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A dual-band on-body repeater antenna for in-on-on wireless body area network applications is proposed. The proposed antenna
has a maximum radiation normal to the human-body surface for communication with implanted devices in the 5.8GHz industrial,
scientific, andmedical (ISM) band. In addition, to transmit the biological information received from the implanted devices to other
on-body devices, the proposed antenna was designed to have a monopole-like radiation pattern along the surface of the human
body for communication in the 2.45GHz ISM band.The antenna was fabricated, and its performance was measured by attaching it
to a human-equivalent semisolid phantom. In addition, the human-body effect was studied to ensure antenna performance under
an actual situation.

1. Introduction

Owing to their variety of potential medical applications,
wireless body area networks (WBAN) have received much
attention. Medical implants for treatment, diagnosis, and
monitoring have been studied in conjunction with the
WBAN. For example, a biomedical self-monitoring system
for implanted devices can be designed using the WBAN
concept. For WBAN communication, the transmitter and
receiver can be located in three regions: in-body, on-body,
and off-body [1, 2]. However, the antennas of implanted
devices usually have extremely low radiation efficiency
because of the body effect. Therefore, establishing a direct
communication link between the implanted antennas and
antennas for on-body self-monitoring is difficult. To com-
municate effectively, the signals must be collected from
the implanted devices and transmitted to the on-body self-
monitoring devices using repeater systems, as shown in
Figure 1. Therefore, the radiation characteristic of a WBAN
antenna is an important factor that determines the overall
performance of a system [3]. To achieve adequate perfor-
mance, the field distribution of an antenna for a repeater
system must be concentrated toward the human body to
collect signals from the implanted devices at one frequency

and along the human-body surface to transmit these signals
to the self-monitoring devices at another frequency. Thus, a
directional radiation pattern toward the in-body direction is
essential for on-body to in-body communication link. On
the other hand, for proper communication link between two
on-body transceivers, the antenna should generate omni-
directional field propagation along the body surface like
a vertical monopole [4, 5]. However, a vertical monopole
antenna is not suitable for on-body application because of
the height. Therefore, the on-body to on-body communi-
cation requires a low-profile antenna with a monopole-like
radiation pattern. To generate this monopole-like radiation
pattern, various antenna types have been proposed [6–14].
A compact patch antenna with a vertical ground wall and
a shorting wall was proposed in [6]. A planar inverted-
F antenna using a shorting wall on a two-third muscle-
equivalent arm phantom was published in [7]. Inspired by
the design in [8], a higher mode (TM

21
) microstrip patch

antenna (HMMPA) was introduced in [9]. Further, other
higher mode (TM

01
and TM

02
) circular patch antennas using

shorting vias and coupled annular-ring patch were proposed
in [10, 11]. To achieve broadband monopole-type radiation,
a half-hemispherical dielectric resonator was suggested in
[12]. Surface-wave antennas using via-less electromagnetic
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Figure 1: Configuration of the proposed antenna.

band-gap materials were introduced for low vertical size in
[13, 14]. However, these antennas still have large horizontal
size and are not suitable as repeater antennas because they
do not provide the dual radiation performance required in
the repeater system. Dual-band or dual-mode antennas for
WBAN application were proposed in [15–17]. In [15], a dual-
band antenna with a dual radiation pattern was proposed.
A monoband antenna with a dual pattern was proposed
in [16]. However, these antennas have dual- and triple-port
systems. The dual-port system antenna for the dual mode or
the triple-port system antenna for the triple mode has less
novelty in terms of antenna design architecture. In addition,
the multiport system is not suitable for miniaturization and
integration with the devices. The proposed antenna in [17]
has a broadside radiation characteristic, which is not suitable
for on-body communication, including the on-body sensor
network.

