each full package device is composed of batteries, electronics,
an antenna system, and sensor packs enclosed in a biocompatible
casing. The proposed antenna was fabricated, devices were printed using
3-D printing technology, and measurements are carried out through
immersion in a saline solution and in a porcine heart. A wide bandwidth
of ≥84% in both simulations and measurements were achieved for all
possible cases.

Index Terms— Bandwidth, link budget, parametric analysis, sensors,
ultrawideband.

I. INTRODUCTION

Wireless biomedical implant systems are devised for monitoring,
diagnosis, treatment, and wireless telemetry of physiological prop-
erties of patients [1]–[5]. The state-of-the-art systems have been
made and used to investigate heart rate [6] and monitor glucose
levels [7], perform body temperature and intracranial pressure mea-
surements [8], [9], perform capsule endoscopies [10], [11], retinal
prosthesis [12], and cardiac pacemakers [1], [2]. An implantable
antenna is considered the most fragile and critical component of a
wireless telemetric implant due to its small size, complex impedance
matching while operating in lossy tissue environments, coupling with
circuitry and other components, and licensing of frequency bands.

The most commonly used Medical Implant Communication
Service (MICS) (402–405 MHz) band is a narrow band and leads
to small data rates. Several medical implants like capsule endo-
scopes require adequate bandwidths to support higher data rates.
For such applications, the higher license-free industrial, scientific,
and medical (ISM) bands (902–928 MHz, 2.4–2.4835 GHz, and
5.725–5.875 GHz) are preferred. However, at higher frequency bands,
the losses become significant because tissues become more conduc-
tive. In addition, their exposure to higher frequency electromagnetic
waves creates safety issues [13]. Moreover, higher unlicensed bands
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are overloaded with a bunch of wireless systems like ZigBee,
WLAN, Bluetooth, and other modern-day Internet-of-Things (IoT)
devices, which can cause significant interference. At higher frequen-
cies, the free-space path-loss becomes significant, which shortens
the communication range. As a consequence, a suitable frequency
band combining small size, adequate bandwidth, and good radiation
capability along with an in-limit specific absorption rate (SAR),
is necessary [10].

Human body tissues are heterogeneous in nature, and performance
of an implantable antenna is subject to the specific host tissue
environment. As each body tissue has different permittivities and con-
ductivities, detuning occurs if the implantation scenario of the antenna
is changed. Nonstatic implants like capsule endoscopes, which move
in the digestive track, experience severe detuning. To mitigate
this detuning, wideband implantable antennas are proposed [10].
Tsai et al . [14] achieved an impedance bandwidth of 68% with an
antenna volume of 80 mm3. Xu et al . [15] and Asili et al . [16]
presented meandered antennas and planar and inverted-F antennas
with opened ground slots with enhanced impedance bandwidths in the
range of 28%–40%. Liu et al . [17] demonstrated a circular polarized
wideband antenna with a volume of 285.75 mm3 with fractional
bandwidth of 17%. Spiral antennas were investigated for capsule
endoscopes by Kwak et al . [18] and Lee et al . [19] with 17.4%
and 21% bandwidths, respectively. For capsule endoscopes, confor-
mal configurations were proposed in studies by Das and Yoo [10]
and Yun et al . [11]. However, in all aforementioned studies, antennas
were designed to target only one specific application, have relatively
large sizes, and were very sensitive to the surrounding environment
and battery position.

Implantable devices have limited space with all components placed
inside a very small device architecture. The orientation of the antenna,
batteries, and circuitry inside the implant device is very important
because batteries have metallic casing and circuitry contains PCB,
thus creating coupling of the antenna with the batteries and circuitry.
The detuning effect due to batteries has been investigated in many
studies [2], [5], [8], [10]; however, a very few studies slightly touched
the detuning effects due to coupling with circuitry [8], [9], [19].

