
7378 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 66, NO. 12, DECEMBER 2018

Communication
A Miniaturized Triple-Band Implantable Antenna System for

Bio-Telemetry Applications
Muhammad Zada and Hyoungsuk Yoo

Abstract— This communication presents a miniaturized triple band
implantable antenna system for multiple biotelemetry applications,
which operates at the industrial, scientific, and medical (ISM)
band (902–928 MHz and 2400–2483.5 MHz) and the midfield band
(1824–1980 MHz). These bands are intended for the function of data
telemetry, wireless power transfer, and power saving. The recommended
antenna system is comprised of two implantable devices, a capsule type
for deep tissue implantation and a flat type for skin implantation.
The volume of these devices is 647 mm3 and 425.6 mm3, respec-
tively. The compact size of the proposed antenna system is 21 mm3

(7 mm × 6 mm × 0.5 mm), which is the smallest size yet presented. The
miniaturization is achieved by meandering the shape of the radiating
patch, adding an open-end ground slot, and introducing a shorting pin
between ground plane and radiating patch. In the proposed antenna,
simulated bandwidth is 8.7% and 7.3% at the ISM bands and 8.2% at
the midfield band, and the measured bandwidth in a saline solution is
14.7% and 24.8% at the ISM bands and 13.1% at the midfield band.
Finally, a link budget is calculated at different data rates to specify a
range for data telemetry.

Index Terms— Bandwidth, implantable, industrial, scientific, and med-
ical (ISM), link budget, midfield, miniaturization, shorting pin.

I. INTRODUCTION

In past decades, research on implantable medical devices (IMDs)
has attracted a great amount of interest due to developments in
medical technology and microelectronics. IMDs are used for different
applications, such as intracranial pressure (ICP) monitoring, glucose
monitoring, cardiac pacemakers, and capsule endoscopy [1]–[6], [9].
IMDs require an implantable antenna to communicate wirelessly with
the device outside the human body. Implantable antenna faces the
challenges of size, licensing of operating frequencies, biocompatibil-
ity, and variation of dielectric properties of tissues, which disturb the
antenna capabilities and specific absorption rate (SAR) for safety con-
cerns. Miniaturization of antennas can be achieved by the techniques
proposed by Shah and Yoo [4], Gani and Yoo [5], and Xu et al. [6].
IMDs utilize different frequency bands such as the medical implant
communication service (402–405 MHz) band, which is interna-
tionally license-free service for biomedical applications; however,
the industrial, scientific, and medical (ISM) bands are different from
country to country. In the United States, the ISM (902–928 MHz
and 2400–2483.5 MHz) bands are used and structured by the Federal
Communication Commission. The ISM (2400–2483.5 MHz) band is
generally used to switch between a sleep and wake-up mode, which
prolongs the energy of the battery and the lifetime of the device
[4], [5], [8]. At the ISM (2400–2483.5 MHz) band, the antenna
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Fig. 1. Comprehensive device architecture. (a) Skin implant. (b) Deep tissue
implant.

system is operating at sleep mode and will not transmit data to
the ISM (902–928 MHz) band until a wake-up signal is received.
Implantable devices use a very small amount of power in sleep mode
at the ISM (2400–2483.5 MHz) band compared to wake-up mode at
the ISM (902–928 MHz) band [8]. The lower gigahertz frequency
range in which wireless power transfer takes place by utilizing the
propagation mode (in the tissue) and evanescent field (in the air) is
recognized as a midfield band [10]. The higher frequencies in the
midfield band have been proposed by researchers, when the receiver
is smaller in size as compared to the distance between the receiver
and transmitter device [11]. Considering our receiver antenna size,
the (1824–1980 MHz) band is suggested as a midfield band for
wireless power transfer.

In this communication, a miniaturized triple band planar inverted-
F antenna system is presented for multiple biomedical applications.
The proposed antenna system has small size and higher bandwidth.
Bandwidth enhancement and substantial size reduction are attained
through the open-end ground slot, using of high dielectric sub-
strate/superstrate, meandered patch, and insertion of shorting pin,
as described in [4]–[6]. With a smaller volume of only 21 mm3