In this paper, a dual-band on-body repeater antenna for
in-on-on WBAN applications is proposed. This proposed
antenna operates in the 2.45GHz industrial, scientific, and
medical (ISM) band and the 5.8GHz ISM band. For a one-
port repeater system, the proposed antenna has a monopole-
like radiation characteristic for on-on communication in
the 2.45GHz ISM band and a broadside radiation for in-
on communication in the 5.8GHz ISM band with a low
profile. Although the use of the 5.8GHz ISM band for in-on
communication is unconventional by generally considering
skin depth and attenuation, this frequency can be used
to communicate with a low-depth implantable device such
as a pacemaker implanted in the subcutaneous fat (in the
near-field region). An implanted microstrip patch antenna is
adopted for verification of the in-on communication in the
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Figure 2: Geometry of the repeater antenna. (a) Isometric view. (b)
Side view. (c) Bottom view.The parameters of the proposed antenna
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5.8GHz ISM band. Moreover, a two-third muscle-equivalent
human-body phantom is used to analyze the antenna perfor-
mance.

2. Antenna Design and Simulation Result

The geometry of the repeater antenna for the in-on-on
WBAN application is shown in Figures 2(a)–2(c). The pro-
posed antenna has a dimension of 𝐿

1
× 𝑊
1
× [ℎ
1
+ ℎ
2

(10.5mm)] and consists of a top patch fed through a 9.5mm
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Figure 3: Simulation setup for the proposed antenna on a phantom.
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Figure 4: Simulated 𝑆-parameter comparison of the proposed
antenna with HMMPA-10 [9].

via connected to a microstrip line and a bottom ground slot
fed by a microstrip line on a dielectric substrate with 𝜀

𝑟
= 2.33

and tan𝛿 = 0.0009 (Taconic TLY-3).The radius of the two vias
is 0.6mm.

The proposed antenna was placed 𝑑mm away from
the surface of the cuboid-shaped two-third muscle-
equivalent phantom (200mm × 200mm × 50mm) to
analyze the dual-band antenna performance, as shown in
Figure 3 [18].

The top patch with a shorting via structure was designed
for on-body to on-body communications at the 2.45GHz
ISM band, as shown in Figures 2(a) and 2(b). The top patch
with the shorting via was fed by a feeding via, which was
connected to themicrostrip feeding line on the ground plane.
To maximize the radiation along the body surface for the
on-body to on-body communications and to minimize off-
body radiation, an HMMPA with a TM

21
mode was adopted

[9]. The basic configuration of the HMMPA is a monopolar
wire-patch antenna with a monopole-like radiation pattern,
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Figure 5: Effect of the offset slot length on the input impedance
characteristics of the slot antenna. (a) Reactance. (b) Resistance.

which was introduced in [8]. Because of the enforced null
point of the electric fields on the top patch, which originally
has a fundamental TM

11
mode generated using a 9.5mm

shorting via, a higher resonant mode was excited. Even
though the proposed antenna is inspired from HMMPA-10
of [9], weminiaturized the antenna size without changing the
resonance frequency, resonance mode, and radiation pattern
by cutting the 𝑦𝑧-plane of the HMMPA by half, as shown in
Figure 4 [19].

Figure 2(c) shows the bottom view of the proposed
antenna. To obtain a directional radiation characteristic for
the implanted device at the 5.8GHz ISM band, a slot at the
bottom ground with a width of 0.3mm, which is excited by
an offset microstrip coupled feed, is designed. Increasing the
slot length of the bottom plane reduces the input impedance
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Figure 6: Radiating mechanism of the proposed antenna on the
phantom. (a) 2.45GHz ISM band. (b) 5.8 GHz ISM band.
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for various gap distances

between the antenna and the phantom.

of the slot antenna, as shown in Figure 5.Therefore, achieving
impedance matching is possible by controlling the over-
all slot length (S

1
+ S
2
+ S3 + S

4
) [20]. In our design,

the slot line is optimized as a P-shape to miniaturize the
antenna.

Figure 6 shows the radiation mechanism of the proposed
antenna. The proposed antenna has only a single radiator.
The radiating mechanism of this antenna is described as
follows. (a) At 2.45GHz, the top patch is excited by a via
connected to the microstrip feeding line. This shorted top
patch operates in the half-TM

21
mode. (b) At 5.8GHz, the

slot line in the ground plane is excited by the microstrip

feeding line, and the radiating element is coupled to the slot
line.

Figure 7 shows the simulated S
11

characteristics of the
proposed antenna for various gap distances (𝑑) between the
antenna and the phantom. The simulated 10 dB impedance
bandwidths of the antenna at 𝑑 = 10mm were 4.5% (2.4–
2.51 GHz) at the 2.45GHz ISM band and 7.2% (5.62–
6.04GHz) at the 5.8GHz ISM band.

