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diversity in on-body channels to improve the performance of
e.g. relaying and Multi-Input Multi-Output (MIMO) in
WBANs.

Abstract
On-body channels show highly polarization selectivity with
respect to the orientation of the transmit and receiving
antennas, while the body coupling and scattering effects in
reverse affect the antenna polarization characteristics in nearfield. In this paper, three kinds of compact linearly polarized
antennas, the inverted-F antenna, the meandered inverted-F
antenna, and the printed dipole antenna, are designed and are
analyzed for their polarization performance above the body
trunk via numerical simulations. A simplified three-layered
human chest model including skin, fat, and muscle tissues is
applied. The return loss, bandwidth, and the radiation pattern
of the investigated antennas are found to be affected by the
relative orientation and distance between the antennas and the
trunk, indicating the necessity of the antenna placement
optimization for realistic on-body communication devices.

On-body channels show great spatial with respect to the
placements of the antennas and polarization selectivity with
respect to the orientation of the antennas both on static and
dynamic bodies [10, 11]. Recent researches in the design of
on-body matched antennas cover several factors like size
reduction, bending capability, bandwidth requirement, SAR
evaluation, biocompatibility, radiation and coupling effects
[12]. It calls for on-body antenna optimization in order to gain
the channel polarization gain or polarization diversity, to
further lower the power consumption, or to reduce the link
loss [13]. For optimization design of multi-polarization
antennas, we should consider how to design the antenna to
ensure every polarization component can achieve better
channel, and to investigate the antenna’s radiation gain.
Before analyzing any complex polarization antennas, we must
understand the basic polarization performance via linearly
polarized antennas, therefore, we choose linearly polarized
antennas and study the antennas placed on the surface of the
torso.

Keywords: IFA, MIFA, printed dipole, horizontal
polarization, vertical polarization, Body Area Network
(BAN).

INTRODUCTION

There are several numbers of researches on open literature
which present the antenna performance close to the human
body, e.g. [14]-[16]. The design of on-body antennas usually
undergoes two problems. First, while most of the on-body
antennas are integrated in the garment or attached to the skin
[17, 18], the human body may exert complex electromagnetic
impact to the antenna’s performance [19, 20]. Second, even
the human body has been included during the design of the
on-body antennas, the placement variation of the antennas can
deeply affect the actual polarization performance of the onbody antennas, including the distance and orientation of the
antennas to the skin, and the part of the body, arms, chest, etc.,
the antennas located. Therefore, we study the impact of
antenna orientation and placement on the antenna when the
antenna placed in other locations may not be appropriate, or
the body’s movement will affect the performance of the
antenna.

Recent years, wireless body area networks (WBANs) have
drawn great interest for design and optimization of ultra-low
powered wearable communication devices in health care and
medical applications. Due to the complexity of the body,
propagation along and around the body show distinct
decaying and variation patterns.
The complex body coupling and scattering effects bring
challenges in the design of miniature on-body antennas.
Several papers have been written to show the reliance of
antenna radiation efficiency, its return loss and resonant
frequency and its radiation pattern on the dielectric properties
of human tissues [1, 2]. Characteristics of antennas and onbody channels have been widely studied [3]-[6]. For realistic
wearable on-body communications in the other aspects, the
antennas are often mounted on the torso or limbs to obtain
optimal performance, as shown by study in [7]. Studies as [8,
9] also reveal the possibility to explore the polarization spatial
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To study the impacts of these factors to the on-body antenna
polarization performance, in this work, we introduce three
compact types of linearly polarized antennas designed at 2.4
GHz placed on the surface of the torso. A simplified threelayered human chest model is applied. The antenna
performance include return loss, bandwidth and radiation
pattern are investigated and compared at various antenna-skin
distances and at different orientation of the antennas relative
to the skin.

Table I
Variable name

Initial Values(mm)

L

16.2

H

3.8

S

5

W

1

SubH

0.8

GndX

50

GndY

90

IFA

This paper is divided into five parts. Section II introduces the
design and optimization of the linearly polarized antennas.
Section III presents the layered human chest model. Section
IV analyzes the polarization performance of the antennas. And
finally, summaries are concluded in section V.