(7 mm × 6 mm × 0.5 mm), which is the smallest antenna compared
to other implantable antennas stated in the literature, as referenced
in Table I. Moreover, the proposed antenna is integrated with two
small devices, a capsule type for deep tissue implantation (e.g., heart,
stomach, colon, intestine) and a flat-type device for skin implantation
(e.g., scalp), as shown in Fig. 1. The flat-type device is simulated
at 4.5 mm deep inside a homogeneous human phantom and inside
the scalp of a realistic human phantom. These models are selected
because our envisioned biomedical application for the flat-type device
is based on skin implantation, for instance, ICP monitoring [3]–
[5]. Inside the human scalp phantom, the maximum gain of the
antenna is −26.4, −23, and −20.47 dBi at 915, 1900, and 2450 MHz,
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TABLE I

PROPOSED ANTENNA COMPARISON WITH PREVIOUS WORK

respectively. Furthermore, for safety within the scalp, the maximum
allowable input power and SAR are computed. Similarly, the capsule-
type device is implanted deeply in different tissues of the human body
for different biomedical applications.

II. METHODS

A. Antenna System and Device Design

The configuration of the proposed compact implantable antenna
is shown in Fig. 2. The dimensions are 7 mm × 6 mm × 0.5 mm
(21 mm3). Fig. 2(a) shows the serpentine-shaped radiating patch,
while Fig. 2(b) shows the open-end slotted ground plane, which
showed significant miniaturization and bandwidth enhancement. The
shorting pin (via) and coaxial feed have diameters of 0.4 and 0.6 mm,
respectively, and are placed at different positions on the ground plane.
Fig. 2(c) and (d) shows the side and isometric views, respectively.
The proposed antenna is employed on a dielectric material substrate
and superstrate. Rogers RT/duriod 6010 (εr = 10.2, tanδ = 0.0035,
and thickness = 0.25 mm) is used as a dielectric material for substrate
and superstrate. The detailed parameters of the proposed antenna are
listed in Table II. Fig. 1 clarifies the addition of components within
the two devices, a capsule type for deep implantation and a flat
type for skin implantation. Both have a small volume of 647 and
425.6 mm3, respectively. Each device contains an antenna system,
sensor pack, microelectronics, and two batteries (type 337) with a
height of 1.65 mm and a diameter of 4.8 mm. For batteries, a perfect
electric conductor material is used, while for the sensors pack and
microelectronics, Roger RT/duriod 6010 is used. In addition, as Roger
RT/duriod 6010 is not biocompatible, the entire package is encased
in biocompatible ceramic alumina (Al2O3) having εr = 9.8 and
thickness = 0.25 mm for the skin implant device [Fig. 1(a)]; the
capsule case and lid of the deep tissue implant device [Fig. 1(b)]
used a thickness of 0.1 mm.

B. Simulation and Measurement Setup

The simulation and measurement setups are shown in Fig. 3.
The simulation is carried out with the finite-element method
in Ansoft HFSS and finite difference time domain method in
XFdtd Remcom. In human skin tissue, the proposed antenna is
primarily kept at a 4.5 mm depth. Skin tissue was placed in
a 200 mm × 200 mm × 200 mm box in Ansoft HFSS. For ISM
bands, the properties of the human skin tissue were collected from
Lee et al. [2] and Liu et al. [8]. Moreover, the antenna system with
the full package was implanted in different tissues such as scalp,
heart, colon, large intestine, and stomach in XFdtd Remcom. The

Fig. 2. Proposed antenna geometry. (a) Radiating patch. (b) Ground plane.
(c) Side view. (d) Isometric view.

TABLE II

DETAILED PARAMETERS OF THE ANTENNA (UNITS: mm)

Fig. 3. Analysis setup of the proposed antenna. (a) Simulation setup. (b)
Measurement setup.

properties of the homogeneous skin box and human body model
are frequency dependent, as described by Gani and Yoo [5]. For
justification of the simulation results, the fabricated antenna was also
tested in saline solution in an American Society for Testing and
Materials phantom and depicted in Fig. 3(b).
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Fig. 4. Comparison of reflection coefficient (S11) for the steps achieving
final design.

Fig. 5. Simulated reflection coefficient (S11) of the proposed antenna.

