
0018-926X (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2019.2916585, IEEE
Transactions on Antennas and Propagation

IEEE TRANSACTION ON ANTENNA AND PROPEGATION, VOL. 00, NO. 0 1

Miniaturized Dual Band Antennas for Intra-oral Tongue Drive
System in the ISM Bands 433 and 915 MHz: Design, Safety,

and Link Budget Considerations
Muhammad Zada and Hyoungsuk Yoo, Member, IEEE

Abstract—An intraoral tongue drive system (iTDS) is an
assistive technology that enables paralyzed people to improve
their lifestyle by allowing them to navigate their wheelchairs
and access computers using tongue gestures. In this manuscript,
we present two dual band antennas: a meandered dipole antenna
and a meandered planar inverted-F antenna (PIFA). We designed
the proposed antennas to operate at Industrial, Scientific, and
Medical (ISM) bands 433 and 915 MHz to mitigate the external
interference issue, which can severely affect frequency bands.
Our proposed antenna footprints are 17.25 × 8 × 0.635 mm3

and 42 × 10 × 0.635 mm3 for the PIFA and dipole antenna,
respectively. Initially, we designed and analyzed the proposed
antennas in multilayer mouth models. The performance of the
antennas were validated in a realistic human head phantom.
We analyzed the performance of the antennas in terms of the
reflection coefficient, gain, efficiency, bandwidth, and link budget
for wireless communication in four scenarios. Additionally, to
address safety concerns, we calculated the specific absorption
rates (SARs) for both antennas and found them to be safe
according to the IEEE C95.1.2005 guideline. Finally, we measured
the reflection coefficient in the more realistic environment of
a 26- year-old subject’s mouth. The radiation pattern was
measured in a 3D head model and minced pork muscle, which
approximated the open and closed mouth scenarios, respectively.
The measurement results were in reasonable agreement with the
simulation results.

Index Terms—Assistive technology, intraoral tongue drive sys-
tem (iTDS), ISM, link budget, tongue gestures, specific absorption
rate (SAR).

I. INTRODUCTION

MOVEMENT disabilities may occur in many situations,
including spinal cord injury, stroke, and muscular scle-

rosis [1]–[3]. To rehabilitate patients with these physical dis-
abilities, tongue drive system (TDS), an assistive technology,
has been developed. TDS has the potential to improve their
daily lives and make them more independent. TDS devices
can be located inside the mouth of patients and can interface
wirelessly with a wheelchair, smartphone, or a computer [2],
[3], as illustrated in Fig. 1. The TDS allows users to perform
tasks such as operating a computer or driving a wheelchair via
tongue movements that issue user-defined commands. Tongue
movements generate a magnetic field around a small lentil-
sized magnet that is attached to the tip of the tongue with
glue for temporary use or by tongue-piercing for long-term use
[4]. The change in the magnetic field is recorded by magnetic
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Fig. 1. Intra-oral tongue drive system (iTDS) block diagram.

sensors that are placed in a dental retainer inside the patient’s
mouth and is wirelessly transmitted to the external processing
unit through intraoral antenna. The exterior unit runs the signal
processing algorithm to issue user intended commands for
controlling the targeted device in their environment [5], [6].

In [7], the tongue control system uses wires for communi-
cating information outside the mouth. This is uncomfortable
and unappealing to the users. Consequently, to send infor-
mation from an intraoral TDS (iTDS) inside the mouth to
an exterior receiver, wireless communication is the preferred
choice [8]. However, wireless transmission between exter-
nal units and in-mouth devices is challenging because the
mouth has varying environmental conditions that can detune
the transmitter antenna within an intraoral device [8], [9].
External interference and noise sources can also interrupt
wireless communication. In [8] and [10], wireless commu-
nication was effectively established. However, the researchers
designed single band antennas for the iTDS that operate at
a relatively high frequency (2.4 GHz). This frequency shows
good performance in the air [11] but suffers from significant
loss in the human tissue compared to 433 and 915 MHz. The
antennas designed in [8] having relatively large size, which
make the system bulky inside the mouth. Additionally, the
authors did not consider the specific absorption rate (SAR)
inside the mouth, which is an important factor for user’s
safety. Various studies related to implantable antennas discuss
radio propagation around the implantable antennas [12]–[14].
However, according to oral anatomy and varying soundings
tissue, the implantable antennas are not applicable for iTDS.
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Moreover, in most cases the implantable antenna’s gain is very
small and is not sufficient for iTDS applications. To overcome
external interference that can lower the signal to noise ratio
(SNR) value, one possible solution is to design a high-gain
antenna that can operate in the varying surroundings in the
mouth due to movements of the tongue and jaw. However,
when the antenna placed inside the mouth or implanted in the
human body, the radiation performance remarkably decreased
because of the absorption and strong coupling with the biolog-
ical tissues. Another alternative approach is to design a multi-
band antenna. In this type of design, if external interference
disturbs one operating band, the system switches to another
operating band with higher SNR.