In this research, we adopted the two-third muscle-
equivalent phantom, which is simple, while having the same
human-body effects as the three-layer phantom. Figure 8(a)
shows that the permittivity and conductivity values of the six-
sided two-third muscle-equivalent phantom are two-thirds
those of the dispersive muscle; meanwhile, the three-layer
phantom is composed of dispersive skin, fat, and muscle
according to [18]. Figure 8(b) shows that the two results are
almost the same.

Figures 9(a) and 9(b) show the simulated electric-field
distributions in the 𝑦𝑧-plane at 𝑑 = 10mm. The proposed
antenna has a monopole-like electric-field distribution,
which is desirable for on-body surface communication at
the 2.45GHz ISM band (Figure 9(a)), whereas the electric
fields are strongly distributed toward the phantom surface
at the 5.8GHz ISM band (Figure 9(b)), which is a desirable
property for implants for on-body communication.

Figure 10 shows the simulated current distribution on
the top patch of the proposed antenna at 2.45GHz. Assum-
ing that no variation occurs along the 𝑧-axis, the current
varies by one cycle along the 𝑥-direction and by one-
half cycle along the 𝑦-direction, showing that the mode
excitation on the patch is in a higher order mode (TM

21
)

at 2.45GHz.
The simulated far-field radiation patterns of the proposed

antenna for various gap distances (𝑑) in the𝑥𝑧- and𝑦𝑧-planes
are shown in Figure 11. As the gap increases (as 𝑑 increases),
the radiated field becomes slightly stronger because of the
decreasing absorption into the phantom. In the 𝑦𝑧-plane, the
maximum simulated gain is 2 dBi. The radiation pattern of
the proposed antenna is similar to that of a monopole in the
2.45GHz ISM band.

Figures 12 and 13, respectively, show the isometric view of
the simulation setup and the 𝑆-parameter characteristics of
the in-on communication between the implanted microstrip
patch antenna in the phantom and the proposed antenna
on the phantom. The implanted microstrip patch antenna is
designed with a patch size of 12mm × 12mm on an FR-4
epoxy substrate with a dimension of 40mm × 40mm × 1mm
(𝜀
𝑟
= 4.4 and tan𝛿 = 0.02) and to operate in the 5.8GHz ISM

band. Considering practical implanted applications such as
pacemakers, the implanted depth from the phantom surface
(𝑖) is 5mm, and the gap between the proposed antenna and
the phantom surface (𝑑) is 10mm. To prevent direct contact
between the patch and the phantom, an air-gap insulation of
1mm is adopted. Figure 13 shows that the proposed antenna is
properly designed for in-on communications in the 5.8GHz
ISM band.

To evaluate the performance of the proposed antenna in
a practical environment, a Duke anatomical human model is
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Figure 9: Simulated electric-field distribution of the proposed
antenna. (a) 2.45GHz ISM band. (b) 5.8 GHz ISM band.
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Figure 10: Simulated current distribution on the top patch of the
antenna at 2.45GHz.

adopted, as shown in Figure 14 [21].The implantedmicrostrip
antenna (port 1) is located just under the subcutaneous fat of

the left chest. The proposed antenna (port 2) is placed 10mm
above the left chest surface.

Figure 15 shows the comparison between the simulated 𝑆-
parameter characteristics of the six-sided phantom shown in
Figure 12 and those of the Duke model shown in Figure 14.
Overall, the simulated results of the six-sided phantom are in
good agreement with those of the Duke model.

Figure 16 shows the simulated far-field radiation patterns
of the proposed antenna with the Duke model at 2.45GHz
in the 𝑥𝑧- and 𝑦𝑧-planes. The maximum gain of the antenna
is 1.5 dBi. The proposed antenna with the Duke model has a
monopole-like radiation pattern in the 2.45GHz ISM band.