All previous studies discussed antenna designs for only one tar-
geted application because multiple applicability is associated with
different devices architectures and different implantation scenarios.
Chen [3] discussed the detuning effects caused by the variations
in surrounding tissue environments. On the other hand, most of the
studies discussed the detuning effects due to batteries, and only a few
referred to the coupling between the implantable antenna and circuitry
of the device. This communication presents a very small-sized spiral-
shaped wideband antenna integrated with two full package implanted
devices (capsule type for deep tissue implantation and flat type for
skin like implantation) that can be used in most wireless medical
implants. The proposed antenna system, the flat-, and capsule-type
devices have small volumes compared to prior studies. The antenna is
implanted and simulated in different body parts (scalp, arm, and heart)
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Fig. 1. Geometry of the proposed antenna. (a) Radiating patch. (b) Ground.
(c) Top view. (d) Side view. (e) Exploded view.

with the full package of either devices and measured (without and
within 3-D printed devices containing batteries and dummy circuit
boards) in different scenarios (saline solution and porcine heart). The
proposed antenna system had good peak gain (Gt > −30.2 dBi) and
high bandwidth (BW ≥ 84%) in both simulations and measurements.
Furthermore, an adaptive approach is suggested for the link budget
to set the range and data rates according to the available power and
application.

II. ANTENNA SYSTEM AND DEVICES ARCHITECTURE

A. Ultrawideband Antenna System Design

The geometry with the overall dimensions of the proposed ultra-
wideband antenna system is shown in Fig. 1. The proposed antenna
consists of a two-sectioned spiral-shaped radiating patch and a slotted
ground as depicted in Fig. 1(a) and (b). To excite the antenna, a 50 �
coaxial feed with a radius of 0.3 mm was attached to one side
of the spiral patch. A high permittivity laminate: Rogers RO 6010
(relative permittivity, εr = 10.2 and loss tangent, tanδ = 0.003) was
used as the substrate and superstrate layers with standard thicknesses
of 0.635 and 0.127 mm, respectively. The superstrate layer helped
in miniaturization and insulating the proposed antenna from the
direct contact of body tissue. The spiral shape of patch extended the
electrical length and enhanced the −10 dB bandwidth of the antenna.
Fig. 1(c)–(e) shows the top, side, and exploded views, respectively.

Open-end slots in the ground are often used for impedance
matching, miniaturization, and creation of extra bands [9], [10].
Here, the modified open-end ground slot offers three advantages:
1) matching of the antenna system through slot S1 at lower frequen-
cies; 2) the wideband characteristic through slot S2 by stabilizing
the impedance matching at higher frequencies in wideband; and
3) significant miniaturization is obtained through S2 to achieve the
very small volume of 28.85 mm3.

Initially, spiral patch was selected and backed by a full ground with
no slot. The antenna operated around 2.5 GHz. However, the |S11|
at 915 MHz was around −5 dB, and the current distribution of the
antenna was highly imbalanced which led to impedance mismatching
as depicted in Fig. 2. To make the current distributions balanced,
a slot S2 was created on the ground as shown in step 2 in Fig. 2(a).
Through slot S2, the impedance matching at lower frequencies is
achieved. To further stabilize the impedance at higher frequencies,
another slot S1 is embedded. To modify the ground slot, a series of
steps were followed to make the current distributions on the patch
and ground balanced, and make the antenna fully matched as depicted

Fig. 2. Designing steps for modified ground slots to achieve ultra-wide
bandwidth and stable impedance matching and broadband surface current
distributions. (a) Designing steps and the respective current distributions.
(b) Reflection coefficients of followed steps. Current distributions ground and
patch of optimized antenna at (c) 730 MHz, (d) 915 MHz, (e) 1100 MHz,
and (f) 1410 MHz.

in Fig. 2(a). Fig. 2(a) shows the steps followed to modify the ground
slot and the respective current distributions on the ground associated
with each step. It is evident from Fig. 2(b) that the impedance
bandwidth is enhanced after each stage of modification and the
current distributions become more balanced.

The wideband current distributions of the proposed antenna at
different frequencies within wideband are shown in Fig. 2(c)–(f).
At lower frequencies, 730 and 915 MHz, as shown in
Fig. 2(c) and (d), respectively, where the currents transverse in same
direction on the patch, which is λ/4 monopole mode. However,
at higher frequencies: 1100 and 1410 MHz, the current changes
the flow direction once on patch as depicted in Fig. 2(e) and (f),
which shows that at these frequencies the antenna is resonating
with λ/2 monopole mode. Prior to slots (S1, S2) creation, the current
was confined to the edges of the ground, which implied adversed
effects on matching of antenna. The construction of the modified
slot made the current distribution homogeneous on the ground. This
homogeneity minimized the impedance sensitivity of the antenna and
make antennna’s matching stable, which was the ultimate goal of this
communication.