In this research, we designed two dual band antennas, a
planar inverted-F antenna (PIFA) and a meandered dipole
antenna. We designed them to operate at Industrial, Scientific,
and Medical (ISM) bands 433 and 915 MHz for an iTDS. We
selected lower ISM bands 433 and 915 MHz because of their
availability and prevalence. This is in contrast to the ISM band
2.4 GHz, which is busy and can deteriorate from significant
loss in the tissue. We first designed the dual band antennas
and analyzed them in a simulated multilayer mouth model. To
further validate the performance and find suitable positions
for the proposed antennas, we simulated the operation of
the antennas in the mouth by using a realistic human head
phantom (DUKE model) with a finite difference time domain
(FDTD) simulator, Remcom. We performed simulations in
four different scenarios: in front of the teeth closed mouth
(IFCM), behind the teeth closed mouth (BHCM), in front
of the teeth open mouth (IFOM), and behind the teeth open
mouth (BHOM).

This paper is organized as follows: Section II describes
the antenna design topologies, the tuning of the proposed
antennas at both ISM bands, and the simulation environments
in Ansoft HFSS and XFdtd Remcom in the open and closed
mouth scenarios. Section III represents the simulated reflection
coefficient, radiation pattern and SAR safety. Section IV
illustrates the link budget analysis for both antennas in high
gain scenarios. Section V presents the measurement setup and
results, while Section VI concludes the paper.

II. METHODOLOGY

A. Antenna Design

To attain dependable communication, we designed dual
band meandered PIFA and meandered dipole antennas oper-
ating at 433 and 915 MHz for an intra-oral TDS. Bearing in
mind the limited space and curved shape of the iTDS, the dual
band antennas were designed in meandered rectangular shapes
and positioned in the mouth in four different scenarios.

The proposed antenna topology is represented in Figs. 2(a)–
(b), which show the PIFA antenna’s radiating patch and ground
plane made of copper. As can be seen from the figure, the
radiating patch contains of the meander lines of variable
lengths and widths to attain desired resonance characteristics.
Meandering the radiating patch extends the current flow path
and thus downsizes the antenna. To further downsize the
antenna, a shorting pin with a diameter of 0.3 mm is used
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Fig. 2. Geometries of the proposed dual band antennas (unit: mm): (a)
Radiating patch of meandered PIFA. (b) Ground view of meandered PIFA.
(c) Radiating patch of meandered dipole antenna.

TABLE I

COMPREHENSIVE PARAMETERS OF ANTENNAS (Units: mm)

Symbol Value Symbol Value Symbol Value

l1 17.25 lc 41 wd 1

l2 1.2 ld 42 we 3

l3 1.5 w1 8 wf 10

l4 1.4 w2 6.5 t1 0.5

l5 2.85 w3 7.5 t2 1

l6 3.9 w4 1.5 t3 0.85

l7 2.75 w5 1.25 ta 1.2

l8 3.25 w6 1.35 tb 0.5

l9 1 w7 2.9 tc 0.3

l10 15.75 wa 7 td 0.2

la 27 wb 1.8 te 0.6

lb 34.5 wc 3.8 -- --

between the patch and the ground plane, which maximizes the
effective length of the antenna. Thus, we achieved a condensed
size for the antenna. The ground plane is comprised of a hook
slot, which is used for downsizing and tuning of the antenna at
desired frequency bands, as suggested by [16]. The antenna is
constructed of a 0.635-mm thick dielectric substrate consisting
of Rogers RT/duroid 6010 (εr = 10.2, tan δ = 0.0035). The
volume of the PIFA is 87.63 mm3 (17.25 mm × 8 mm ×
0.635 mm). A 50-Ω coaxial feed is applied at position (X
= 2.5 mm, Y = 6 mm) with an inner conductor diameter of
0.5 mm. We used a 1-mm biocompatible Polydimethylsiloxane
(PDMS) layer as a coating for the PIFA. We added this coating
to avoid direct contact with mouth tissue and saliva, to prevent
causing the antenna to short circuit due to placing a conductive
patch in a human mouth, and to ensure the biocompatibility
of the device. Table I summarizes the detailed dimensions and
parameters for the PIFA and the dipole antenna.