Figure 17 shows the simulated average specific absorption
rate (SAR) distribution normalized to the maximum SAR
(input power: 1W) of the proposed antenna with the Duke
model. The American National Standards Institute requires
that the SAR values should be below 1.6W/kg over a volume
of 1 g of tissue. The maximum SAR values are 17.92W/kg
at 2.45GHz and 134W/kg at 5.8 GHz (1 g tissue). To satisfy
the SAR limitation (1.6W/kg for partial-body exposure), the
input power should be below 89.29mW at 2.45GHz and
11.94mW at 5.8GHz [22].

The simulation results of this study were obtained using
HFSS based on the finite-element method and the SEMCAD
X based on the finite-difference time-domain method [23,
24].

3. Experimental Results

The configurations of the proposed antenna and the fab-
ricated two-third muscle-equivalent phantom (200mm ×
200mm × 70mm) for the measurement setup are shown in
Figure 18. Because the manufactured phantom does not have
dispersive permittivity and conductivity, it has only a single
value in all frequencies. Therefore, we fabricated phantoms
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Figure 11: Radiation patterns of the proposed antenna for various
gap distances (𝑑) at the 2.45GHz ISM band. (a) 𝑥𝑧-plane. (b) 𝑦𝑧-
plane.

for 2.45 and 5.8GHz separately to validate the antenna perfor-
mance in the two frequency bands. The electrical properties
and ingredients of the two-thirdmuscle-equivalent phantoms
[7, 18, 25] at the 2.45 and 5.8GHz ISM bands are summarized
in Table 1.

Figure 19 shows the measured and simulated S
11

char-
acteristics of the proposed antenna on the phantom (𝑑 =
10mm). For themeasurement, the phantom for 2.45GHzwas
used from 2 to 3GHz and that for the 5.8GHz was used from
5.2 to 6.4GHz. The measured 10 dB impedance bandwidths
of the antenna were 8.5% (2.37–2.58GHz) in the 2.45GHz
ISM band and 7.1% (5.6–6.01 GHz) in the 5.8GHz ISM band.
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Figure 12: Isometric view of the simulation setup for the in-on
communication between the implantedmicrostrip patch antenna in
the phantom and the proposed antenna on the phantom.

2.0 2.2 2.4 2.6 2.8 3.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4
−60

−50

−40

−30

−20

−10

0

S
-p

ar
am

et
er

 (d
B)

Frequency (GHz)

Simulated S11
Simulated S22
Simulated S21

Figure 13: Simulated 𝑆-parameter characteristics of the in-on
communication between the implanted microstrip patch antenna
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the proposed antenna in practical environment (port 1: implanted
microstrip antenna; port 2: proposed antenna).
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Table 1: Electrical properties and ingredients of the two-third
muscle-equivalent phantoms.

Ingredient Composition ratio (%)
2.45GHz ISM band

(𝜀
𝑟
= 35.5, 𝜎 = 1.2 S/m)

2.45GHz ISM band
(𝜀
𝑟
= 35.5, 𝜎 = 1.2 S/m)

Deionized
water 59.7 74.07

Polyethylene
powder 14.92 22.22

Agar 2.98 3.7
Glycerin 20.89 —
TX-151 1.49 —
∗Measurement temperature: 26∘C.

Overall, the simulated result was in good agreement with the
measurement result. The discrepancy between the simulated
and measured results may have been due to manufacturing
error of the three-layer fabricated antenna and inaccuracy of
the phantom size.

Figure 20 shows the simulated and measured radiation
patterns of the proposed antenna on the phantom when
𝑑 = 10mm. The measured results agree reasonably well with
the simulated results. The proposed antenna has a minimum
radiation normal to the phantom surface and maximum
radiation tangent to the phantom surface at 2.45GHz. The
measured peak gain of the proposed antenna on the phantom
was 1.27 dBi. The measured radiation efficiency of the pro-
posed antenna without the phantom was 61.92% at 2.45GHz
and 71.74% at 5.8GHz and that of the proposed antenna with
the phantom was 36.75% at 2.45GHz and 75.76% at 5.8GHz.

In this work, the proposed antenna is designed for
the 5.8GHz ISM band in-on communication with low-
depth implantable device such as a pacemaker implanted

in the subcutaneous fat. Therefore, far-field analysis is not
necessary to evaluate the in-on communication performance
in this region. To verify the simulated result for the in-
on communication, a microstrip patch antenna operating in
the 5.8GHz ISM band for implanted device was fabricated,
as shown in Figure 21. The manufactured microstrip patch
antenna has a unidirectional radiation pattern suitable for in-
on communication.

