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Abstract: Wearable antennas are an integral part of Body Area 
Networks (BAN). Antenna design for BAN applications is a 
challenging task since the antennas have to be small, efficient and 
must not be affected by the wearer’s body. This makes isolation 
of antenna a matter of importance. Ferrites form an opaque 
media for microwave at the ISM frequencies and hence it could 
be used for the isolation of antenna from surroundings. Thin 
polymeric ferrite sheets are used to reduce body influence in 
BAN perspective. 

I. INTRODUCTION 
Wearable computing has become a fast growing field in 

application oriented research. Wireless Body Area Networks 
(BAN) require body worn antennas, which at microwave 
frequencies can suffer from reduced efficiency, radiation 
pattern fragmentation and variations in feed point impedance. 
In this paper, stress is made to reduce the influence of human 
body on antenna characteristics [1, 2]. The antennas selected 
for the study are small and conformal. They are sensitive to 
both linear polarizations and have miniaturized ground plane 
to suit BAN applications at 2.4 GHz. These antennas could be 
easily integrated and printed on fabric to realize wearable 
structures. The aim of this paper is to compare different types 
of antennas in the BAN perspective. Ferrite polymer 
composites are added to the design as an aid to isolate antenna 
from the body influence. In BAN environments, one of the 
possible antenna locations is the arm and we focus our study 
on this part of the body. 

II. ANTENNA DESIGN FOR BAN APPLICATIONS 
Antennas for BAN applications should be as small and flat 

as possible. Antenna bandwidth is related to its dimension 
according to the following empirical equation [3]: 

( )30)10(11 9
2

rkff dBS =∆ −            (1) 

where f∆ is the bandwidth defined for S11 at -10 dB, f0 is 
the operating frequency, k is the wave number and r is the 
radius of the sphere involving the antenna. The bandwidth is 
proportional to the cube of the antenna dimensions. Reducing 
r by a factor of 2, decreases the bandwidth by a factor of 8. 
For a given operating frequency, the antenna’s physical 
dimensions can be reduced by using proper designs. 

When antennas are in the vicinity of the body, their 
behaviour is seriously affected. This drawback results from 
the high permittivity values of skin and muscle (near 50 at 2.4 
GHz). For electrically small antennas, the matched bandwidth 
is narrow, usually few percents of the operating frequency. 
Therefore, the aerial is no longer matched when placed near 
body with a resonance frequency shifted downwards as shown 
in figure 1 (usually more than 20 %, depending on the antenna 
type). On the other hand, biological tissues losses yield a 
bandwidth increase which does not compensate for the 
resonance shift. 
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Fig. 1  Influence of Human Arm on IIFA’s resonant frequency 

In the design methodology, BAN antennas are first 
manufactured without taking into account the body influence. 
Then the body effects on antenna matching are studied. It 
must be noticed that the distance to the skin is not necessarily 
controlled in the BAN context, which motivates the study of 
the distance influence carried out through this work. New 
techniques are proposed to resolve the problem. The antennas 
are redesigned with the proposed solutions and from the 
results conclusions were drawn out. 
 
 
 



III. LOW PROFILE BAN ANTENNAS 
HFSSTM is used to design three different low profile 

antennas, i.e., PIFA (Planar Inverted-F Antenna), IIFA 
(Integrated Inverted-F Antenna) and CWPA (Coplanar Wire 
Patch Antenna) [5], all realized on FR4 substrate (εr= 4.4, tan 
δ= 0.02). Inverted-F radiating structures are chosen for, they 
are found to be more efficient than other conventional low 
profile antennas (Inverted-L, mini-whip etc).  

A. IIFA 
The IIFA is a small planar inverted-F antenna with coplanar 

feeding. In the literature, microstrip feeding has been 
predominantly used. Since our goal in a near future is to easily 
incorporate the antennas on clothes, the coplanar feeding is 
obviously the simplest and most advantageous feeding. 
Attempts to reduce the ground plane size have been done, and 
the antenna has a working bandwidth of 800 MHz. Maximum 
antenna gain is around 2 dBi.  
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Fig. 2  IIFA dimensions (all dimensions in mm) 

Following we give the dimensions of the antenna: 2 mm, 
10.5 mm and 3.5 mm respectively for s, l, and d.  