The geometry of the proposed meandered dipole antenna is
depicted in Fig. 2(c), and is comprised of a radiating patch and
a substrate. The radiating patch consists of two commensurate
spiral arms, which extend the current flow path on the radiator,
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Fig. 3. Surface current distribution on the proposed dual band antennas:
(a) Meandered PIFA at 433 MHz. (b) Meandered PIFA at 915 MHz. (c)
Meandered dipole at 433 MHz. (d) Meandered dipole at 915 MHz. The color
map was normalized and adopted to all cases.

therefore downsizing the antenna. For impedance matching,
both arms are connected using a 0.3-mm thick strip. To match
the antenna at desired ISM bands, the width of the meandered
strips is varied. The total dimension of the dipole antenna is
42 mm × 10 mm × 0.635 mm (266.7 mm3). We used a 50-Ω
coaxial feeding for antenna excitation. The proposed antenna
is constructed on 42 mm × 10 mm dielectric material: Rogers
RT/duroid 6010 (εr = 10.2, tan δ = 0.0035, thickness = 0.635
mm). We chose high dielectric material because it decreases
the effective wavelength and sustains the effective permittivity
inconstancy around the antenna [16], [17]. However, as we
mentioned earlier, antennas used near the vicinity of human
tissue need to be biocompatible. In addition, since Rogers
RT/duroid 6010 is not a biocompatible material, a 1-mm thick
biocompatible PDMS layer was adopted as a coating in all
directions.

B. Optimization and Current Distribution of the Antennas

Initially, the PIFA was designed with full ground plane;
however, the currents on the ground were very unbalanced and
poor impedance matched (|S11|> -10 dB) at both frequency
bands. By introducing an open-end hook shape slot in the
ground plane at the appropriate position, the currents become
more balanced and sufficient impedance matching (|S11|< -10
dB) was achieved at both frequency bands. The length, width,
and open-end position of the ground slot can be adjusted
for further tuning and impedance matching. We want the
antennas for the iTDS application as small and simple as
possible. The dipole antenna was designed symmetrically on

both sides without the 0.3 mm strip that connected the both
arms. However, the impedance matching deteriorates (|S11|>
-10 dB) without strip because of the unbalanced currents
at the radiating patch. Finally, the strip was added and the
currents become more balanced as compared to the antenna
without strip and, hence, the impedance matching at the lower
and higher resonance frequencies improved significantly. For
further tuning the dipole antenna at the ISM 915 MHz band,
parameter We plays an important role. Furthermore, the length
and width of the radiating patch of the dipole can also be
adjusted for tuning purposes.

The current distributions of both optimized antennas are
represented in Figs. 3(a)–(d). As can be seen from Fig. 3(a),
most of the radiating patch is activated for the ISM 433 MHz
band, the currents flowing from the left side of the radiating
patch to the right side and following the same path, hence, this
is the quarter wavelength monopole mode. Fig. 3(b) shows that
only the rightmost square loop is activated for the ISM 915
MHz band of the PIFA, where currents change their directions
twice: once at shorting pin and once at feeding point, thus this
frequency band is generated because of the full wavelength
loop mode. The induced current in the ground hook slot is
coupled with a radiating patch through the shorting pin located
at (X = 0.9 mm, Y = 9 mm). Fig. 3(c) is for the ISM 433
MHz band of the meandered dipole antenna. Here, a large
amount of current is flowing in the entire radiating patch, while
Fig. 3(d) shows that only the middle and lowest parts of the
radiating patch are activated for the ISM 915 MHz band of
the meandered dipole antenna.

