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Abstract

A planar inverted F-Antenna with the dual band-dual polarization property is presented for
medical body area networks applications. The designed antenna covers the 2.45 GHz indus-
trial, scientific and medical, 4 G long term evolution (2.5–2.69 GHz) bands for ON body com-
munication and Wi-Fi and WLAN (3.5–3.6 GHz) bands for OFF body communication. At
the lower band, an equivalent offset fed magnetic microstrip type dipole has been utilized
that generate field parallel to the surface of the body for supporting ON body communication.
The broadside radiation pattern has been realized using the slotted patch counterpart for sup-
porting OFF body communication. This technique has resulted in a design of dual band dual
mode property using a single radiator. The footprint of the antenna is only 0.35λg × 0.17λg ×
0.08λg. Owing to its compactness, lightweight, and easy mountable property (due to foam sub-
strate), the proposed antenna is found to be robust for MBAN applications. The maximum
permissible transmitted power for the 1st band is 25.78 and 20.3 dBm for the 2nd one to
maintain standard specific absorption rate limitations of 1.6 W/Kg. Experimental investiga-
tions over human body showed minimal deviations from the free space conditions which
makes it a potential candidate for body-centric communications.

Introduction

Healthcare sector has revolutionized drastically in recent times especially in the field of med-
ical body area networks (MBAN). Due to diverse areas of applications including sports, medi-
cine, defense, and wearable computing, a considerable research has witnessed huge progress
over the last decade [1]. The application of smart systems to monitor and diagnose patient’s
conditions in real time has resulted in reducing the patient’s inconvenience a lot. An antenna
is an integral part of the MBAN system which decides the efficiency of the overall transmission
system. The antenna serves the purpose of not only collecting information from other body-
worn sensor devices, also it transmits the information to the nearby base station [2]. Here, a
different mode of operation requires multiple polarizations, respectively. An omnidirectional
beam with vertical polarization is optimal for ON body communications whereas horizontal
polarization with unidirectional broadside beam is favorable for OFF body communications.
The requirements for ON body communication recommend the appropriateness of vertical
monopole type antennas. But at lower industrial, scientific and medical (ISM) band frequen-
cies in view of the overall profile, a conventional monopole antenna is not appropriate for ON
body applications [3]. Some of the techniques adopted for the design of antennas for ON body
communication includes: microstrip patch antennas with higher order modes [4], a circular
patch antenna with TM21 mode [5], circular ring patch antenna with TM31 mode [6], and cav-
ity slot antenna [7]. The higher order modes of the above antennas provide comparable per-
formance with respect to monopole antennas. However, considering the specific radiation
pattern requirement for each mode of operation, they are not suitable for OFF body commu-
nication as they radiate horizontally omnidirectional pattern only. Design of antenna for
MBAN applications has to be considered from the perspective of various requirements like
the level of impedance detuning due to the lossy human body [8], miniaturization, polariza-
tion mismatch losses [9], specific absorption rate (SAR) limitations [10], low profile and light-
weight. Considering the coupling between the lossy human body and antenna, a planar
inverted F- antenna (PIFA) is considered as a suitable candidate for wearable applications
due to its full ground plane structure [11]. Wearable PIFA was first introduced in the year
1999 for operation at 2.45 GHz [12]. Since then a number of researches with wearable PIFA
antennas considering single band [13, 14], multi-band [15–17], broadband [18] operations
were reported. Again for all the PIFA antennas reported above, single polarization character-
istics were discussed only. Dual-mode dual-band antennas with a patch like radiation pattern
for OFF body communication and monopole type radiation pattern for ON body communi-
cation were recently reported in [19, 20]. In the above two cases, dual mode is realized using
two radiators where each radiator radiates in separate bands. The application of two or more
radiators for generating separate modes increases the overall profile of the antenna.
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In this work, a dual band dual polarized PIFA antenna is pro-
posed for ON/OFF body communication at 2.5 and 3.5 GHz
bands. The equivalent offset fed magnetic microstrip type dipole
antenna has been utilized to generate the omnidirectional radiation
pattern at lower band whereas the slotted patch counterpart is
responsible for generating the broadside radiation beam at higher
band. As a result of this, dual band dual mode antenna has been rea-
lized using a single radiator only. The shorting wall width and height
are found to be crucial in controlling the frequency ratio between the
two bands respectively. A single, as well as multi-layer tissue model,
has been employed to study the performance of the antenna under
ON body conditions. The antenna is found to be suitable for
on-body operation considering its compactness, easy-to-fabricate
structure, lightweight, and robust on-body performance.