B. Lumped Element Circuit Model

In terms of matching, an antenna can be characterized as 50 �
load. To model ultrawideband antenna, an impedance bandwidth can
be attained by multiple closely occurred resonances. Each individual
resonance can be denoted by connected RLC in parallel (tank)
circuit, and a series of closely resonating tank circuits constitute a
wideband. For more in-depth analysis, an equivalent circuit model is
designed in advance design system (ADS) for the proposed antenna as
depicted in Fig. 3(a). This model is based on the degenerated Foster
canonical form, which is widely used to analyze the characteristic
parameters of ultrawideband antennas [20]–[22]. L f and C f are the
inductance and capacitance of the antenna, when it is operating at first
resonance frequency. Higher resonances are achieved by three tank
circuits connected in series, where R1, R2, and R3 represents the
radiation resistance of each tank ciruit, respectively. It is observed
that the modified ground slot that is the combination of the two
slots S1 and S2, which are working in parallel. Each ground slots
is modeled as parallel combination of an inductor and a capaci-
tor (C4 and L4, C5 and L5). To find the effect the of the modified
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Fig. 3. Proposed equivalent lumped element model for utra-wideband antenna
and impedance-frequency response. (a) Circuit model and its lumped elements
values. (b) Simulated (ADS and HFSS) and measured impedance-frequency
response (Z11 vs. frequency).

ground slot, both slots S1 and S2 are connected in parallel as shown
in Fig. 3(a). Equivalent values of the slot’s capacitance (Cslot) and
inductance (Lslot) are calculated by solving the standard equations
of tank circuits. Later, the values are found and implemented in
circuit model’s level too. The modified ground slot helps in stabilizing
the input impedance of the antenna over wideband: S1 controls the
stability of the impedance matching at upper side of the bandwidth
and S2 enhances the impedance matching at the lower side of the
wideband. Conjointly, these slots provide stable impedance matching
over broadband. The circuit model’s parameters are extracted from
ADS as given in the table in Fig. 3(a).

Fig. 3(b) shows the comparison input impedances extracted from
the circuit model simulations in ADS, electromagnetic (EM) sim-
ulations from the HFSS, and the measured one. It is evident from
Fig. 3(b) that the real part of the input impedance Re(Z11) is in the
range of 44–56 � and the imaginary part Im(Z11) is in the range
of − j15 to j15 � across the wideband. From such ranges of real
and imaginary parts of input impedance, it can be concluded that the
antenna is well matched in the whole wideband range.

C. Systems Architecture

Every biotelemetric application has its own corresponding implan-
tation site and specialized implantable device architecture. Most of
the system-level studies used one of the two types of designs: flat-type
and capsule-type devices, which are discussed in this communication.
Fig. 4(a) shows the capsule-type device for deep tissues applications
with a length of 18 mm and a diameter of 7.5 mm. Fig. 4(b)
shows the flat-type device for skin applications, with a length, width,
and height of 18, 7.5, and 3.5 mm, respectively. Each full-package
device contained an ultra-wide band antenna system integrated with
an electronics pack, a sensor pack, and two 337-type batteries each
with a diameter of 4.8 mm and height of 1.65 mm enclosed all
in a biocompatible 0.25 mm thick alumina ceramic (εr = 9.8 and
tanδ = 0.006) casing constituting the small volumes of 456.42 and
643.32 mm3, respectively. The architecture of the proposed devices
was printed using 3-D printing technology, and antennas were placed
in devices with dummy circuit boards and 337-type batteries as shown
in Fig. 5(c). The casings were carefully closed using instant adhesive
glue, ensuring that the testing liquid did not enter the device.

D. Simulation and Measurement Setups

Initially, the proposed antenna system was designed and optimized
in the middle of the 100 mm × 100 mm × 100 mm homogeneous
skin box using HFSS, as depicted in Fig. 5(a). The properties of
body tissues are dependent on frequency. In the HFSS simulations

Fig. 4. Implantable devices. (a) Capsule-type (deep tissue implant).
(b) Flat-type (skin-implant).

