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Communication
Design and Analysis of a Compact-Sized Multiband Spiral-Shaped Implantable

Antenna for Scalp Implantable and Leadless Pacemaker Systems
Izaz Ali Shah , Muhammad Zada , and Hyoungsuk Yoo

Abstract— In this communication, a multiband spiral-shaped
implantable antenna for scalp implantation and leadless pace-
maker systems is presented. The proposed antenna has the
following operational bands: medical implanted communication ser-
vice (MICS) (402–405 MHz), industrial, scientific, and medical
(ISM) (433.1–434.8 MHz and 2400–2483.5 MHz), and midfield
(1520–1693 MHz). The recommended antenna system consists of two
implantable devices: a flat-type scalp implantable device and a
capsule-type leadless pacemaker. In each device, the antenna is integrated
with controlling electronic components and a battery. The proposed
antenna has a compact size of 17.15 mm3 (7 mm × 6.5 mm × 0.377 mm).
A significant size reduction for the antenna is achieved by using a spiral-
shaped radiator with two symmetrical arms and introducing an open-end
slot in the ground. The key features of the proposed antenna are its
compact size, vialess ground plane, multibands, wide bandwidth, and
satisfactory gain values compared to other implantable antennas. The
maximum realized gain values of the proposed structure are −30.5, −30,
−22.6, and −18.2 dBi at 402, 433, 1600, and 2450 MHz, respectively. The
design and analysis of the antenna are carried out with simulators, based
on the finite-element method (FEM) and the finite-difference time domain
(FDTD). The performance of the antenna is experimentally validated
using a saline solution and minced pork muscles. Moreover, the specific
absorption rate (SAR) distributions at all frequencies induced by the
implantable antenna are evaluated. In addition, a wireless communication
link budget is calculated to specify the range for biotelemetry at data
rates of 7 and 100 kb/s.

Index Terms— Bandwidth, implantable, industrial, scientific, and
medical (ISM), link budget, midfield, miniaturization.

I. INTRODUCTION

Implantable medical devices (IMDs) support an expanding variety
of diagnostic and therapeutic functions including sensing, stimulation,
monitoring, and drug delivery [1]–[6]. Antenna-enabled biotelemetry
is a key component in IMDs for wireless communication with
the external environment and has drawn significant research inter-
est regarding antenna design and performance. In the design of
implantable antennas for IMDs, various factors and challenges such
as small size, tissue coupling, acceptable communication ability,
bandwidth, specific absorption rate (SAR) for patient safety, and
licensing of the operating frequencies must be taken into consid-
eration [5], [6]. For instance, the medical implant communication
service (MICS) band (402–405 MHz) is universally used for med-
ical implant communication, whereas the industrial, scientific, and
medical (ISM) bands (433.1–434.8 MHz and 2400–2483.5 MHz)
vary from country to country. Moreover, the low gigahertz range,
in which evanescent fields in the air and propagating modes in tissues
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contribute to the wireless power transfer in small-sized implants,
is known as the midfield band [7], [9]. Researchers have proposed
higher frequencies in the midfield band for wireless power transfer
when the receiver size is very small (receiver << λ) in comparison
with the distance between the transmitter and receiver. Assuming our
proposed antenna size, the frequency range (1520–1693 MHz) was
suggested as a midfield band.

Recently, several implantable antennas have been suggested for
various telemetry applications. A dual-band implantable antenna for
skin implants was suggested in [3]; the antenna had bandwidths
of 30 and 170 MHz at 402 and 2400 MHz, respectively, with low-gain
values despite its large volume of 642.6 mm3. Another implantable
antenna for medical devices operating at 402 MHz was proposed
in [4]; although the antenna had a wide bandwidth, the profile of
the antenna was large and the corresponding gain value was small.
Similarly, another multiband implantable antenna had gain values of
−40.85, −32.98, and −22.37 dBi at 402, 915, and 2450 MHz with
a large volume of 52.5 mm3[5]. The antenna exhibited satisfactory
gain value at higher frequency band but insufficient value at lower
frequency band. Most recently, a scalp-implantable dual-band antenna
for intracranial pressure monitoring with a volume of 24 mm3 was
proposed in [6]. The antenna was limited to a single application and
had a high SAR at corresponding gain values.