Antenna structure and design

Considering the easy market availability, foam with relative per-
mittivity (εr) of 1.14 and thickness of 9 mm has been chosen as
a suitable substrate due to its lightweight, heat and moisture resist-
ant and easy mount ability properties over the human body.
Further, lower permittivity and higher thickness substrates are
sometimes more suitable where higher bandwidth requirements
is a pre-requisite [21]. Bandwidth efficiency product can be
quite enhanced with a large volume of the antenna. The footprint
of the antenna is only 40 × 20 mm2.

Coaxial feeding technique has been used for laboratory pur-
pose and testing only. In real-life applications, mini SMA con-
nector can be employed which assures flat garment in-layer.
Also, on-body circuitry components located at the backside of
the antenna can be used to feed the antenna [22].

The conducting material is made up of copper tape of thick-
ness 0.076 mm. The radiator part has been fabricated using a sin-
gle piece of the copper sheet without any interconnections using
glue or soldering. This method provides a constant surface con-
ductivity of the radiator. The schematic diagram of the proposed
antenna is shown in Fig. 1. A Parasitic small square patch is con-
nected with the bigger truncated patch through a strip line. The
truncations in the designed antenna are found to be helpful in
mitigating frequency shift when it is loaded over the human
body. The asymmetric square structure can be used for generation
of dual-band antennas. But with this technique, different polar-
ization structures cannot be realized within the same radiator.
The main objective here is to design dual-band antenna having
dual polarization property.

Material characterization

Electromagnetic characterization of the material to be used as
substrate should be analyzed at the chosen frequency band in
order to achieve the preferred functionality of the wearable
antenna. The dielectric properties of the substrate to be used for
the wearable antenna are measured using Agilent Dielectric
Measurement probe kit as shown in Fig. 2.

In order to obtain accurate results, repeatability of the meas-
urement is performed with multi-layers and dielectric properties
like permittivity and loss tangent are measured. The results of
the measurement are given in Table 1.

Characteristics and analysis

The designed PIFA antenna is divided into two sections: (1)
equivalent magnetic microstrip dipole section, (2) slotted section

as shown in Fig. 3. Magnetic microstrip dipole consists of a patch
and ground element with one side fully or partially shorted [23].
Offset fed magnetic microstrip dipole is employed where the feed
position is varied along the edge to obtain an optimum impedance
matching. The resonant frequency of the partially shorted patch
antenna has been calculated using the formula given in [24]:

f0 = 3
4[L+(W−ws)/2] ���

1e
√ , (1)

where L, W, ws, εe are the effective length, width of the RMSA,
width of the shorted portion, and effective dielectric constant of
the substrate.

From Equation (1), it can be observed that with the reduction
in the value of ws, the value of fo shifts left and vice versa. In the
proposed design, we have used a partially shorted patch antenna.
A partially shorted patch antenna shows more miniaturization
over fully shorted one. The design methodology of the antenna
is discussed herein. The evolution of the design is shown in
Figs 4(a)–4(e). After the design of the 1st ref. PIFA antenna,
the width of the patch has been extended fully which has been
referred to as Ref. 2 antenna. The resonant frequency of the
shorted patch antenna mainly depends upon the dimensions of
the shorting wall and width of the patch, so increasing the
length of the patch barely affects its resonant frequency. In the
3rd step, two slots have been cut near to the middle of the
patch which is referred as Ref. 3 antenna. From the S11 curve, it
can be observed that another mode generates along with the
shorted patch mode but impedance matching is poor in this
case. In this case, the modes are adjacent to each other. In
order to control the frequency ratio between the two modes, the
asymmetrical patch has been employed which is referred to as
Ref. 4 antenna. The generation of two modes can be observed
in the S11 curve. These are the steps employed during optimiza-
tion of the antenna in free space. As a final step, the antenna
has been optimized on the phantom model by cutting truncation
in both the patches referred as Ref. 5 which resulted into required
frequency shift in the lower band and improved matching
respectively.

The surface current distribution over the antenna is shown in
Figs 5(a)–5(b) at a frequency of 2.5 and 3.5 GHz. It indicates that
the maximum current is distributed vertically over the shorting

Fig. 1. Schematic diagram of the proposed antenna design.
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wall at a lower frequency. Thus, in this case, the aperture part is
excited effectively which resulted in monopole-like omnidirec-
tional field of the antenna. At the higher frequency, maximum
surface current flows near to slotted section of the patch surface
that resulted in broadside radiation pattern. Thus effective excitation
of both these counterparts resulted in a generation of specific radi-
ation patterns which could support ON/OFF body communication.

