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A planar MIMO antenna with slits for WBAN applications is proposed. The antenna consists of two PIFAs, ground pads, and two
slits. By adding ground pads, the antenna size is reduced with improved impedance matching. Through two slits in a ground plane,
the isolation characteristic is improved and the resonant frequency can be controlled. To analyze the antenna performance on a
human body, the proposed antenna on a human equivalent flat phantom is investigated through simulations. Regardless of the
existence of the phantom, the antenna operates in 2.4 GHz ISM band with the isolation higher than 18 dB.

1. Introduction
Recently, wireless body area network (WBAN) systems for
medical devices, police and military agencies, sports training,
entertainment, and wearable computing have received great
attention in conjunction with the rapid development of
wireless communication technology [1, 2]. The antennas for
WBAN system should satisfy certain requirements such as
small size, low profile, low human body effects, and low
specific absorption rate (SAR) [3]. Since the antennas for
WBAN system are located on or in the human body, the
performance of the antenna is affected by the human body’s
high dielectric constant and conductivity at the microwave
frequency band. Therefore, the gain and radiation efficiency
of the antenna can deteriorate [4–7].
A lot of research for the on-body communication channel
of WBAN system in the industrial scientific medical (ISM)
band has been conducted [8–10]. In on-body communication, a multipath fading occurs due to reflections from the
surrounding environment and the body parts, large relative
movement of the body parts, shadowing, and scattering from
the moving of the body and the surrounding environment
[8]. The multipath fading distorts communication signals and
reduces the efficiency of WBAN system [11]. Since a diversity
technique forces signals to be independently processed, stable
communication performance of an antenna system can be

achieved in multipath fading environment. Multiple-input
and multiple-output (MIMO) antennas have received much
attention as one of promising diversity techniques. A high
isolation characteristic is essential for MIMO antenna system
in order to achieve independency of multiple signals [12].
In the paper, a planar MIMO antenna with slits for
on-body WBAN applications in 2.4 GHz ISM band (2.4∼
2.485 GHz) is proposed. A planar inverted-F antenna (PIFA)
operating with a resonant length of 𝜆/4 is used to achieve
compact size [13]. Ground pads are added to reduce the
size of the antenna with improved impedance matching. By
using two slits in a ground plane, the isolation characteristic
increases over 18 dB in 2.4 GHz ISM band. The performance of the proposed antenna on the human equivalent
flat phantom such as 𝑆-parameter characteristics, radiation
characteristics, SAR, and an envelope correlation coefficient
(ECC) is analyzed.

2. Antenna Geometry
Figure 1 shows the geometry of the proposed antenna. The
antenna consists of two identical PIFAs, two identical ground
pads, and two identical slits. The proposed planar antenna
is designed on a FR4 substrate (𝜀𝑟 = 4.4) with a 1 mm
thickness. The total size of the substrate is 40 × 40 mm2 .
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Figure 1: Geometry of the proposed antenna.
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Figure 2: Proposed antenna on the human equivalent flat phantom.

PIFAs have a dimension of 11.5 × 16 × 1 mm3 . A distance
between the two PIFAs is 8 mm and 𝑙1 denotes the length of
the radiator of PIFAs. Addition of ground pads at a ground
plane increases the electrical length and bandwidth of PIFAs
without changing the size of PIFAs. 𝑙2 and 𝑤, respectively,
denote the length and the width of the ground pads. Although
an isolator does not exist between the two PIFAs, the isolation
characteristic is improved by adding two slits with the length
of 𝑙3 in the ground plane.
Figure 2 shows the proposed antenna on the human
equivalent flat phantom. The dimension of the human equivalent flat phantom is 200 × 270 × 60 mm3 . The proposed
antenna for possible applications (portable devices such
as Bluetooth headset and wearable smart watch) has the
maximum allowed separation distance of 10 mm from the
phantom in order to provide the clearance of cover assembly
[4]. To account for this situation, the separation distance
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Figure 3: Simulated S-parameter results for the proposed antenna
with phantom and without phantom.

between the antenna and the phantom is chosen as 10 mm. In
order to analyze the antenna performance on a human body,
simulations were conducted using the human equivalent flat
phantom having the equivalent electrical properties (𝜀𝑟 =
52.7 and 𝜎 = 1.95 S/m) of human tissue [14]. The simulation
results were obtained using HFSS based on the finite-element
method [15].