In this communication, we present a compact spiral-shaped
implantable antenna with multiband characteristics for biotelemetry
applications. The two symmetric arms of the spiral-shaped antenna
made the configuration simple and compact in size. The proposed
multiband antenna has a miniaturized volume of 17.15 mm3, which
is the smallest size with high gain values and enhanced bandwidth,
compared to those stated in the literature. To achieve miniaturiza-
tion of the proposed antenna, a spiral patch, high-dielectric sub-
strate/superstrate, and an open-end ground slot were used. Besides
the resonance at 1600 and 2450 MHz bands, adding an open-end
slot in the ground plane at the appropriate position resulted in
a wide bandwidth (356–504 MHz), which cover the MICS band
(402–405 MHz) and ISM band (433.1–434.8 MHz). Moreover,
the proposed antenna is integrated with dummy electronics and
a battery to constitute the device architecture: a flat-type device
for scalp implantation and a capsule-type leadless pacemaker as
shown in Fig. 1. Initially, the antenna was designed and analyzed
in a homogeneous skin phantom with dimensions of 100 mm ×
100 mm × 100 mm. The antenna was then integrated with scalp
implantation and leadless pacemaker systems. The integrated antenna
performance was validated in a heterogeneous environment in the
head and heart tissues of a realistic human body model according to
the desired applications. The maximum measured realized gain values
of −30.5, −30, −22.6, and −18.2 dBi were observed in the minced
pork muscles at 402, 433, 1600, and 2450 MHz bands, respectively.
For wireless communication analysis, the link budget was calculated.
Moreover, for safety concerns, the SAR and maximum input power
were calculated. Finally, the proposed antenna’s performance was
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TABLE I

COMPARISON OF THE PROPOSED ANTENNA WITH PRIOR WORK

Fig. 1. Detailed architecture and dimensions of the implantable devices.
(a) Scalp implantation device. (b) Leadless pacemaker.

compared with recently published papers about implantable antennas
in Table I. The proposed antenna exhibited salient features with a
smaller volume than that of other implantable antennas [1], [3]–[6].

II. METHODOLOGY

A. Antenna Systems Design and Current Distributions

Fig. 2 shows the detailed geometric model of the proposed
spiral-shaped implantable antenna with dimensions of 7 mm ×
6.5 mm × 0.377 mm (17.15 mm3). As shown in Fig. 2(a), the radi-
ating patch has a spiral structure with two symmetrical upper and
lower arms. Fig. 2(b) shows the ground plane of the proposed antenna
with an open-end slot, which was responsible for the significant
miniaturization effect, bandwidth enhancement, and tunning at cor-
responding frequencies. The Rogers RT/duroid 6010 (εr = 10.2 and
tanδ = 0.0035) was used for both the substrate and superstrate with
the thicknesses of 0.25 and 0.127 mm, respectively. We selected a
high-dielectric material for the substrate/superstrate, which reduced
the resonance frequencies and permitted antenna miniaturization.
Moreover, the thin superstrate layer further shifted the resonance
frequencies to the lower side. Therefore, a more miniaturized and
compact implantable antenna was achieved. The exploded view of
the proposed antenna is illustrated in Fig. 2(d). The antenna was
excited by using a 50 � coaxial feed with a diameter of 0.4 mm.
The multiband operation with enhanced bandwidth was achieved by

Fig. 2. Footprint of the proposed multiband implantable antenna (units: mm).
(a) Radiating patch. (b) Ground plane. (c) Side view. (d) Exploded view.