Parametric study

A set of parametric studies is performed in order to achieve the
maximum impedance matching and desired range for the fre-
quency of interest. The simulations were performed in Finite
element Method-based solver ANSOFT high-frequency structure
simulator. During analysis when a single parameter is varied, the
others are kept constant unless specified. The next section pro-
vides details about different parameters which were considered
during parametric analysis of the designed antenna. To avoid
complexities during simulations on account of limited resources,
single layer phantom model has been employed for parametric ana-
lysis. However, during final design, multilayer phantom model has
been employed to actuate more human body conditions.

Effect of side wall width

The shorting wall connecting the ground and the patch is varied
stepwise in this analysis. From Figs 6 (a)–6(b) it can be inferred
that improved impedance matching for the 1st band is obtained
when the side wall width (t) is reduced.

But reducing the side wall also moves the lower frequency
band to the left side while the higher band is unaffected. This is
in accordance, that a partially shorted wall would show more
miniaturization over fully shorted one. The real part of the imped-
ance increases beyond 2.6 GHz with reducing the side wall width

while below 2.6 GHz, the real part of the impedance goes closer to
the 50 Ω region which signifies improved matching at smaller
values of side wall width as shown in Fig. 6(b).

Effect of patch dimensions variation

The PIFA antenna is constituted of bigger and smaller patch con-
nected through stripline. In this section, the effect of varying
dimensions of both smaller and bigger patch is studied. It can
be observed from Fig. 7(a) that reducing the width of the bigger
patch affects the lower resonant frequency and it shifts right.
The effective current path length increases with increasing bigger
patch dimensions. The higher resonating frequency shifts left but
in this case, the rate of change is small. Reducing the width of the
smaller patch reduces the slot length thereby the resonant fre-
quency of higher band shifts right whereas the matching of the
1st band deteriorates with reducing width as shown in Fig. 7(b).

Effect of strip width and length

The case study for stripline width (s) variation is performed for
input impedance (Z11) and S11 values. The results of the analysis
are shown in Figs 8(a)–8(b).

Increasing the strip width reduces the real part of the impedance
of the 1st band while that of 2nd band increases. The imaginary
part of the impedance of 1st band is more sensitive with strip
width variation over the 2nd band. Thus increasing the strip
width improves the impedance matching of the 1st band more
effectively over the 2nd one. Also increasing the strip width
increases the current path length around the slotted section thereby
shifting higher band to the left as shown in Fig. 8(b).

Effect of sidewall height

The effect of sidewall height is studied in this analysis. During the
simulations, the side wall width (t) and strip width (s) are kept
unvaried. The results are shown in Fig. 9. The side wall height
has a significant effect on the resonating frequency of the first
band which gets shifted to the left side with an increase in height.
The frequency ratio between two bands can be controlled with
variation in sidewall height. It can be observed that the slope of
the 1st resonant frequency is steeper over the 2nd resonant fre-
quency which means the 2nd band is minimally affected.
Considering the desired frequency range i.e. 2.5 and 3.5 GHz,
the finest height can be within the region 9–10 mm where the
two curves intersect as shown in the figure. Accordingly, the opti-
mized height of the substrate is taken to be 9 mm for coverage of
the two bands.

Fig. 2. Dielectric parameters measurement.

Table 1. Measured dielectric parameters of the substrate.

Substrate Layers Permittivity Loss tangent

Foam Single 1.12 0.0032

Multi 1.14 0.0035

Fig. 3. Equivalent model of the PIFA.
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Fig. 4. Evolution of the design (a) Ref. antenna 1, (b) Ref. antenna 2, (c) Ref. antenna 3, (d) Ref. antenna 4, (e) proposed design, (f) S11 variation for different
reference antennas.

Fig. 5. Simulation results of surface current distribution at (a) 2.5 GHz, (b) 3.5 GHz.

Fig. 6. Simulated results for (a) S11 variation with side
wall width, (b) Re (Zin) variation with side wall width.
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Effect of ground plane variation

The variation in dimensions of the ground plane on the perform-
ance of the PIFA antenna is studied in this section. The ground
plane length seriously affects the higher resonating frequency
when its length goes below the overall patch size as in the case
of gl = 30 mm where the resonant frequency shifts right drastic-
ally. Otherwise, the variation in the resonant frequency occurs
but still it covers the designated bands as shown in Fig. 10(a).
The ground plane width variation affects the lower band whereas
the higher band is not found to be much affected as shown in
Fig. 10(b).