B. PIFA 
The PIFA is an improved thin antenna with coplanar 

feeding to facilitate its use in BAN context. The antenna 
height is λ/40. The size of the ground plane has been reduced 
to the smallest possible dimensions. This causes the energy to 
radiate normally to the ground plane instead of along it, as for 
a monopole. This is a disadvantage as the link between two 
PIFA’s on a body circuit will suffer from multiple scattering 
with no direct link. The antenna gain is around 1 dBi. 
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Fig. 3  PIFA dimensions (all dimensions in mm) 

C. CWPA 
This is a form of printed PIFA antenna comprised of a 

rectangular patch with a concentric ground plane. Low 
resonant frequency is achieved by introducing a shorting line 
between the patch and the concentric ground plane. The 
radiations behaviours are similar to monopole.    
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Fig. 4  CWPA dimensions (all dimensions in mm) 

Following antenna’s dimensions are given: 10.5 mm and 13 
mm are respectively set for lp and Lp. The patch dimensions 
are set to: 32 mm and 24 mm for L and l. The shorting line as 
a width Wc of 2 mm and patch spacing s is 0.7 mm. Finally, 
we set e and d to 1 and 2 mm. 

IV. BODY INFLUENCE AND ANTENNA PERFORMANCES  

A. Phantom model 
To consider the electrical properties of biologic tissues [6], 

a human arm phantom is modelled (fig.5) in HFSSTM. The 
phantom is a planar multi-layered structure (Table I) 
representing the skin, fat, muscle, and cortical bones of the 
arm in a simple way. In order to take into account the near 
field effects, we have selected a lambda sized phantom. In the 
specific case at 2.4 GHz the dimensions are, 120mm x 120mm. 

TABLE I 

ELECTRICAL TISSUES PROPERTIES 

Tissue Conductivity 
S/m 

Relative 
Permittivity 

Loss 
Tangent 

Bone Cortical 
Fat 
Skin Dry 
Muscle 

0.39 
0.11 
1.60 
1.74 

11.4 
5.3 
42.8 
52.7 

0.25 
0.14 
0.27 
0.24 

Muscle
(16 mm)

Skin (3 mm)

Fat (3 mm)

Ulna
(8x8 mm2)

Radius
(8x8 mm2) λ0

λ0

h

 
Fig. 5  Human arm phantom model 



The HFSS phantom model shows closer evolution to that of 
human arm measurements as shown in Figure 1. Modelling 
embedded fluid (blood vessels) will further increase the 
accuracy of the model. 

B. BAN Antenna efficiency 
The efficiency of BAN antennas can be defined from the 

knowledge of the quality factor of both antenna and body 
tissues. The quality factor of the tissue is the inverse of tan δ, 
which is in the order of 4 for skin and muscles at 2.4 GHz. 
The quality factor is calculated from the matching bandwidth 
at -10 dB by the following relation: 
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By referring to [4] an approximation of antenna efficiency 
close to body can be found: 

tissues

ant

Q
Q01

1

+
=ηη                                               (3) 

Where ηant is the antenna efficiency in free-space, Q0 is the 
antenna quality factor and Qtissues is the tissues quality factor. 
This expression indicates that the BAN antenna quality factor 
should be as small as or even smaller than that of tissues to 
obtain a good efficiency. This implies that only UWB 
antennas will have acceptable efficiency for BAN applications. 
However this kind of antennas may be too big to be integrated 
on clothes (eqn. 1). So a compromise has to be made to obtain 
an acceptable efficiency. 

C. Matching antenna properties 
The antennas are designed in free space. To investigate 

body influence on antennas, a phantom is introduced and 
simulations are performed at different distances from it: 0, 2, 4, 
8 and 16 mm. The gain, efficiency and return loss are then 
extracted and compared between the three different antennas 
(Table II). For each configuration, the resonant frequency is 
compared with the free space antenna resonant frequency. 
Measurements are carried out by placing the antennas on 
human arm. Figure 6 shows the measured effect on resonant 
frequency for PIFA and CWPA. From this graph, it can be 
seen that CWPA is more affected than PIFA; this is explained 
by the following fact. The near field of the PIFA is almost 
concentrated on the ground plane perpendicular to the 
radiating element explaining why the antenna is less affected 
by the lossy phantom. On the other hand, CWPA and IIFA 
have their radiating elements co-linear to the ground plane and 
facing the phantom. So their characteristics are strongly 
affected by human body. But because they are planar, these 
antennas are attractive for BAN applications.  