Fig. 3. Current distribution for the proposed multiband implantable antenna
at resonance frequency of (a) 402 MHz, (b) 1600 MHz, and (c) 2450 MHz.

introducing a ground slot and moving feed at the appropriate position
(X = 4 0.8 mm, Y = 3.15 mm). In addition, to integrate the antenna
with devices, we designed a flat-type scalp implantable device with
dimensions 13 mm × 8 mm × 3.25 mm and a capsule-type leadless
pacemaker with a diameter of 6.8 mm and a height of 26 mm
as depicted in Fig. 1(a) and (b). The antenna is kept inside the
system with electronics and a battery, which are considered as perfect
electric conductors. The PEC surface for circuitry in both devices is
employed on a 0.635 mm-thick Rogers 6010 substrate. In addition,
all the components are encapsulated in a 0.2 mm-thick biocompatible
ceramic alumina (Al2 O3, εr = 9.8) to avoid a direct contact with
the human tissues [6].

Fig. 3(a)–(c) shows the current distributions of the designed
spiral-shaped antenna at desired resonant frequencies. It is observed
from Fig. 3(a) that for the 402 MHz band, the full radiating patch is
activated. It can be seen from the current distribution that the current
in the spiral structure is flowing in the same direction following the
longer path, which is responsible for good impedance matching at
the lowest frequency band of the proposed design. At the lowest
frequency band, the current does not change its direction; therefore,
the antenna resonates in quarter-wave monopole mode. In Fig. 3(b),
the surface current density is higher at the left arm of the patch
for the 1600 MHz band and the current changes the direction only
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Fig. 4. Effects of the ground slots on the performance of the antenna.

once (at the feed point), implying a half-wavelength monopole mode.
The current density corresponding to the resonance occurring at
2.45 GHz band is shown in Fig. 3(c). Note that the current along
the path changes the direction multiple times, which is associated
with a full-wavelength loop antenna mode [8], [9]. It can be observed
from the current distribution on the ground plane that how the slot
contributes in the resonance at each frequency band. It can also
be observed from the current distribution in the given figure that
a comparatively large surface area resonates at the lower frequency
band than at the higher band, which clearly indicates the inverse
relation between a resonance frequency and effective resonance area.

B. Effects of the Ground Slots

Fig. 4 illustrates the comparison of the reflection coefficient (S11)
for the involved steps in the design of the proposed antenna. Initially,
the antenna with the spiral patch having two symmetrical arms and
full ground plane was resonating at 624 MHz with narrow bandwidth,
2361 MHz, and a weak resonance mode at 1620 MHz. To tune the
antenna at the desired MICS frequency band without increasing the
size of the antenna, we introduced a horizontal slot in the ground,
which shifted the lower frequency band to 570 MHz, while the
higher ISM band experienced a small shift to the right side of the
frequency spectrum. By inserting a vertical slot shown in the figure,
this lengthened the current path on the ground, which shifted the
lower frequency band to 450 MHz with low −10 dB bandwidth
covering 433 MHz ISM band and also increased the resonance depth
(S11< −15) at 1620 MHz. Finally, by inserting a hook-shaped
slot in the ground, the current path on the ground becomes much
longer and more balanced as compared to the previous step; hence,
the impedance match at all the frequency bands improved consider-
ably and successfully moved to the desired MICS, midfield, and ISM
bands.

C. Simulation and Measurement Environments

The antenna systems design and simulations are carried out with
commercially available Ansoft HFSS simulator based on finite-
element method (FEM) and finite-difference time domain (FDTD)-
based simulator Remcom. Primarily, the scalp implantable antenna
system was placed at a 3 mm depth in a homogeneous skin phantom
box with dimensions of 100 mm × 100 mm × 100 mm in Ansoft
HFSS. The skin phantom was surrounded by a radiation boundary of
dimensions 300 mm × 300 mm × 300 mm, which was equivalent to
0.402λ0 × 0.402λ0 × 0.402λ0 at a lower frequency (λ0-free-space
wavelength). To examine the antenna’s performance in a realistic