Dipole

H

1.6

W1

3

L1

22

W2

3

ANTENNA DESIGN

L2

21

There are three types of linearly polarized microstrip antennas
designed and investigated in the study, which are the invertedF antenna (IFA), the meandered inverted-F antenna (MIFA)
and printed dipole antennas. The selected antennas are in
compact shape, simple structure, low production costs, and
relatively easy to get matched. The structures [21] and initial
geometry values of the antennas are summarized in Fig. 1 and
Tab. I. All the antennas are fabricated on PCB and operates in
the 2.4 GHz ISM band with center frequency of 2.45 GHz.
The dielectric layer is made of FR4 with

L3

10

L4

12

W3

3

D1

0.5

D2

0.3

D3

0.3

D4

0.5

MIFA

(a) IFA

(b)MIFA

(a) IFA

(c) Dipole
Figure 2: Optimized S11
(b) MIFA

(c) Dipole

 r  4.4
13.0®

Figure 1: Parameters
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[22]. The antenna is simulated by Ansoft HFSS

. The antennas are firstly optimized in free space by
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tuning their resonant frequency to 2.45 GHz. The structure
and performance of the optimized antennas are summarized in
Fig. 2 and table I.

HUMAN BODY MODELING
The major difficulty of modeling the human body is that the
body is composed of various biological tissues in different
shapes and electromagnetic properties. Most of the biological
tissues are non-uniform dispersion medium and hence can’t be
accurately described as a uniform model. To alleviate the
complexity of human body modeling, it is suggested to model
different parts of the body respectively. Moreover, as the
antenna performance in realistic environments is
simultaneously subjected to the body shape and environment,
we choose simulation to isolate the environment interference
in the analysis.

(c) Definition of antenna and body surface distance
Figure 4: Polarization and geometry definition

Table II

We focus on the chest part of the torso, whose structure can be
approximated as a cuboid composed of three-layered
biological tissues as suggested in [23].
As shown in Fig. 3, the three-Layer structure of the skin layer
(2 mm), fat layer (5 mm) and muscle layer (10 mm) was set
from top to the bottom, and the dimension of the cuboid is 200
mm by 160 mm by 17 mm. Considering that the 2.4 GHz
signal is rapidly attenuated in human body, this structure is
considered to be able to adequately simulate the

Tissue

εr

σ(s/m)

Skin

38.0066

1.4638

Muscle

52.7295

1.7388

Fat

10.8206

0.268

Chest. Dielectric constant and other electrical characteristics
[24] are derived from human body and are shown in Table II.
On-body antennas are usually not directly attached to the skin,
therefore we place the antenna at certain distance from the
body as shown in Fig. 4c. θ and φ are the angles between the
Z axis and the Y axis, the X axis and the Y axis, respectively.
When the antenna ground plate is parallel to the human body
model as shown in Fig. 4a, we call it horizontal polarization,
and when the antenna ground is placed vertically with the
surface of the human body as shown in Fig. 4b, we call it
vertical polarization. We define the X-Z plane as the E-plane,
and the X-Y plane is defined as the H-plane.

ANALYSIS
OF
PERFORMANCE
Figure 3: Layer chest modeling

(a) Horizontal polarization

ANTENNA

POLARIZ-ATION

The focus of this paper is to observe the antenna performance
after loading human by changing the antenna placement. The
distance between the antenna and human body surface,
denoted as (d), is an important factor of antenna performance.
We summarize the variation of return loss, denoted as S11, and
bandwidth, denoted as B, in the range of 0.5cm  d  6cm ,
compare the antenna polarization performance on E-Plane and
H-Plane under vertical and horizontal polarization as well
based on the gain difference of the antenna in free space and
after loading the body model.

(b) Vertical polarization
IFA
Fig. 5 shows the changes of antenna matching performance
and bandwidth upon the d variation. For horizontal
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polarization as depicted in Fig. 4a, 0.4GHz  B  0.52GHz ,
when d  2.5cm , B reaches the maximum. The bandwidth of
vertical polarization depicted in Fig. 4b, due to the body
coupling effect , when d  0.5cm , the bandwidth is the
narrowest, and the antenna is not suitable for placing on body
surface this time. The result show that great increase of the
bandwidth when the distance between the antenna and body
surface increase. It is described as Eq. 1.

y[GHz]  0.0628x  0.1845, x[cm]

impact of human body to vertical polarization are more
obvious than horizontal polarization. H-plane pattern of
horizontal polarization after loading body model is similar to
omnidirectional distribution of free space. For vertical
polarization,


when

0    35

195    320

,

,



340    360 , Gb G f  4dB ,the human body has great
effects

on

antenna

gain

pattern,

when

  17  ,

Gb G f reach the maximum and human body has the most
(1)

obvious

In horizontal polarization, the S11 of the antenna decreases as
d increases. Consequently, the best antenna matching, i.e. the
smallest S11, is reached at d  5cm . In vertical polarization,
S11 have significant changes with d variation for 0.5 cm<d<4
cm, where its minimal value is observed at d  1.5cm .
In ranges 0.5cm  d  1.2cm and d  2cm , the polarization
of S11 is always smaller than vertical polarization. It indicates
that within these ranges, the IFA antenna in horizontal
polarization will achieve better performance than in vertical
polarization.