C. Simulation Setup

The design and analysis of the proposed dual band PIFA and
meandered dipole antenna were performed using a multilayer
heterogeneous mouth phantom of size 200 mm × 200 mm in
finite-element method (FEM) based Ansoft HFSS. The mouth
phantom was comprised of skin, muscle, tongue, teeth, and
saliva tissues, as depicted in Fig. 4(a) and (b) for the closed
and open mouth, respectively. These tissues are frequency-
dependent and their electrical properties such as relative
permittivity (εr) and conductivity (σ) are given in Table II.
The antenna was located in front of the lower jaw in both
the open and closed mouth scenarios. As can be seen from
Fig. 4(b), the open mouth scenario was created by inserting
a box having properties equal to air in the mouth model.
The proposed antennas are simulated in the realistic human
head model in XFdtd Remcom for validation of the simulation
results that obtained from the multilayer mouth model. Figs.
4(c)–(h) represent the following: the closed mouth scenario
without an air box; open mouth scenario with an air box;
antenna employment in front of the teeth with a closed mouth;
antenna employment in front of the teeth with an open mouth;
antenna employment behind the teeth with an open mouth, and
antenna employment behind the teeth with a closed mouth,
respectively. To choose the optimum position for the proposed
antenna, we simulated the four scenarios in the realistic human
head in XFdtd Remcom: (a) IFCM, (b) BHCM, (c) IFOM, and
(d) BHOM. However, opening the mouth of the phantom is
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Fig. 4. Simulation environment: (a) Closed mouth model. (b) Open mouth
model. (c) Realistic human head with closed mouth. (d) Realistic human head
with with open mouth. (e) Antenna employment in front of the teeth with
closed mouth. (f) Antenna employment in front of the teeth with open mouth.
(g) Antenna employment behind the teeth with open mouth. (h) Antenna
employment behind the teeth with closed mouth.

Tissue 

type

433 MHz 915 MHz

εr σ (S/m) εr σ (S/m)

muscle 56.87         0.805 54.99     0.948

skin 46.08         0.702 41.33     0.872

teeth 13.07         0.094 12.44 0.145

tongue 57.38         0.783 55.23     0.942

saliva 77.30         0.738 76.00     0.818

TABLE Ⅱ

DIELECTRIC PROPERTIES OF TISSUE USED 

not possible. Therefore, in the realistic head, we inserted an
air box with properties equivalent to air below the upper jaw
of the human head. We chose air box dimensions that are
approximately those of an open mouth. The length of the air
box is 63 mm, the width is 50 mm, and the height is 15 mm
[10].

III. SIMULATION RESULTS AND DISCUSSIONS

The proposed dual band dipole antenna and PIFA for
the iTDS were primarily designed and analyzed using the
simple multilayer human mouth model in HFSS, as shown in
Figs. 4(a)–(b). The dielectric properties of these layers were
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Fig. 5. The comparison of the simulated reflection coefficient for the PIFA and
dipole antenna in the closed mouth of the multi-layer heterogeneous mouth
model.
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Fig. 6. Reflection coefficient for different scenarios in the realistic human
head model for: (a) Meandered dipole antenna. (b) Meandered PIFA.

assumed to be frequency-dependent in the simulation in order
to obtain good agreement with the measured results taken from
the subject’s mouth. Our aim was to design appropriately-sized
antennas that could be easily put inside a device in the mouth
and would provide better performance than previous efforts
by using the ISM bands 433 and 915 MHz. Furthermore, the
performances of the dipole antenna and the PIFA in terms
of the reflection coefficient (|S11|) were studied using the
multilayer human mouth model shown in Figs. 4(a)–(b). The
comparison of the simulated reflection coefficient (|S11|) for
the proposed dual band antennas is shown in Fig. 5, which
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Fig. 7. Far field radiation pattern of the proposed dual band meandered PIFA
and dipole antenna for different scenarios in the realistic human head model:
(a) Azimuthal (XY–plane). (b) Elevation (XZ–plane).

shows that both the dipole antenna and PIFA were resonating
at ISM bands 433 and 915 MHz below -10 dB (|S11|< -
10 dB). The -10-dB impedance bandwidth for the dipole
antenna was 32 MHz (413–445 MHz) at the lower ISM band
and 105 MHz (884–989 MHz) at the higher ISM band. The
PIFA had a bandwidth of 136 MHz (377–513 MHz) at the
lower ISM band and 195 MHz (830–1025 MHz) at the higher
ISM band. For validation of the performance results of the
antennas as obtained from the multilayer mouth model, the
dipole antenna and PIFA were simulated in a human head
in the XFdtd-based simulator, Remcom. In the mouth of the
human head model, we analyzed the four scenarios (IFCM,
IFOM, BHCM, and BHOM) to find the optimal position in
the mouth for the proposed antennas. The comparison of the
reflection coefficients for the above-mentioned scenarios is
shown in Figs. 6(a) and (b) for the dipole antenna and PIFA,
respectively. As can be seen from Fig. 6(a), when placing
the dipole antenna in the worst-case scenarios (i.e., behind
the teeth for both closed and open mouth), the reflection
coefficient is shifted 3 MHz at the lower ISM band, while
an 8-MHz shift is observed at the higher ISM band towards
a lower frequency. However, when the dipole antenna was
positioned in front of the teeth (in both the closed and open
mouth scenarios) the frequency was almost unchanged. The
results indicate that the reflection coefficient is not affected
much by different scenarios at the lower frequency band, while
a slight shift was observed in the higher frequency band. The
shift in the reflection coefficient at the higher frequency might
be from the asymmetric loading effect [15] or from changes
in the dielectric properties of neighboring tissues, which could