Fig. 5. Analysis setup and fabricated prototypes of the proposed multiband
implantable antenna. (a) Simulation setups. (b) Measurement setups for
reflection coefficient (S11). (c) Measurement setups for radiation pattern.

environment, the proposed antenna systems were implanted in the
scalp and heart of a Duke model in XFdtd Remcom, which supports
efficient modeling of detailed anatomical parts of the human body.
The dielectric properties (εr , σ ) of the skin box and human model
are taken as frequency dependent throughout the frequency band,
as reported by Gani and Yoo [5]. Fig. 5(a)–(c) shows the simulation
and measurement arrangements. The measurements of the proposed
antenna were performed in minced pork and in an artificial head
phantom filled with saline solution. The measurement setups for
the reflection coefficient (S11) and radiation patterns are depicted
in Fig. 5(b) and (c), respectively.

D. Link Budget Analysis for Biotelemetry

The link budget analysis for wireless communication should be
considered to determine the range for the data telemetry link. In this
communication, a link margin of 30 dB was assumed for a reliable
communication between the transmitter and the receiver. For the cal-
culation of link margin, the proposed implantable antenna system was
considered as the transmitter with a limited input power of 25 μW,
while a dipole antenna with a constant gain (Gr ) value of 2.15 dBi
was considered as the receiver. The variables and values of all the
other parameters used in the calculation are given in Table II. The
link budget was calculated based on the Friis formula by considering
various types of losses [10]. Three different gain values for the
corresponding frequencies with bit rates of 7 and 100 kb/s were used
for the transmission of data. As shown in Fig. 6, for a 402 MHz
operating frequency with a 30 dB margin, the antenna system can
communicate up to 16.8 and 4.4 m distances at the bit rates of 7 and
100 kb/s, respectively. Similarly, the communication distance can be
extended at 433 MHz up to 17.8 and 4.8 m at the bit rates of 7 and
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TABLE II

LINK BUDGET PARAMETERS FOR THE PROPOSED ANTENNA

Fig. 6. Distance versus margin at three frequency bands with data rates of 7
and 100 kb/s.

Fig. 7. Reflection coefficient (S11) comparison of the measured and simulated
in different human tissues.

100 kb/s, respectively. For the 2450 MHz band with the same 30 dB
margin, the data transmission was possible up to 11.4 and 2.8 m at
the bit rates of 7 and 100 kb/s, respectively.

III. RESULTS AND DISCUSSION

The performance and design procedure of the proposed antenna
systems were performed with Ansoft HFSS simulator using a homo-
geneous skin phantom to reduce the computational time. Due to the
diversity of human tissue, the sensitivity of the proposed implantable
antenna was considered. The proposed antenna systems according
to the desired applications were implanted in the head and heart
of a realistic human model in the XFdtd-based Remcom simulator

Fig. 8. E-plane (Azimuthal) and H-plane (Elevation) gain radiation patterns
of the proposed multiband implantable antenna at (a) 402 MHz, (b) 1600 MHz,
and (c) 2450 MHz.

shown in Fig. 5(a). To validate numerical simulations, the measure-
ments of the reflection coefficients with a fabricated prototype were
performed in minced pork and in an artificial head model filled
with saline solution as illustrated in Fig. 5(b). The comparison of
reflection coefficients among homogeneous skin box, realistic human
body tissues, and measurement results is depicted in Fig. 7. It is
evident that the proposed antenna resonated at the 402, 1600, and
2450 MHz bands with measured impedance bandwidths (−10 dB)
in minced pork muscle of 148 MHz (356–504 MHz), 173 MHz
(1520–1693 MHz), and 213 MHz (2316–2529 MHz), respectively.
These wide bandwidths sufficiently covered four useful frequency
bands: MICS (402–405 MHz), ISM (433.1–434.8 MHz), midfield
(1520–1693 MHz), and ISM (2400–2483.5 MHz). From Fig. 7,
a certain detuning can be observed at the resonance frequencies due
to the heterogeneous tissue environments. A slight shift of 4 MHz was
observed at the lower band, while a maximum shift of 10 MHz was
observed at the high-frequency band in the realistic heart tissues. The
greater shift at the higher frequency band (2450 MHz) may have been
a result of the asymmetrical loading effect and adoptive variance in
the electrical properties of the heterogeneous tissue environment [11].
However, the above-mentioned bandwidths adequately covered the
desired frequency bands.