Fig. 4 shows the comparison of the reflection coefficient (S11)
for different steps of the mechanism involved in the creation of
three bands. In this design, the excitation is given at a point where
the structure exhibits a satisfactory impedance matching at three
frequency bands. Initially, the antenna was designed and tuned at
915 MHz, but the other band was at 2.2 GHz and reflection coefficient
(S11) of the upper band was not satisfactory (S11 > −10 dB) as
seen from step 1 in Fig. 4. To shift the upper band at the desired
frequency without affecting the lower band, we introduced rectangles
in the middle of the radiating patch. As seen from step 2 in Fig. 4,
the upper band is shifted to 2.45 GHz, which is our desired frequency
band for sleep/wake-up operation, but the S11 is still greater than
−10 dB at this band. To achieve satisfactory impedance matching
(S11 < −10 dB) and to introduce an additional resonance band
for efficient wireless power transfer, we introduced open-end ground
slot. Therefore, the current distribution of the radiating patch is
unchanged, but the current path at the ground is increased, which
not only provides an extra band but also helps in miniaturization.
As shown in step 3 of Fig. 4, the antenna with the open-end ground
slot is operating at 915, 1900, and 2.45 GHz with satisfactory S11
(S11 < −10 dB) at all the frequency bands.

The simulated reflection coefficient of the proposed antenna is
depicted in Fig. 5, which shows that the proposed antenna is
resonating at three frequencies of 915, 1900, and 2450 MHz.

C. Wireless Communication Link Budget Analysis

For far-field communication, a link budget is calculated based
on losses, for instance, free-space losses, Tx/Rx antenna losses,
polarization mismatch losses, and antenna material losses [3], [5].
For reliable communication, a 30 dB link margin is assumed. The
important parameters of the link budget are given in Table III. Implant

TABLE III

LINK BUDGET PARAMETERS OF THE PROPOSED ANTENNA

Fig. 6. Distance versus system margin. (a) 915 MHz at different data rates.
(b) Comparison at three different frequencies.

device input power is restricted to 25 μW, but for high data rate
applications (e.g., capsule endoscopy), Pt is assumed as 20 mW
(−4 dBm), and the receiver antenna dipole is considered to have
a gain (Gr ) of 2 dBi. As shown in Fig. 6(a), the antenna system
can communicate at a distance of at least 13.5 m with a bit rate
of 140 Mbps and input power of 20 mW, so it can be used for
high data rate applications. In Fig. 6(b), three transmitting gain (Gt )
values were chosen for three particular frequency bands with a bit
rate of 78 Mbps. Here, the system can communicate at distances up
to 18, 14, and 13 m at 915, 1900, and 2450 MHz, respectively.

D. Parametric Analysis

The antenna performance is greatly affected by dielectric substrates
and their thickness; therefore, different dielectric substrates are exam-
ined before its selection for our proposed implantable antenna.

1) Effects of Dielectric Substrates on the Proposed Antenna: The
substrate provides the mechanical support to the antenna; therefore,
the substrate must be from a dielectric material. The dielectric sub-
strate has a significant influence on the antenna performance. Before
finalizing dielectric substrate for the proposed antenna, we analyzed
different dielectric substrates such as Rogers RT/duriod 6010, TMM4,
TMM6, and TMM10 with a thickness of 0.25 mm and dielectric
permittivities of 10.2, 4.5, 6.02, and 9.8, respectively. All these
materials belong to Rogers family, hence, the tangent loss is same
only the dielectric permittivity is different. Fig. 7(a) represents that
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Fig. 7. (a) Parametric study of different dielectric substrates with
h = 0.25 mm. (b) Standard height of Roger RT/duriod 6010 substrate with
εr = 10.2.

by loading the dielectric material Roger RT/duriod 6010 gives better
performance in terms of impedance matching and gain at desired
resonance frequencies and after all selected as a substrate for the
proposed antenna. A shift in resonance frequency to the higher band
is observed by using lower permittivity substrates, while perfect
matching (S11 < −10 dB) at desired frequencies is noted when the
antenna is loaded with the Roger RT/duriod 6010 (εr = 10.2). It can
be seen from the figure, when the substrate permittivity is smaller,
the frequency shift is higher. The gain of the antenna is −26.4, −26.7,
−26.5, and −26.43 dB, when loaded with Rogers 6010, TMM4,
TMM6, and TMM10 substrates, respectively. This analysis suggests
Roger RT/duriod 6010 as a substrate for the proposed antenna.

2) Thickness (h) of the Substrate: The thickness of the substrate is
the key parameter to maximize radiation efficiency and to achieve a
suitable bandwidth that covers the proposed bands sufficiently [12].
We have selected standard available thicknesses of Roger RT/duriod
6010 substrates from Rogers data sheet, e.g., h = 0.127, 0.25, 0.635,
and 1.127 mm. Fig. 7(b) shows the comparison of return loss
(S11), which reveals that by increasing the height of the substrate,
the bandwidth widens and return loss decreases. We can see from
the figure, when h = 0.635 and 1.127 mm, the bandwidth is
increased at the cost of degradation in the impedance matching at
1.9 GHz. Therefore, to cover proposed bands sufficiently and to
provide impedance matching at desired bands, we used 0.25 mm
thicker substrate for proposed antenna.