(a) S11 variation

Fig. 6 shows the radiation pattern of the IFA antennas in Eplane and H-plane respectively at different d. As shown in
Fig. 6a, the radiation pattern of the antenna in horizontal
polarization at E-plane is stable and not sensitive to d
variation. For For H-plane pattern, when 0    30 ,

310    330 , S 2  5 , indicating that the difference
between the gain in the same direction is great and antenna
directional gain is sensitive to d. The directional gain
distribution of vertical polarization at different distances is
uniform and not sensitive to the d. By comparing the antenna
polarization performance at different distances, it is found that
the impact on antenna is not significant for d variation.

(b) B variation
Figure 5: IFA: Comparison of S11 and B of horizontal
polarization and vertical polarization with different d

We then select d  5cm and d  1.5cm for horizontal
polarization and vertical polarization, respectively, as the
performance of the antenna is the best of these two
distances. E-plane radiation pattern of horizontal
polarization and vertical polarization after loading body
model are symmetrical distribution of   30 and   90
as shown in Fig. 6. The gain difference of horizontal
polarization is described as Eq. 2.

(a) E-plane of horizontal
polarization

(b) H- plane of horizontal
polarization

y[dB]  0.003797 x  0.00488x  1.00823, x[cm] (2)
2

The body model has a great influence on the antenna gain at
the position of  125    -180 ， 125    180 , and
when   140 , Gb G f is the maximum and the human
body has the most obvious effects on antenna. For vertical
(c) E-plane of vertical

polarization, Gb G f  6dB , human body has a uniform

polarization

effect on antenna gain pattern over the entire range of θ. The
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y[dB]  2.02866x 16.01, x[cm]

(e) E-plane

In the range of 1.5cm  d  3cm , S11 of vertically polarized is
always smaller than horizontal polarization, and the
bandwidth is always wider than horizontal polarization. In this
range, the antenna is more suitable for placing on the surface
of the human body in vertically polarized.

(f) H-plane

In horizontal polarization, the S2 of the radiation gain are
uniformly distributed as shown in Fig. 9, showing
insensitivity to d.

Figure 6 IFA: Comparison of gain pattern of horizontal
polarization and vertical polarization of d

 G

n

S

2

d 1

b

 G

n

(4)

For

2



E-plane

pattern


of

vertical

polarization,

when

30    150 , S  4 , The gain difference at different
distances is relatively large, the antenna direction gain is more
sensitive to the distance factor than the other position.

, (d  1cm,2, cm,4cm,6cm )

2

For H-plane pattern, when 130    180 , 0◦< φ<30◦,

225    240 , 330    360 , S 2  4 ,the antenna
direction gain is more sensitive to the distance factor.

(a) E-plane

Fig. 10 shows the radiation pattern of the antenna in free
space and after loading body model. Horizontal polarization
and vertical polarization were selected d  5.5cm and
d  4cm respectively as the research focus. The antenna
radiation pattern of horizontal polarization and vertical
polarization after loading human body model is symmetrically

(b) H-plane

distributed with   0 and   90 , respectively. The gain
difference of horizontal polarization is described by Eq. 5.
y[dB]  4.5676x 2  0.0018x  1.1592, x[cm]

(c) Differential gain of
E-plane

(5)

(d) Differential gain of
H-plane

Figure 7: Gain pattern of IFA. Gb: Gain of antenna on body
surface, Gf: Gain of antenna in free space effects on it.
MIFA
For horizontal polarization, the effect of distance on
bandwidth is not obvious. The bandwidth approximated by
Eq. 3. When d  1.5cm , the bandwidth is the narrowest,
and the antenna is not suitable for placing on body surface.
When d  0.5cm and d  4cm , B  225GHz , reaching the
maximum. When d  1cm , the bandwidth of vertical
polarization is the narrowest, so the antenna is not suitable
for placing on human body surface. The equation of S11
variation in vertical polarization is given in Eq. 4. The
minimal S11 of the MIFA antennas is observed at
d  5.5cm and when d  0.5cm , S11 take the maximum.
The S11 curve of horizontal polarization is flat and when
d  4cm , B reaches the maximum, so the antenna is most
suitable to place on human body surface.

(a) S11 variation

(b) B variation
Figure 8 MIFA: Comparison of S11 and B of horizontal
polarization and vertical polarization with different d

y[GHz]  0.00178x 2  0.01416x  0.18396, x[cm] (3)
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For E-plane radiation pattern of horizontal polarization, at the
position

of

 180    110 ,

- 110    180 ,

Gb G f  4dB , the human body has a significant effect on
antenna gain pattern. When   150 , Gb G f takes the

(a) E-plane of horizontal
polarization

maximum, the human body has the greatest effect on antenna
gain pattern.