Fig. 5. Simulation and measurements setups and fabricated prototypes.
(a) Simulations setups for the design, optimization and validation of the
ultra-wideband antenna and implanted devices. (b) Measurement setups, for
validation of radiation pattern and |S11| for different scenarios. (c) Fabricated
prototype of the proposed antenna, dummy circuit board and 3-D printed
devices.

setup for skin, the permittivity was εr = 41.35 and conductivity
was σ = 0.87. For muscle, the permittivity was εr = 55 and
conductivity was σ = 0.948 used for the homogeneous phantoms
at 915 MHz [8]–[12]. The far-field radiation boundary was fixed at
least λo/4 away from the proposed antenna system in all directions
at a lower frequency (500 MHz) of the sweep range. Furthermore,
the ultrawideband antenna system was integrated with full-package
devices and implanted into different sites (heart, scalp, and arm) of
a fully frequency-dependent and more realistic human Duke model
using Sim4Life based on the finite difference time domain technique.
Furthermore, a parametric analysis was carried out on the height of
the substrate to achieve optimal gain and bandwidth with a reasonable
volume. A tradeoff was found between the gain and bandwidth over
the height of the substrate, as shown in Fig. 6. The bandwidth
and gain increased with the height of the substrate up to a certain
limit [23].

Finally, the reflection coefficients of the fabricated prototype were
measured immersed in saline solution and in a porcine heart in
the American Society for Testing and Materials (ASTM) mode
and headlike phantom. The radiation pattern was measured at the
middle of the container filled with low-fat minced pork, as shown
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Fig. 6. Parametrically analyzed gain and bandwidth versus height of
substrate.

Fig. 7. Comparison of Simulated (EM simulations in HFSS and Sim4Life and
circuit model in ADS) and measured reflection coefficients of the proposed
antenna system in different implantation scenarios.

in Fig. 5(b). Additionally, for system-level analysis, the fabricated
antenna is placed with a dummy circuit board and batteries, all were
enclosed in 3-D printed devices, as shown in Fig. 5(c) and their
|S11| were measured as depicted in Fig. 7. The circuit accompanied
with the proposed antenna shown in Fig. 5(c) is a two-stage voltage
doubler, which is based on the Wilkinson multiplier topology. This
voltage doubler is specially designed for energy harvesting purposes
to operate the implantable devices passively without batteries, which
is the future goal of this communication.

III. RESULTS AND DISCUSSION

Finite element method (FEM)-based HFSS and a homogeneous
skin and muscle phantoms were used for designing and optimization
of the proposed antenna system and devices architecture. Further-
more, the antenna was integrated with flat and capsule-type devices,
implanted into the Duke model, and validated through the finite-
difference time-domain (FDTD)-based simulation environment in
Sim4Life, as shown in Fig. 5(a). The height of the substrate was
parametrically analyzed to achieve good bandwidth and reasonable
gains with the compact size. The gain and bandwidth variation against
the height of the substrate is depicted in Fig. 6. Fig. 7 shows the
comparison of the simulated and measured reflection coefficients
(|S11|) for the intended cases. The impedance (−10 dB) bandwidth
in each case was greater than 84% for all the measured cases.
This adequate bandwidth covered the useful license-free bands of
868–868.6 MHz and 902–928 MHz, enabling the proposed antenna
system to operate in different implantation sites for diverse applica-
tions. In real-life applications, the implantable antenna is connected
with and fed by a transceiver inside the implant enclosed by its

Fig. 8. Simulated and measured |S11| of the proposed antenna system
integrated with full package of circuitry inside capsule and flat-type devices
and coupling analysis for antenna within systems. (a) |S11| comparison of the
antenna within systems. (b) E-field distributions on the circuitry and other
components of the devices (capsule and flat-type devices).

waterproof casing. In this communication, practical considerations,
the antenna was placed inside the full package devices: flat-type
and capsule-types. In the combined form with the devices, the gain
pattern was unchanged in both capsule and flat-type devices because
the radiation from the antenna emanated from a sidelike orientation,
which was negligibly affected by either the circuitries or other
components of the devices. Placing circuitry and batteries near
the antenna causes coupling, which degrades the performance and
detunes the antenna. This coupling effect is seen predominantly when
the antenna size is comparable or smaller than circuitry and batteries.
In this communication, the inclusion of circuitry and batteries did
not affect radiation performance. There were no parallel conductors
placed near the ground plane in capsule-type device, thus detuning
was negligible. As shown in Fig. 8(b), a very negligible effect of
E-field was noticed on the circuitry in this case. Likewise, a very
small change was noticed when conductor sheets were placed parallel
to the ground plan in flat-type cases. In this orientation, coupling
occurred between the antenna system and parallel conductor sheets
to the ground and other components, which was obvious from the
E-field distributions shown in Fig. 8(b). However, the proposed
antenna had such a high bandwidth and stable impedance that the
performance of the antenna could not be affected by detuning due to
coupling, as depicted in Fig. 8(a). The figure presents the comparison
of the simulated and measured reflection coefficients of the antenna
inside devices with simulated one prior to integration.