Dipole  antenna PIFA

Parameter Frequency 
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433 22 -19.1 138 -28.2

915 100 -14.4 199 -24.5
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M 433 25 -26.4 145 -31.5

915 100 -17.1 196 -25.2

B
H

 C
M 433 27 -26.6 143 -32.1

915 91 -17.4 182 -25.8

IF
 O

M 433 26 -25.6 153 -30.8

915 64 -14.9 204 -24.1

IF
 C

M 433 23 -26.4 153 -31.9

915 56 -15.1 227 -24.4

TABLE Ⅲ

DUAL BAND ANTENNAS PERFORMANCE IN DIFFERENT 

SCENARIOS

OM: open mouth, CM: closed mouth, BH: behind the teeth, IF: in front of the teeth

Dipole PIFA

Scenario
Frequency

(MHz)

max SAR

(W/Kg)

max net-input 

power (mW)

max SAR

(W/Kg)

max net-input 

power (mW)

BH OM
433

915

40.0

23.8

50.1

83.8

151.5

153.0

13.2

13.1

BH CM
433

915

61.2

40.0

32.7

58.9

150.8

152.2

13.3

13.1

IF OM
433

915

50.3

27.8

39.8

71.9

168.6

143.2

11.9

14.0

IF CM
433

915

48.7

26.1

41.1

76.6

179.7

160.7

11.1

12.4

TABLE Ⅳ

SIMULATED MAXIMUM SAR AVERAGED OVER 10 g  TISSUE AND 

MAXIMUM INPUT ALLOWABLE POWER (NET-INPUT POWER = 1 W) 

BH: behind the teeth, OM: open mouth, CM: closed mouth, IF: in front of the teeth

be responsible for impedance mismatch [18]. As shown in Fig.
6(b), the PIFA demonstrated reasonable performance and good
impedance matching at both ISM bands. The bandwidths of
both antennas can adequately cover the 433 and 915 MHz ISM
bands.

Figs. 7(a) and (b) show the simulated gain radiation patterns
of the dual band dipole antenna and PIFA in the azimuthal and
elevation plane at 433 and 915 MHz. We investigated the four
scenarios (IFCM, IFOM, BHCM, and BHOM) in a realistic
human head model in the XFdtd-based simulator Remcom.
As expected, the antennas are radiating outside the mouth
through the lips as illustrated in Fig. 8. A little deterioration
was observed that relies upon tissue model symmetry. With
irregularity and inhomogeneity in the anatomical models, the
radiation pattern deteriorates [14], [15]. The peak gain of the
dipole antenna in the mouth model was -19.1 and -14.4 dBi
for 433 and 915 MHz, respectively. Similarly, at 433 MHz
for the IFCM, IFOM, BHCM, and BHOM scenarios in a
realistic human head model, the peak gains were -26.4, -25.6,
-26.6, and -26.4 dBi, respectively, and at 915 MHz were -
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Fig. 8. Three-dimensional (3D) directivity patterns of the proposed antennas
from the realistic human head: (a) Dipole antenna. (b) PIFA.
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Fig. 9. Radiation and total efficiency of the PIFA and dipole antenna inside
the mouth.

15.1, -14.9, -17.4, and -17.1 dBi, respectively. As can be seen
from Fig. 8(b), the PIFA far-field radiation pattern was also
propagates outside the mouth as required for iTDS application
to communicate with the external device. The PIFA exhibits
the peak gains in the realistic human model for the IFCM,
IFOM, BHCM, and BHOM scenarios at 433 MHz were -31.9,
-30.8, -32.1, and -31.5 dBi, respectively. At 915 MHz, they
were -24.4, -24.1, -25.8, and -25.2 dBi in the IFCM, IFOM,
BHCM, and BHOM scenarios, respectively. In contrast to the
dipole antenna, the shapes of the radiation patterns across all
the frequency bands agreed well in azimuthal (XY)–plane as
well as in elevation (XZ)–plane for four different scenarios.
The performance comparison in terms of gain and bandwidth
of the two antennas is given in Table III, which reveals that the
dipole antenna had a higher gain compared to PIFA because of
its larger size. Here, we can see that the appropriate location
for the proposed antennas is in front of the teeth, because it
provides higher gain compared to the other locations. Also,
in front of the teeth is the most appropriate scenario for
communication with external units such as wheelchair, smart
phone, or PC.