Assuming that the antenna systems radiation performance will
be changed when implanted in heterogeneous environment of the
human body; therefore, we used only a realistic human model in
our simulation environment. Fig. 8 demonstrates the far-field gain
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TABLE III

MAXIMUM SAR AND MAXIMUM ALLOWABLE INPUT
POWER (INPUT POWER = 1 W)

Fig. 9. Simulated averaged SAR surface (top row) and coronal (bottom row)
distributions over 1 g of tissue in an anatomical human head model.

patterns in the realistic human tissues and measured (in saline solution
and minced pork muscle) using the setup shown in Fig. 5(c). The
measured peak gain values of −30.5, −30, −22.6, and −18.2 dBi
were attained in the minced pork muscles at 402, 433, 1600, and
2450 MHz bands, respectively.

To ensure user safety, the peak average SAR should not exceed the
limits of 1.6 and 2 W/kg, imposed by the IEEE over 1 and 10 g of
tissues, respectively. The maximum SAR was evaluated by placing
the antenna inside a scalp. Fig. 9 illustrates the SAR distributions in
the scalp of a realistic human model. Assuming the input power of
1 W, the maximum average SAR over 1 g of tissue is 588 W/kg for
402 MHz, which decreases gradually with increasing frequency. This
may be due to the fact that at lower frequency band, the electric field
is distributed along the entire radiating patch, which is responsible for
SAR enhancement, while for the higher frequency bands, part of the
radiating patch is activated, causing lower average SAR. To keep the
value of SAR within the specified limit, the maximum allowable input
power should not exceed 2.7 mW, i.e., 4.31 dBm. However, for an
implantable antenna, the input power is restricted to 25 μW, which is
much lower than the calculated values. The detailed SAR values and
maximum allowable input power at the corresponding frequencies
are given in Table III. From the above-mentioned calculation, it is
concluded that the SAR values satisfy IEEE regulations.

A. Consideration of the Device Components

Due to the presence of PEC electronics in the close proximity of
the antenna, it is necessary to check for the coupling issue between
the proposed antenna and electronic components. To investigate the
effects and to find the minimum distance between the antenna and
electronic components, the gap (G) between the antenna and the
electronics is varied as shown in Fig. 10. As can be seen from the
figure, when G is decreasing, the performance deteriorates more at
higher frequencies, particularly for the leadless pacemaker due to the
large size of the device. Therefore, the PEC components should be

Fig. 10. Coupling effects on the antenna performance due to PEC components
of the systems. (a) Scalp implantable device. (b) Leadless pacemaker device.

placed at a minimum distance of 0.5 mm from the antenna ground slot
to avoid the performance degradation due to the backscatter radiation.

IV. CONCLUSION

In this communication, a compact size multiband implantable
antenna for scalp implantable and leadless pacemaker systems was
developed. The proposed antenna exhibited wide bandwidths and
satisfactory gain values at corresponding frequencies with a more
compact size of 7 mm × 6.5 mm × 0.377 mm (17.15 mm3) compared
to the recent implantable antennas found in the literature. Moreover,
the antenna is integrated with dummy electronic components and a
battery to constitute the device architecture. This research suggests
that the multichannel communication ability of the proposed antenna
will increase the diversity of implanted devices used for telemetric
applications. To validate the simulation results, the measurements of
reflection coefficients and radiation patterns were conducted with a
fabricated prototype in the saline solution and minced pork muscle.
The measured results are found in acceptable agreement with the
simulation results.
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