(b) H- plane of horizontal

For vertical polarization, at the position of - 135    120 ,

polarization

- 65    -45 , Gb G f  6dB , the effect of the body on
antenna gain pattern is obvious, when   130 and   55 ,

Gb G f  12dB , reaches the maximum, human body has the
greatest effect on antenna gain pattern.

(c) E-plane of vertical
polarization

For H-plane gain pattern of the horizontal polarization, the
gain curve is always smooth and the body has negligible
effect on the antenna gain pattern. For vertical polarization,

(d) H-plane of vertical

the curve fluctuates obviously at the position of Gb G f

polarization

takes the maximum and the human body has the most obvious
effect on antenna.

Printed dipole

(e) E-plane

Fig. 11 shows the changes of antenna matching performance
and bandwidth of d. In horizontal polarization, the bandwidth
of dipole antenna is described as Eq. 6. The minimal
bandwidth is observed at d  1cm and the antenna is not
suitable for placing on body surface. In vertical polarization,
the bandwidth variation curve is always smooth and the body
has negligible effect on the antenna. It is approximated by Eq.
7.

(f) H-plane

Figure 9 MIFA: Comparison of gain pattern of horizontal
polarization and vertical polarization of d

(a) E-plane

(c) Differential gain of
E-plane

y[dB]  0.014x  0.4937, x[cm]

(6)

y[dB]  0.0153x 2  0.2802 x  0.52222, x[cm]

(7)

The S11 as presented in Eq. 7 shows consistent trends between
antenna in vertical and in horizontal polarization. The minimal
S11 of the dipole antenna is observed at d  5.5cm in
horizontal polarization and at d  3cm in vertical polarization.
S11 of horizontal polarization is always smaller than vertical
polarization. When 1cm  d  3cm , the bandwidth of vertical
polarization is always greater than horizontal Polarization.
Therefore, in this range of d, the antenna is more suitable for
vertical polarization. For horizontal polarization as shown in
fig. 12a and fig. 12d. The variance of the radiation gain are
uniformly distributed, showing difference of H-plane pattern
of d is relatively large, thus the antenna direction gain is more
sensitive to d.

(b) H-plane

(d) Differential gain of
H-plane

Figure 10: Gain pattern of MIFA.
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insensitivity to d. In vertical polarization shown in fig. 12b
and fig. 12e, at the position of 85    90 , 120    130 ,

220    230 , S 2  7 , the

(a) S11 variation
(e) E-plane

(f) H-plane

Figure 12: Dipole: Comparison of gain pattern of horizontal
polarization and vertical polarization of d

(b) B variation
Figure 11: Dipole: Comparison of S11 and B of horizontal
polariz-ation and vertical polarization with different d

(a) E-plane

(c) Differential gain of
(a) E-plane of horizontal
polarization

(b) H- plane of horizontal

E-plane

polarization

(b) H-plane

(d) Differential gain of
H-plane

Figure 13: Gain pattern of Dipole.

Horizontal polarization and vertical polarization were selected
d  5.5cm and d  3cm as the focus of research, respectively.
The dipole antenna performance of this d is better and antenna
radiation orientation is more obvious than the other d, the
maximum gain reached 5 dB.
(c) E-plane of vertical

(d) H-plane of vertical

polarization

polarization

E-plane radiation pattern of horizontal polarization and
vertical polarization after loading body model are symmetrical
distribution of   0 and   90 as shown in Fig. 13. Eplane pattern of vertical polarization after loading the human
body is close to omnidirectional distribution of free space.
For horizontal polarization, the gain difference approximated
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by Eq. 10. For E-plane radiation pattern of dipole antenna in
horizontal polarization, due to the radiation of human body, at

horizontal polarization and vertical polarization, The radiation
pattern of the dipole antenna in vertical polarization is not
sensitive to d. The gain difference is great at different
distances of the same direction for horizontal polarization.

the position of 130    180 and  180    130 , the
gain difference is relatively great and the human body has
obvious effect on antenna gain pattern. The gain is enhanced

Based on the above conclusions, it is possible to optimize
realistic on-body communications by orienting or fixing
distance between antennas and body surface to match such
polarization distribution. Future work will investigate the
performance of multi-polarized antennas in on-body
communications by simulations and measurements. The
preliminary understandings from this study will guide the
design of future measurements.

at the position of  90    15 and weakened at the other
position.
For H-plane radiation pattern of horizontal polarization,

Gb G f  4dB , the body has negligible effect on the
antenna gain pattern.
For E-plane radiation pattern of dipole antenna in vertical
polarization, the gain curve is always smooth and the body has
negligible effect on the antenna gain pattern. For H-plane
radiation

pattern,

110    135 ,

at

the

position

210    225 ,

of
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