Figure 22 shows the simulated andmeasured 𝑆-parameter
characteristics of the in-on communication between the
implanted microstrip patch antenna in the phantom and the
proposed antenna on the phantom. In the measurement,
a polystyrene foam was adopted as insulating air for the
implanted antenna. Some discrepancies exist in the S

21
.

However, the overall trend of themeasured 𝑆-parameters is in
good agreement with that of the simulation. All results were
obtained using the Agilent E8358A Network Analyzer.

4. Analysis of Body-Movement Effect

4.1. Received Signal Power at Various Antenna Locations. The
received signal power on the on-body antennas depends
on the antenna locations and body postures. To investigate
the body effect on the received signal power, a channel
measurement activity was conducted for various on-body
antenna locations and human movements in the 2.45GHz
ISM band. The received signal power (S

21
) at the on-body

receiver was measured using a vector network analyzer, and
a human body (height = 180 cm and weight = 90 kg) inside
an anechoic chamber was used. A transmitter (Tx) antenna
was placed on the left chest, and receive (Rx) antennas were
placed on the head, chest, stomach, thigh, and arm. Three
humanmovements, namely, standing, walking, and sitting up
and down, were considered. For eachmovement and antenna
location, the received power was measured for 10 s.

Table 2 shows the means and variances of the received
signal power at various receiver positions and for different
body postures. For human movements such as walking and
sitting down and up, the signal power variance is larger than
that for steady posture such as standing still. The received
signal power valuesmeasured over 10 s at differentRx antenna
positions are plotted in Figure 23. The received signal power
is the strongest at the chest antenna, which is closest to
the Tx antenna. In contrast, the thigh antenna shows the
weakest received signal power because its distance from the
Tx antenna is the longest. The proposed antenna shows the
received signal power following our expectation under the
WBAN settings.

4.2. Channel Capacity for Various Body Movements at Fixed
Antenna Location. The channel capacity was also computed
to evaluate the measured channels. The channel capacity is
given by

𝐶 = log
2
(1 + SNR) , (1)

where SNR is the signal-to-noise ratio, which is determined
by the received signal power/noise power. A noise power of
−90 dBm was obtained from the measurement.
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Figure 16: Radiation patterns of the proposed antenna with the Duke model at the 2.45GHz ISM band. (a) 𝑥𝑦-plane. (b) 𝑥𝑧-plane.
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Table 2: Received power for various receiver positions and body postures.

Standing Walking Sitting down and up
Arm

Average −57.4785 −58.2443 −54.7935
Dispersion 1.0192 6.5225 1.6766

Chest
Average −37.8377 −40.1259 −40.9304
Dispersion 0.1022 0.7348 1.0493

Head
Average −53.8209 −53.8702 −50.5486
Dispersion 0.7318 9.9121 1.8158

Stomach
Average −41.5824 −40.0269 −40.1617
Dispersion 0.0786 0.6043 2.0912

Thigh
Average −61.0783 −54.0026 −45.0382
Dispersion 2.8965 3.7319 8.9139

∗Unit: dBm.
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Figure 18: Fabricated antenna and two-third muscle-equivalent
phantom for the measurement setup (𝑑 = 10mm). The phantom for
the 2.45GHz ISM has 𝜀

𝑟
= 35.5 and 𝜎 = 1.3 S/m and that for the

5.8GHz ISM has 𝜀
𝑟
= 33.2 and 𝜎 = 3.6 S/m.
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characteristics of the
proposed antenna on the phantom (𝑑 = 10mm).

Figures 24(a) and 24(b) show the cumulative density
functions (CDFs) of the measured channel capacities for the
three body movements at the chest and thigh. On average,
the chest, which receives the strongest signal power, yields
the largest channel capacity whereas the thigh, which has a
weak received power, shows the smallest channel capacity.
Figure 24 shows that, at a fixed antenna position, different
human movements result in different channel capacities
because the human movements cause variations in the Tx-
Rx antenna separation and in the propagation conditions.
Figure 24(b) shows that sitting up and down results in
better channel capacity than standing still because the sitting
movements shorten the Tx-Rx distance.