When the antenna is placed inside the mouth or implanted in
the human body, the efficiency drastically decreased because
of the absorption and strong coupling with the biological
tissues. In- body antennas exhibit around 1 % or less efficiency,

TABLE Ⅴ  

COMPARISON OF THE PROPOSED ANTENNAS WITH PREVIOUS LITERATURE   

Ref.
Antenna 

type

Operating 

bands

Dimensions

(mm2)

Freq.

(MHz)

BW

(MHz)

Gain

(dBi) 

SAR

(W/kg)

Net-input 

power (mW)

[3] loop single 25 x 18 2450 80 -21 N/A N/A

[8]
Patch single 60 x 13 2450 580 -11 N/A N/A

PIFA single 60 x 13 2450 778 -11 N/A N/A

[10] Dipole single 21.8 mm 2450 600 -17.3 49.3 40.6

[22] IFA single 30 x 30 433 N/A -32.3 N/A N/A

[23] PIFA single 33.8 x 33.8 402 55 N/A N/A N/A

[24]
3D 

folded
single 245 mm2 402 13.8 -38 N/A N/A

This

work

PIFA Double 17.25 x 8
433 138 -28.2 179.7 11.1

915 199 -24.5 160.7 12.4

Dipole Double 42 x 10
433 32 -19.1 48.7 41.1

915 105 -14.4 26.1 76.6

TABLE ⅤI

IMPORTANT PARAMETERS OF THE LINK BUDGET FOR 

THE PROPOSED ANTENNAS  

Parameters Variable Value 

Frequency (MHz) fr 433/915

Proposed antenna gain (dBi) Gt

-19.11 /-14.41

-28.22/-24.52

Path loss (dB) Lf Adaptive with distance

Distance (m) d 1-15

Transmitted power (dBm) Pt -23.8/-18.8

Noise power density (dB/Hz) N0 -203.9

Temperature (K) T0 273

Boltzmann constant K 1.38x10-23

Bit rate (Kb/S) Br 250

Polarization mismatch loss (dB) PL 0.3

Rx Noise figure (dB) NF 17.5

Modulation scheme N/A On-off keying (OOK)

1 Dipole antenna
2 PIFA

depending on the depth and type of the tissue. However,
good efficiency can be obtained for in-body antennas in the
frequency range of 200–2000 MHz for data transfer [25].
Additionally, the biocompatible coating (i.e., PDMS) around
the in-body antennas, reduce the coupling with tissue and,
hence, maximize the efficiency [25]. The total and radiation
efficiency of PIFA and dipole antenna are presented across
the frequency bands in Fig. 9. As can be seen from the figure,
the radiation efficiencies at 433 MHz were -28.2 and -8.7 dB
for PIFA and dipole, respectively. At 915 MHz the radiation
efficiencies were -20.5 and -2.1 dB for PIFA and dipole,
respectively. However, the total efficiency decreases due to the
additional losses. The total efficiency at 433 MHz was -33.1
and -23.2 dB for PIFA and dipole, respectively, while at 915
MHz the total efficiency was -23.2 and -17.5 dB for PIFA and
dipole, respectively.

To ensure user safety, maximum SAR values are limited.
The commonly used standards for SAR are the IEEE C95.1-
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1999 and IEEE C95.1-2005, which restrict the average SAR
over 1 g of tissue to less than 1.6 W/kg and over 10 g of
tissue to less than 2 W/kg , respectively [19], [20]. Table IV
presents the simulated 10 g maximum SAR and maximum net-
input available power of the dipole antenna and the PIFA in
the four scenarios at 433 and 915 MHz. We performed the
SAR calculations in the realistic human head model using
the XFdtd-based simulator Remcom. We assumed that the
proposed antennas provided 1 W of power. For the dipole
antenna, the highest SAR was found in the BHCM scenario
of 61.2 W/kg for 433 MHz and 34.0 W/kg for 915 MHz. To
satisfy the safety guidelines, the allowed transmitted power
is 32.7 mW at 433 MHz and 58.9 mW at 915 MHz for the
BHCM scenario, which is the lossy (worst-case) compared
to the other scenarios. For the PIFA, the highest SAR was
found in the IFCM scenario of 179.7 W/kg for 433 MHz and
160.7 W/kg for 915 MHz. The calculated maximum allowable
power for IFCM is 11.12 mW and 12.4 mW at 433 and 915
MHz, respectively. In this study, for the wireless link budget
calculation, we assumed the transmitter antenna output power
was -18.2 dBm (15.2 µW) at 433 MHz and -20 dBm (10 µW)
at 915 MHz. The transmitter power values are far less than
the calculated allowed transmitted power. Based on the above
results, we conclude that SAR is unlikely to be a concern in
this situation for either antenna. We compared the proposed
antennas with previously published iTDS antennas as listed in
Table V. It is evident from the table that regardless of size, the
proposed antennas have better performance (in terms of gain
and bandwidth) and offer dual band functionality compared to
in-mouth antennas [3], [8], [10], [22]–[24].