3. Simulated Results
Figure 3 shows the simulated 𝑆-parameter results for the
proposed antenna with and without the phantom. The design
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Figure 4: Simulated S-parameter results for the proposed antenna
on the phantom with slit and without slit.
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Figure 5: Simulated surface current distributions for the proposed
antenna at 2.44 GHz (port 1: on, port 2: off) (a) without slit and (b)
with slit.
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parameters for the proposed antenna are set to 𝑙1 = 28 mm,
𝑙2 = 10.5 mm, 𝑤 = 3 mm, and 𝑙3 = 24 mm. Regardless of
the existence of the phantom, 𝑆11 is maintained below −10 dB
and the isolation characteristic is higher than 18 dB over the
2.4 GHz ISM band (2.4∼2.485 GHz).
Figure 4 shows the simulated 𝑆-parameter results for the
proposed antenna on the phantom with slit and without slit.
By adding a slit at the ground plane, the isolation at 2.44 GHz
is improved from 15 dB to 20 dB. The isolation characteristic
over the entire 2.4 GHz ISM band is higher than 18 dB.
Figure 5 shows the simulated surface current distributions for the proposed antenna at 2.44 GHz. The slit operates
at the electrical length of 𝜆/4. Because the minimum current
of the slit implies high impedance by 𝜆/4 slit, the slit blocks
current flowing from PIFA 1 to PIFA 2 through the ground
plane [16, 17]. For the antenna without slit, when PIFA 1 is
excited by port 1, a strong current excites on PIFA 2 as shown
in Figure 5(a). For the antenna with slit, a weak current excites
on PIFA 2 as depicted in Figure 5(b).
Figure 6 shows the simulated 𝑆-parameter results for
various values of length 𝑙1 . Other parameters, excluding 𝑙1 ,
are the same as described above. A resonance frequency is
formed by the length of radiator (𝜆/4). As 𝑙1 increases, the
radiator approaches the ground pad. Therefore, the resonance
frequency decreases with a deteriorated impedance matching. However, the isolation characteristic is maintained above
18 dB. Because the distance between the PIFA and the slit is far
enough as shown in Figure 5(b), the change of the radiator’s
length hardly affects the isolation characteristic. When 𝑙1
is 28 mm, 10 dB return loss bandwidth of the antenna fully
covers 2.4 GHz ISM band.
Figure 7 shows the simulated 𝑆-parameter results for
various values of length 𝑙2 . As 𝑙2 increases, the resonance frequency decreases because the coupling between the ground
pad and the part of PIFA near feeding port becomes stronger
in Figure 5(b). The isolation characteristic is retained above
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Figure 6: Simulated 𝑆-parameter results for various values of length
𝑙1 .
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Figure 7: Simulated 𝑆-parameter results for various values of length
𝑙2 .
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Figure 8: Simulated 𝑆-parameter results for various values of width
𝑤.

18 dB. Because 𝑙2 is the length of the ground pad, the addition
of ground pad contributes to the size reduction of the
PIFA. When 𝑙2 is 10.5 mm, the best isolation performance in
2.4 GHz ISM band is achieved.
Figure 8 shows the simulated 𝑆-parameter results for
various values of width 𝑤. As 𝑤 decreases, the resonance
frequency increases because the coupling between the ground
pad and the tip of PIFA becomes weaker in Figure 5(b).
The 10 dB return loss bandwidth increases with an improved
impedance matching. The isolation characteristic remains
nearly constant above 18 dB regardless of the change in 𝑤. To
cover 2.4 GHz ISM band, 𝑤 is chosen as 3 mm.

Figure 10: Simulated SAR distribution of the proposed antenna on
the phantom at 2.44 GHz (input power: 100 mW).