Effect of truncation variation on single patch

When the single antenna (referred as Ref. antenna 1) with trun-
cations is employed, it can be observed that with an increase in

truncations, the real part of the impedance reduces and the reson-
ant frequency shifts right as shown in Figs 11(a)–11(b). This small
tuning mechanism would be used for mitigating the frequency
shift when the antenna is placed over a phantom.

Simulated and experimental results

On the basis of the parametric analysis, the optimized dimensions
of the antenna were derived and the prototype of the antenna is
fabricated. The optimized dimension of the antenna as shown
in Fig. 1 is given in Table 2.

The antenna is simulated using a single layer skin phantom
model as well as three-layer phantom models. The phantom has
overall dimensions of 70 × 70 × 31 mm3. It consists of skin, fat,
and muscle layers as shown in Fig. 13(a), respectively. The dielec-
tric properties were obtained from [25]. The dielectric properties
of different tissues at 2.5 and 3.5 GHz are given in Tables 3 and 4.

Initially, the antenna has been designed under free space
conditions with the specific dimensions (without truncations)
but when the antenna has been placed over the phantom model
certain extent of detuning takes place and the resonant frequency
shifts left. The 4 G long term evolution (LTE) band is not covered
in this case (2.5–2.69 GHz).

In that scenario, the truncated cut at the corner can be used as
discussed earlier for frequency tuning. The truncated cut shifts
the resonant frequency to the right thereby covering the required
band, respectively. The result of the analysis is given in Table 5.

The fabricated antenna is shown in Figs 12(a)–12(b). For ON
body analysis, the antenna is placed at a height of 3 mm over the
phantom model to mimic the real-life scenario where the antenna
would be placed overgarments. The practical model of the
antenna placed over skin equivalent phantom with 3 mm spacers
beneath is shown in Fig. 12(c). The skin equivalent phantom has

Fig. 9. Simulated results for frequency ratio and height variation.

Fig. 7. Simulated results for (a) S11 variation with bigger
patch width, (b) S11 variation with smaller patch width.

Fig. 8. Simulated results for (a) impedance variation with
strip width, (b) S11 variation with strip length.
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been prepared according to the recipes mentioned in [26] and
thereby the permittivity values were measured using a dielectric
measurement probe kit.

To test the robustness of the antenna under different tissue
environments, single skin layer, as well as multi-layer tissue
model comprising skin, fat, and muscle, has been employed as
shown in Fig. 13(a). The simulated reflection coefficient result
is shown in Fig. 13(b) for a different number of tissue layers.

It can be observed that the variation of dielectric properties of
the phantom model does not have too much detuning effect on
the antenna resonant frequencies. Though the impedance match-
ing of the higher band is affected, still the antenna is able to cover
the desired bands of operation.

In order to analyze the antenna for practical body-centric
communications, the propagation properties need to be analyzed.

For OFF body and ON body measurement, set up of the antenna
is shown in Fig. 14 along the line of sight. The chest is the flattest
part of the body. Since the antenna is not bendable due to foam
substrate so the appropriate location of the antenna to be placed is
chosen as the chest which also actuates simulation set up with the
measurement one. The chosen location assures immunity to
bending effects, respectively.

The S11 and S21 parameters of the fabricated antenna are
measured using Anritsu vector network analyzer. The measured
S11 result covers the desired band of 2.5 and 3.5 GHz effectively
as shown in Fig. 14. The measured −10 dB S11 bandwidth
ranges from 2.37 to 2.67 GHz for the 1st band whereas for
the 2nd band it is from 3.3 to 3.72 GHz. A little mismatch of
S11 parameters is due to the fabrication tolerance on account
of the manual cutting process. From the transmission losses
curve, it can be observed that at lower band the S21 values
for ON body communication is around −45 dB. This signifies
a reliable and efficient link for ON body communication at
2.5 GHz band. In case of transmission loss values for OFF
body communication, the S21 values are well below around
−40 dB at higher frequency band. This indicates the suitability
of the antenna for OFF body communication at higher frequency,
respectively.

Simulated radiation patterns at 2.5 and 3.5 GHz in both free
space and phantom model are plotted in Figs 15(a)–15(d). At
2.5 GHz, an almost omnidirectional pattern in the horizontal
plane with a null along the broadside is achieved. In the upper
band, a broadside pattern is obtained and the back lobes have
been reduced in tissue model due to the reflection and absorption
on the lossy phantom respectively. A good separation between
cross and co-pol. components were obtained along conical and
broadside direction in both 2.5 and 3.5 GHz bands.