The matching properties of IIFA operating at 2.4 GHz in 
free space are shown in figure 7. When the antenna 
approaches the body, the resonance frequency slightly moves 
to upper values, from 2.4 GHz to 2.6 GHz. The bandwidth 
also widens because of the RF losses inside the body. When 
the antenna gets closer to body the resonant frequency 

decrease resulting in a mismatch at 2.4 GHz (curve for h=3 
mm). 
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Fig. 6  Influence of Human Arm on PIFA’s and CWPA’s resonant frequency 

 
Fig. 7  IIFA MATCHING WITH ANTENNA HEIGHT OVER BODY. 

D.  Introduction of ferrite sheets 
The presence of a backing ground plane is beneficial to 

mask the body and limits its influence on the antenna 
impedance. However, low profile and integration into fabrics 
are the ultimate goals for most BAN applications. Therefore, a 
backing ground plane associated with very thin dielectric 
substrates (<0.5mm) would result in inefficient antennas, 
especially for low frequencies.  

Attempts to reduce the body influence are done by 
introducing polymeric ferrite sheet (PFS) of 0.5 mm thickness 
on the backside of the antenna. The PFS characteristics are 
measured by waveguide perturbation method at 2.4 GHz. We 
obtain 90, 7, 1 and 6.5 for ε’r, ε’’r, µ’r and µ’’r respectively. 
From these characteristics, the antennas are redesigned using 
HFSSTM. This material adds losses to the antenna, lowering 
the efficiency and increasing the bandwidth of antenna in free 
space. Efficiency values observed in the presence of 
polymeric ferrite sheet are similar to those obtained in a close 
vicinity of human arm phantom model. However this 
technique leads to a significant reduction of the body 
influence (proximity and tissue absorption) on the resonant 
frequency by masking the body.                             .



TABLE II 

PERFORMANCE COMPARISON OF DIFFERENT ANTENNAS 

Antenna 
(fr=2.4GHz) 

 
h (mm) 

Relative Resonant 
Frequency Shift (%) 

BW-10dB  
(MHz) 

Gain 
(dB) 

Efficiency 
(%) 

Measured Simulated Measured Simulated Simulated Measured 

 
 

Free Space -- -- 123 100 3.4 90 

At 4 mm 
without ferrite 1.1 1.2 187 190 0.6 -- 

 
 

Free Space -- -- 821 820 3.2 95 

At 4 mm 
without ferrite 32 22.5 686 690 -1.2 -- 

Free Space -- -- 130 120 2.3 97 
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At 4 mm 
 without ferrite 17 5.3 950 110 -1.3 -- 

.  ANTENNA DESIGN WITH FERRITE POLYMER 
 using PFS, the antennas should be redesigned so that 
 work at 2.4 GHz. Following, we give the new 
ons for each antenna: 
: 4.5 mm and 3 mm respectively for l and d; s is kept 

me value. 
PA: 6.5 mm and 12 mm are respectively set for lp and 
patch dimensions are set to : 46 mm and 24 mm for L 
he shorting line as a width Wc of 1.5 mm and patch 
s is 1.5 mm. Finally, we set e and d to 3 and 1.5 mm. 
A: since this antenna is not significantly affected by 
esign is not required, see figure 6.  

A measurements are shown in Figure 8. It is found 
 acts as an efficient isolator as it reduces the influence 
 on antenna resonant frequency to a greater extend. 
cy measurements show that the antenna has almost the 
iciency when it is in contact with PFS as when it is in 
with body. No further efficiency loss is encountered, 
is sandwiched between antenna and body. This effect 
y due to ferrite’s high permittivity and losses. We are 
 towards developing printed antennas on PFS by 
 optimized ferrites (having lower permittivity and 

c loss) [8]. We are successful in retaining the resonant 
y of our antennas at 2.4GHz which is one of the main 
ents for on-body applications.  

VI.  CONCLUSIONS 
 different low profile, conformal antennas were 
 to resonate at 2.4GHz. Measurements were carried 

h human arm and phantom model to study the 
e. Thin polymeric ferrite sheets introduced to reduce 
ference allow a better isolation of antenna with human 
 terms of resonant frequency. The work is further 
 for the betterment of on-body efficiency of the 
by using ferrite sheets having lower permittivity and 
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Fig. 8 Frequency shift improvement with ferrite polymer 
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