4.3. Probability Distribution Fitting. The empirical cumula-
tive distribution function (CDF) for each antenna position
and body posture was calculated from the normalized data.
Several reference theoretical models (Nakagami-𝑚, Rician,
Gamma, and Weibull) were compared with the empirical
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Figure 20: Simulated and measured radiation patterns of the
proposed antenna on the phantom at 2.45GHz (𝑑 = 10mm). (a) 𝑥𝑧-
plane. (b) 𝑦𝑧-plane.

CDFs using the Kolmogorov-Smirnov fit test (KS test) to
determine the best fit distribution. This test calculates the
maximal distance between the numerical data and the the-
oretical model data. The KS statistic is defined as [26]

𝐷 = max
𝑥

𝐹𝐸 (𝑥) − 𝐹𝑋 (𝑥)
 , (2)

where 𝐹
𝐸
is the CDF of the measured data and 𝐹

𝑋
is the CDF

of the theoretical distribution.
The distribution that provides the best fit in each case is

the one with the lowest KS statistic. Table 3 shows the best fit
model for each case, which fits the single branch envelope.
In most cases, the fading models in each scenario follow the
Weibull fadingmodels. However, that of the antenna attached
to the thigh follows the Nakagami and Gamma fadingmodel.
TheRician fadingmodel shows the worst case in all measured
data fitting.
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Figure 21: Geometry of the microstrip patch antenna for the
implanted device operating in the 5.8GHz ISM band for in-on
communication measurement.
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Figure 22: Simulated and measured 𝑆-parameter characteristics of
the in-on communication between the implanted microstrip patch
antenna in the phantom and the proposed antenna on the phantom
as shown in Figure 10 (port 1: implanted microstrip antenna; port 2:
proposed antenna).

5. Conclusion

A dual-band on-body repeater antenna for in-on-on
WBAN applications has been proposed. The simulated and
measured 10 dB impedance bandwidths were sufficient to
cover the required frequency bands (2.45GHz ISM band
(2.4–2.485GHz) and 5.8GHz ISM band (5.725–5.825GHz)).
The proposed antenna provides a dipole-like radiation
pattern for on-on body communication in the 2.45GHz ISM
band and a directional radiation pattern for the in-on body
communication in the 5.8GHz ISM band. To verify these
properties, phantoms for 2.45 and 5.8GHz were fabricated
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Figure 23:Measurement of received signal power comparison at the
receiver position in standing posture.
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Figure 24: CDFs of the measured channel capacity comparison for
various body postures for (a) chest and (b) thigh.
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Table 3: Best fit distribution and estimated parameters for each measurement scenario.

Antenna position and body posture Best fit Envelope
Nakagami Rician Gamma Weibull

Arm
Standing W 0.5926 0.6523 0.5059 0.0403
Walking G 0.0127 0.0368 0.0039 0.9116
Sitting up and down W 0.3249 0.3943 0.2461 0.0218

Chest
Standing W 0.621 0.621 0.5913 0.0789
Walking W 0.9942 0.9968 0.9904 0.0039
Sitting up and down W 0.5332 0.5915 0.4772 0.1124

Head
Standing W 0.9643 0.9912 0.9457 0.0246
Walking W 0.6525 0.8733 0.4515 0.1233
Sitting up and down W 0.3937 0.4713 0.3244 0.0114

Stomach
Standing W 0.9567 0.9428 0.9428 0.002
Walking N 0.0001 0.0369 0.0245 0.1323
Sitting up and down G 0.0018 0.002 0.0011 0.2187

Thigh
Standing G 0.073 0.1234 0.0413 0.8747
Walking G 0.8025 0.7979 0.001 0.0024
Sitting up and down N 0.001 0.009 0.004 0.1834

∗W:Weibull; G: Gamma; N: Nakagami.

and used to measure the antenna performance. A channel
measurement activity was conducted to investigate the effect
of human-body movements and antenna locations. We have
demonstrated that the proposed antenna can be effectively
deployed on a human body to allowWBAN applications such
as in amedical self-monitoring system owing to its dual-band
characteristic and desirable field distributions.
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