IV. LINK BUDGET ANALYSIS OF THE PROPOSED
ANTENNAS

To determine the range of an antenna in a human mouth
transmitting to an external unit, we investigated a link budget
for wireless communication. We included in our analysis the
different losses associated with link budget: path loss, scatter-
ing, absorption, reflection, and antenna mismatch losses. We
used the following Friis transmission equation for computing
the link margin (Lm):

Lm = PTx +GTx +GRx − Lf − PL

−Eb/N0 +KT0 +Br,
(1)

where Lf represents path loss and can be calculated as:

Lf (dB) = 20log10(4πd/λ), (2)

and PTx, GTx, and GRx denote the transmitted power (dBm),
the gain of the proposed antennas (dBi), and the gain of
the receiving antenna (dBi), respectively. PL represents the
polarization mismatch loss, d is the distance (in meters)
between the Tx and Rx antennas, Eb/N0 is an ideal phase
shift keying, N0 represents the noise power density (dB/Hz),
K is temperature in kelvin, T0 is the Boltzmann constant,
and Br is the data rate in kbps. Ahson et al. [12] suggested
a 10-dB link margin for consistent communication from the

(a) 

(b) 

Br = 250 kbps at 433 MHz

Br = 250 kbps at 915 MHz

Fig. 10. Distance versus link margins of the proposed dual band antennas at:
(a) 433 MHz. (b) 915 MHz.

device inside the human body to the external unit. Table VI
shows the parameters we used in the link budget calculation.
Figs. 10(a) and (b) show the distance versus margins for the
PIFA and dipole antenna at resonance frequencies 433 and 915
MHz, respectively. Fig. 10(a) shows that the PIFA can transmit
data at a rate of 250 kbps maximum up to 2 m with a 20-dB
margin for high-gain scenarios, whereas the dipole antenna
transmitting data with the same data rate of 250 kbps and
same margin of 20 dB can transmit up to 8.5 m at 433 MHz
frequency. Similarly, in Fig. 10(b) for 915 MHz frequency, the
PIFA can transmit data up to 4 m while the dipole antenna can
transmit up to 11 m. The dipole antenna transmits information
the furthest distance because it displays a higher peak gain than
PIFA; this is expected because the physical size of the dipole
antenna is larger than that of the PIFA.

V. MEASUREMENT SETUP AND RESULTS

To validate the simulation results obtained from the mouth
model and with a realistic human head, the antennas were
fabricated on a 0.635-mm thicker Rogers RT/duroid 6010
substrate. A PDMS layer (Sylgard 184 silicone mixed with
a curing agent) is used for coating the antennas to avoid
direct contact with tissues, prevent undesirable short circuits,
and provide biocompatibility. PDMS has other advantages:
it reduces SAR, is thermally stable, provides good water
resistivity and transparency, and has a low cost [20]. The
antenna prototypes and reflection coefficient measurement
setup are shown in Figs. 11(a)–(d). Figs. 11(a) and (b) show
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Fig. 11. Experimental setup and prototypes: (a) Dipole antenna prototype. (b)
PIFA prototype. (c) Antenna employment in closed mouth case. (d) Antenna
employment in open mouth case.

the prototypes of the dipole antenna and the PIFA, respectively.
Both the antennas were fabricated using an etching process
and were connected with SMA connectors via coaxial cable
for feeding the antennas. The PDMS-coated antennas were
positioned in the mouth of a 26-year-old subject. A coaxial
cable was connected to a vector network analyzer (VNA). We
used the VNA to measure the reflection coefficient (|S11|)
in the closed and open mouth scenarios, as shown in Figs.
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Fig. 12. Measured reflection coefficient for the proposed dual band antennas
in open and closed mouth scenarios: (a) Meandered dipole. (b) Meandered
PIFA.