Table 2. Optimized dimensions of the antenna.

Symbol Optimized values (in mm)

a 20

b 12

c 4

d 6

e 2

h 9

s 2

t 6

f 10.5

Fig. 11. Simulated results for (a) impedance vari-
ation with truncation length, (b) S11 variation with
truncation length.

Fig. 10. Simulated results for (a) S11 variation with ground
plane length, (b) S11 variation with ground plane width.
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Figures 16(a)–16(b) shows the peak gain and radiation effi-
ciency results in free space and on the phantom model. Two
types of skin equivalent phantoms, one designed at 2.45 GHz
and other phantom designed at 3.5 GHz frequency [25] were
employed for the experimental purpose. The peak gains in free
space are 0.3 and 4 dB at lower and upper bands. And when
the antenna is placed on the phantom, the peak gains are 0.26
and 1.75 dB, respectively. It can be observed from Fig. 16(a)
that more reduction in gain is observed at higher frequency
owing to the higher back radiation at 3.5 GHz whereas the gain
variation for the lower band is not so much high as the back radi-
ation is lower in this case. The peak efficiencies at both lower and

higher bands are 67% and 58%, which are high enough for
MBAN applications, respectively.

In order to find the biological effect of the antenna over the
human body, local SAR value is considered on the skin layer
model and simulated results are plotted in Figs 17(a)–17(b) at
2.5 and 3.5 GHz, respectively. SAR refers to the amount of
power that human tissues absorb when exposed to RF radiation.
IEEE C95.1–2005 restricts the SAR limit to 1.6 W/Kg when aver-
aged over 1gm tissue [10]. Initially, calculation of the SAR values
over 1 gm tissue is performed using 30 dBm as input power. In
that case, SAR value is found to be higher than the IEEE
C95.1-2005 limits. Consequently, the maximum input power

Fig. 13. (a) Simulation set up of the antenna over 3-layer
phantom model. (b) Simulated reflection coefficient of
the designed antenna on different phantom models.

Fig. 12. Fabricated antenna (a) top view, (b) side view, (c) antenna placed over skin phantom model.

Table 3. Dielectric properties of different tissues at 2.5 GHz.

Skin Fat Muscle

εr 37.9 5.27 52.7

σ(S/m) 1.49 0.11 1.77

tan δ 0.28 0.15 0.24

Table 4. Dielectric properties of different tissues at 3.5 GHz.

Skin Fat Muscle

εr 37 5.17 51.4

σ(S/m) 2.02 0.16 2.56

tan δ 0.28 0.15 0.26
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Fig. 15. Simulated radiation patterns at 2.5 GHz (a) XZ-plane, (b) XY-plane 3.5 GHz, (c) XZ-plane, (d) YZ-lane.

Table 5. Resonating frequency variation with truncation length.

Lower resonant
frequency (f1)

Higher resonant
frequency (f2)

Without truncations in
free space

2.75 3.7

With truncations in
free space

2.8 3.75

Without truncations in
phantom

2.6 3.7

With truncations in
phantom

2.65 3.72

Fig. 14. Measured S11 and S21 results.

Fig. 16. Measured results (a) peak gain, (b) S11 and radi-
ation efficiency.
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has been reduced to 25.78 and 20.3 dBm for the 1st and 2nd band
in order to limit the maximum SAR values.

Finally, the designed antenna is comprehensively compared
with other state of art reported wearable antennas. The compara-
tive study is shown in Table 6. From the results, it is observed that
the proposed antenna has a merit in terms of dual band dual
polarization property supporting ON/ OFF body communication
along with acceptable gain and bandwidth. From the table, it can
be found that previously reported wearable PIFA antennas were
suitable either for ON or OFF body communication but not
both at the same time.

Conclusion

A dual band dual polarized PIFA antenna is proposed for ON/
OFF body communications. The designed antenna covers the
ISM, 4 G LTE, Wi-Fi, and WLAN bands efficiently with a max-
imum gain of 0.1 and 4.4 dB in each band. To test the robustness
of the antenna, single layer, as well as multi-layer tissue model,
has been employed. The omnidirectional property at 2.45 GHz
supports the ON body communication whereas the broadside
radiation pattern at 3.5 GHz is feasible for OFF body

communication. Considering the compactness, light weight,
robustness, and dual-band property, the antenna is found to be
a potential candidate for real-world MBAN applications.
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