The simulated peak gains inside the homogeneous skin box and
realistic human heart, scalp, and hand were −28.6, −30.2, −27.7,
and −28 dBi, respectively. Although the measured peak gain in
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Fig. 9. Simulated (in homogeneous skin phantom and in realistic Duke’s
heart) and measured (in a porcine heart) far-field gain patterns and efficiency
(plotted against frequency) of the proposed antenna system. (a) Elevation
(XZ plane) and Azimuthal (XY plane). (b) Simulated peak gain and efficiency
plotted against frequency.

TABLE I

DETAILED COMPARISON OF THE PROPOSED ANTENNA

SYSTEM WITH REFERENCED STUDIES

minced pork was −29.3 dBi. Fig. 9(a) depicts the comparison of
the simulated (only worst case among all the simulations results)
and measured radiation gain patterns, whereas Fig. 9(b) simulated
gain and efficiency with measured gain plotted against frequency.
Regardless of homogeneity, heterogeneity, implantation site, and
integration with devices, the gain patterns were identical. However,
the peak values depended on implantation depth. A reduction in peak
gain value was observed with an increase in implantation depth, but
the direction of the maximum gain was toward outside of the body.
It is worth mentioning here that for radiation pattern calculation in
HFSS, the radiation boundaries were set at least λo/4 (at lower a
frequency of 500 MHz) away in all directions from the edges of the
proposed antenna. However, in the FDTD environment (Sim4Life),
the radiation boundaries were calculated and set by the simulator
automatically over the frequencies of interest (915 MHz).

Table I shows the detailed comparison of the proposed ultraw-
ideband antenna system with some previously reported implantable
antennas. The proposed antenna has the smallest size and such
a high bandwidth that it can tolerate detuning, while targeting
diverse applications. For safety concerns, the peak SAR values
were calculated under IEEE C95.1-1999 and C95.1-2005 standards.
The peak SAR values at an input power of 1 W for the capsule-type
device in the heart were 796.1 and 64.1 W/Kg, which were the worst
cases among all implantation environments. To remain under the
safety limits, the maximum input power were 2.01 and 31.2 mW for
IEEE C95.1-1999 (1 g) and IEEE C95.1-2005 (10 g) SAR standards,

TABLE II

FACTORS OF THE LINK BUDGET

Fig. 10. System margin versus coverage range with adaptive input powers
and data rates at 915 MHz.

respectively, which are much greater than the maximum allowable
power (25 μW). As a result, the proposed antenna system operated
well under the SAR safety limits.

To specify the coverage range associated with different
losses [8], [9], a link budget was calculated. The margin between
the available antenna power (PA) and the required power (PR) to
transmit the data over a reasonable range must be greater than 0 dB.
However, in this communication, the link margin was fixed at least
at 25 dB for seamless transmission. The link budget parameters are
listed in Table II, where the input power Pt is adaptive with respect
to the data rates and distance. This adaptiveness provides flexibility
to the system to transmit data efficiently over a wide range based on
the application. This flexibility also can extend the battery life of the
implantable devices. It is evident from Fig. 10 that as the transmission
rate increases, the communication range decreases. The system can
communicate up to 1.2, 3, 9, and 30 m distances with bit rates
of 10 Mb/s, 5 Mb/s, 0.5 Mb/s, and 7 kb/s at input powers of 25 μW.
At 25 mW, the transmission range is 11 m at 70 Mb/s, which can
be used for applications such as video streaming during surgeries,
capsule endoscopies, and other applications where high data rate is
required. The adaptive technique enables the device to set the range
according to the application at minimum power usage criteria.

IV. CONCLUSION

This communication presents an ultrawideband antenna system
for multiple biotelemetric applications with a very small volume
of 28.85 mm3. The proposed antenna system was integrated with
two implanted devices with full-package electronics and inserted
into different implantation sites to substantiate its use for multiple
applications. To specify the range over which the in-body implant can
communicate with nearby base station, a link budget is calculated.
The antenna system has the ability to support high data rates over
a reasonable distance, operating well under the SAR safety limits,
and can tolerate detuning while operating in different implantation
sites. Acceptable simulated peak gains inside the homogeneous skin
box and realistic human heart, scalp, hand and measured in minced
pork are −28.6, −30.2, −27.7, −28, and −29.3 dBi are achieved,
respectively. The measured results exhibit good agreement with the
simulated results, and a satisfactory measured bandwidth of >84%
is achieved in all cases.
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