III. RESULTS AND DISCUSSION

The simulations and design of the proposed antenna systems were
done in Ansoft HFSS and validated in XFdtd Remcom. To verify
the simulation results, measurements of the reflection coefficient
were performed with the fabricated antenna in saline solution to
preserve the properties of human tissue. The result evaluation of

Fig. 8. Simulated and measured reflection coefficient (S11) for homogeneous
skin phantom and human different tissues.

Fig. 9. xy-plane (Azimuthal) and X Z -plane (Elevation) far-field gain
radiation pattern of the proposed implantable antenna.

(S11) among realistic human tissues, a homogeneous skin box, and
experimental measurements are shown in Fig. 8. As seen from Fig. 8,
a maximum impedance bandwidth (−10 dB) is observed at ISM
bands of 80 MHz (870–950 MHz) and 180 MHz (2320–2500 MHz)
and 155 MHz at the midfield band (1825–1980 MHz). The above-
mentioned bandwidth covers two valuable ISM bands, 902–928and
2400–2483.5 MHz. Fig. 9 shows the simulated radiation pattern of the
proposed antenna systems in a homogeneous skin phantom with an
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Fig. 10. Current distribution of the proposed antenna at (a) 915 MHz, (b)
1900 MHz, and (c) 2450 MHz; color map applies to all cases.

TABLE IV

MAXIMUM ALLOWABLE INPUT POWER AND PEAK SPATIAL
AVERAGE SAR (NET INPUT POWER = 1 W)

implant depth of 4.5 mm in Ansoft HFSS and realistic human head,
small intestine, and heart in XFdtd Remcom. The maximum gain
values of −26.4, −23, and −20.47 dBi at 915, 1900, and 2450 MHz,
respectively, are observed for the human scalp. The realistic human
tissue gain pattern and shape are in good agreement with those
of the homogeneous skin phantom. The current distribution of the
suggested antenna systems at three different frequencies is shown
in Fig. 10(a)–(c). In Fig. 10(a), the path 1 of the current distribution
is activated for resonance frequency 915 MHz, where current flows
from the left end to the right end of the patch toward the shorting
pin, which clarifies that the antenna mode is a quarter wavelength
monopole at this frequency. In Fig. 10(b), for 1900 MHz path 2 is
activated, the current paths are opposite on the two sides from the
feed point and reversed the direction two times; once at the feed point
and once at the shorting pin, which shows that this band is formed by
full wavelength loop antenna mode. Moreover, the current at shorting
pin coupled with radiator and induced current in the open-end ground
slot that is responsible for the midfield band. The path 3 in Fig. 10(c)
is responsible for 2450 MHz. Here, the current reversed the direction
once at the feed point, which shows the half wavelength monopole
mode [13].

For safety concerns, Kiourti and Nikita [3] used the IEEE
C-95-1999 and IEEE C-95-2005 standards and the International
Commission on Non-Ionizing Radiation Protection guidelines. The
proposed antenna 1 and 10 g peak special average SAR values and

maximum allowable power at 915, 1900, and 2450 MHz are given
in Table IV. The input power is set to 1 watt; 1 g, maximum SAR
values are 380, 358, and 363 W/kg at 915, 1900, and 2450 MHz,
respectively. The 10 g, maximum SAR values are 40.4, 38.2, and
40.3 W/kg at 915, 1900, and 2450 MHz, respectively. From these
values, we conclude that the maximum output power to reach the
safety limit of 1.6 W/kg for 1 g SAR is between 4.20 and 4.52 mW.
However, for 10 g SAR to reach the safety limit of 2 W/kg output
powers between 49.49 and 52.38 mW should be considered. These
values satisfy the SAR regulations.

IV. CONCLUSION

This communication introduced a miniaturized triple band
implantable antenna system for multiple biotelemetry applications.
The antenna system is integrated with microelectronics, sensors, and
batteries. The devices are implanted into different tissues such as
the scalp, heart, colon, large intestine, and stomach to simulate for
multiple applications. Moreover, the link budget is calculated for far-
field communication of an in body implant with the external base
station. The proposed implantable antenna showed a good agreement
between simulation and measurement results.
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