11(c) and (d). It should be noted that the coaxial cable has a
negligible effect during the measurements as discussed in [27].
The reflection coefficients (|S11|) of the fabricated antennas
shown in Figs. 11(a) and (b) are depicted in Figs. 12(a) and
(b) for the dipole and PIFA, respectively. As can be seen from
Fig. 12(a), the dipole antenna in the open mouth scenario had
a measured impedance bandwidth of 25 MHz (428–453 MHz)
and 92 MHz (876–968 MHz) at the ISM bands 433 and 915
MHz, respectively. When the mouth is closed, the measured
bandwidth is 40 MHz (418–458 MHz) and 65 MHz (880–945
MHz) at the ISM bands 433 and 915 MHz, respectively. Fig.
12(b) represents the reflection coefficient for the fabricated
prototype of the PIFA, and shows that the -10-dB impedance
bandwidth at 433 MHz is 180 MHz (340–520 MHz) in the
open mouth scenario and 273 MHz (314–587 MHz) in the
closed mouth scenario. At 915 MHz, the measured bandwidth
is 334 MHz (872–1206 MHz) in the open mouth scenario
and 491 MHz (793–1284 MHz) in the closed mouth scenario.
These bandwidths can adequately cover both the ISM bands
433 and 915 MHz.

The radiation pattern measurement setup is depicted in
Figs. 13(a) and (b) for the open and closed mouth scenarios,
respectively. In Fig. 13(a), the 3D head model was filled with
saline solution and the antennas were positioned in front of
the mouth to create the open mouth scenario. In contrast,
the closed mouth scenario was created by making a cavity
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(a)

Reference 

antenna

Proposed 

antennas

3D Head model filled 

with saline solution

(b)

Proposed 

antennas

Mince pork muscle

Fig. 13. Measurement setup for radiation pattern: (a) 3D head model filled
with saline solution an approximation of open mouth. (b) Approximation of
closed mouth in mince pork muscle with 3-mm depth.

in mince pork, and then placing antennas 3 mm under the
mince pork muscle, as shown in Fig. 13(b). The comparison
of the measured and simulated radiation patterns of the PIFA
and dipole antenna in the open and closed mouth scenarios
for 433 and 915 MHz are shown in Figs. 14(a) and (b). The
shapes of the measured radiation patterns are in reasonable
agreement with the simulation results in both the azimuthal
and the elevation planes. The measured peak gains of the
dipole antenna for the open and closed mouth scenarios at
433 MHz are -23.5 and -25.3 dBi, respectively, while at 915
MHz the gains are -16.6 and -18.5 dBi, respectively. Similarly,
the radiation pattern analysis for the PIFA was also conducted
using the setup shown in Figs. 13(a) and (b). As revealed
in Figs. 14(a) and (b), the radiation pattern shapes of the
fabricated PIFA are quite similar with the simulated results in
both planes. The peak measured gains of the PIFA at 433 MHz
for the open and closed mouth scenarios are -30.7 and -31.3
dBi, respectively. At 915 MHz, the gains are -25.4 and -26.1
dBi for the open and closed mouth scenarios, respectively.

Fig. 14. The comparison of simulated and measured radiation patterns for
the proposed dual band meandered PIFA and dipole antenna in the open and
closed mouth scenarios: (a) Azimuthal (XY–plane). (b) Elevation (XZ–plane).

VI. CONCLUSION

In this study, we designed and experimentally validated two
dual band antennas (dipole and PIFA) for iTDS application in
the suitable ISM bands. We developed the proposed antennas
for dual band operation in order to mitigate external inter-
ference issues. Bearing in mind the anatomy of the human
mouth and the shape of iTDS device, we downsized the
antennas by adopting multiple miniaturization techniques such
as meandering the radiating patch, high dielectric loading, the
addition of shorting pin, and appropriate feeding position. The
antennas were initially designed and analyzed in FEM based
human mouth models. For validation of the results obtained
from the mouth model, we then simulated the antennas in a
realistic human head using a XFdtd based simulation envi-
ronment. To find the optimal position for the antennas, we
performed simulations for the four scenarios: IFOM, IFCM,
BHOM, and BHCM. We found that both the antennas had
better performance in these scenarios, thus these antennas can
be used in curved and palatal shape iTDS. We fabricated the
antenna prototypes and carried out measurements in the most
realistic environments of a 26-year-old subject’s mouth, 3D
head model, and minced pork muscle. Furthermore, for safety,
we calculated the SAR values for the antennas and found
them to be safe for both antennas in all four scenarios. In
the future, we are planning to integrate these antennas with
curved and palatal shape iTDS devices to physically establish a
reliable link between in-mouth device and external wheelchair
at frequency bands of 433 and 915 MHz. The performance of
the entire iTDS system will be evaluated on human subjects.
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