Figure 9 shows the simulated 𝑆-parameter results for
various values of length 𝑙3 . As 𝑙3 increases, the isolation
characteristic is improved, while the 𝑆11 characteristic is
retained. Because 𝑙3 is the length of the slit, the change of 𝑙3
mainly affects the isolation characteristic. When 𝑙3 is chosen
as 24 mm, the isolation characteristic is higher than 18 dB in
2.4 GHz ISM band.
Figure 10 shows the simulated SAR distribution of the
proposed antenna on the phantom at 2.44 GHz. According
to the Federal Communications Commission (FCC), the
SAR values for a partial body should be below 1.6 W/kg
over a volume of 1 g of tissue [18]. When the maximum
input power is 100 mW, the SAR of the proposed antenna is
1.42 W/kg which satisfies the FCC SAR limitation of 1.6 W/kg.
Therefore, the proposed antenna can be used for a low power
wireless terminal operating below 100 mW such as Bluetooth
system [19].
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Figure 11: Fabricated antenna and phantom for measurement setup. (a) Fabricated antenna and (b) the antenna on the phantom for
measurement setup.
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Table 1: Simulated total efficiency at 2.44 GHz.
With slits
40.35

Without slits
38.26

Table 1 shows the simulated total efficiency at 2.44 GHz.
The total efficiency of the proposed antenna is higher than
that of the antenna without the slits due to the improvement
of isolation between the two antenna elements by inserting
the slits.

4. Measured Results
Figure 11 shows the fabricated antenna and phantom for
measurement setup. The measured electrical properties of the
fabricated human equivalent semisolid flat phantom are 𝜀𝑟 =
52.7 and 𝜎 = 1.95 S/m [20]. The human equivalent semisolid
flat phantom is used to measure the antenna performance.
Figure 12 shows the simulated and measured 𝑆-parameter
results for the proposed antenna. The simulated results are
virtually identical to the measured results. The discrepancy
between the simulated and the measured results may have
been due to a manufacturing error (long coaxial feed cable)
of the fabricated antenna [21]. The proposed antenna has the
10 dB return loss bandwidth of 210 MHz (2.34∼2.55 GHz).
This is wide enough to fully cover 2.4 GHz ISM band. The
isolation characteristic is higher than 20 dB over 2.4 GHz ISM
band.
Figure 13 shows the simulated and measured radiation
patterns of the proposed antenna at 2.44 GHz. The measured
radiation patterns agree well with the simulated ones. The
radiation patterns of the PIFA 1 and PIFA 2 are similar to
each other. In Figure 13(a), nearly omnidirectional radiation
patterns are observed. In Figure 13(b), radiation patterns
directed toward the outside of phantom are observed. Table 2
shows the measured peak gain and radiation efficiency of the
proposed antenna at 2.44 GHz. The peak gain is 1.61 dBi for
the PIFA 1 and 1.6 dBi for the PIFA 2.

−10
S-parameter (dB)

2.44 GHz
Total efficiency (%)

−18 dB

−20

−30

−40
2.0

2.2

2.4

2.6

2.8

3.0

Frequency (GHz)
S11 -simulated
S21 -simulated

S11 -measured
S21 -measured

Figure 12: Simulated and measured 𝑆-parameter results for the
proposed antenna.

Table 2: Measured peak gain and radiation efficiency.
2.44 GHz
Peak gain (dBi)
Efficiency (%)

PIFA 1
1.61
24.97

PIFA 2
1.6
24.29

The diversity performance of a MIMO antenna could
be evaluated by the envelope correlation coefficient (ECC).
The ECC should be calculated from 3D radiation patterns
[22]. Figure 14 shows the calculated ECC from simulated and
measured radiation patterns of the proposed antenna. The
simulated ECC agrees well with the measured ECC. The ECC
values are maintained below 0.5 over 2.4 GHz ISM band. The
simulated ECC of the proposed antenna is lower than that of
the antenna without slits due to the improvement of isolation
between the two antenna elements by inserting the slits.
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Figure 13: Simulated and measured radiation patterns of the proposed antenna at 2.44 GHz (a) 𝑥𝑦 plane and (b) 𝑦𝑧 plane.

5. Conclusion
In this paper, the planar MIMO antenna with slits in 2.4 GHz
ISM band for WBAN applications is proposed. The 10 dB
return loss bandwidth of the antenna on the human equivalent flat phantom is wide enough to cover 2.45 GHz ISM band.
The addition of ground pads contributes to the size reduction
and the improvement of the impedance matching of the PIFA.

The isolation characteristic is improved by adding two slits.
The isolation is higher than 18 dB over the ISM band. The
resonant frequency can be controlled by the PIFA, the ground
pad, and the slit. The performance of proposed antenna is
insensitive to the existence of the phantom. Consequently,
the above advantages make the proposed antenna a good
candidate for WBAN applications.
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