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Abstract

Performance characteristics of head-worn antenna based on dielectric substrate for WBAN application with various dielectric constant
for square slot patch antenna are demonstrated in this paper. The impact of Electromagnetic (EM) energy from antenna towards human
head and on antenna performance changes due to human head proximity are explored in this paper. The human head exposed to 5.8 GHz
on ISM frequency band and radiation pattern, return loss, efficiency, and bandwidth and SAR distribution value performance have been
thoroughly explored. However, decreasing the antenna size is a great topic of antenna development, which differentiates antenna perfor-
mance for a small antenna. Multilayered human head phantom having five layers are constructed based on different tissues and these
tissues represent human head parts such as (Skin, fat, Cerebrospinal fluid (CSF), bone and brain), all of each tissues are based on their
electromagnetic properties and set at 5.8GHz.The proposed antenna with human head model simulated through (FDTD) using CST and
variation of parameters of antenna with MATLAB. Antenna with FR4 substrate produces the highest SAR values while antenna with
RT5880 substrate has the lowest SAR value 0.206 W/kg and 0.0784 W/kg at 5.8 GHz frequency exposed for 10g tissue respectively. It
can be observed that the radiation pattern shows that the antenna gain with substrate of Rogers RT5880 is increased from front —to-back
from 7.1 to 7.29 dB in the free space and on human head respectively. A good agreement between simulation and measurements in free
space are obtained. The presented prototype has a potential to work for ISM applications.
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1. Introduction

Potential wellbeing risk of wireless body area network sys-
tem(WBANSs) which are caused by the electromagnetic(EM)
interface with human head and how the effects of this interface
can be reduced, have become a common issue and many factors
can affect the EM interaction while using communication is used
in close proximity to head. The growing international technology
development, especially, in the field of Wireless body area net-
work (BANSs), wireless personal area network (WPANSs) and tele-
communications has increased interest in usable antenna designed
for human body [1-3]. The challenge with this type of antenna
design is the presence of a human body with losses that can absorb
radiation, resulting in some increase in the absorption rate (SAR),
as this can reduce gain and efficiency of antenna .Antennas is a
major component of wireless communication and it’s also inte-
grated in electronics and telecommunication devices that enable
the introduction of new solution, in medical services, national
defense and sports activity [4]. A more recent approach is to use
body-worn wireless networks, knows Wireless Body Area net-
work (WBANS). Therefore, the design of the portable antenna has
great interest, because it can be used in the same way on body the
application .Although, keeping appropriate radiation characteris-
tics with the lowest of specific absorption rate (SAR) value is a
challenge task. Also, antennas are favored to be adaptable and
conformal to the human body [5-9].Certain resonates frequency

have been chosen to WBAN system, such as medical implant
communication system (MICS: 400MHz) band, industrial scien-
tific medical (ISM: 2.45GHz) and the ultra-wide band. In the op-
timization the antenna used for portable devices and it is signifi-
cant to reduce the negative effects of electromagnetic interference
(EM) between the biological and dissipative tissues [10]. The
effect of the human body as lossy tissue on radiation efficiency is
challenging task. The antenna is needed to act near to body or
head, which has a very high dielectric constant, the effect of this
high dielectric surface leads to frequency detuning. Finally, the
radiation from the back lobe of the antenna affects the human
body. Therefore, it is suggested to use unidirectional antenna, such
microstrips, or other insulator material in order to decrease the
effect radiation to the human body on its performance and reduce
SAR levels [11].Therefore, in order to research usable antennas
and integrated portable devices systems, it is important to analysis
the interaction between the human body and the electromagnetic
(EM) emitted from the antenna. The influence of the human head
on the performance of the antenna and the affects of electromag-
netic waves on the human body are investigated. In order to inves-
tigate the performance of antenna and the effect of EM, it must be
utilized a human head phantom as validation tool before the an-
tenna is applied to the human body. From the literature, it has been
observed that most of the researchers considered microstrip patch
antenna as one of the most suitable candidates for portable appli-
cations due to low profile, easy to integrate and cost-effectiveness.
Therefore, various antennas have been studied including inverted-
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F based on microstrip [12-18]. The specific absorption rate is the
number of merits to evaluate the SAR value per biological tissue.
Therefore, the maximum average specific absorption rate (SAR)
limit is considered 1.6 W/Kg and 2W/kg averaged 1 and 10 gram
both FCC and ICNIRP respectively [19].

In this work, as square slot antennas are designed at (5.725-5.857
GH2Z) for ISM band application. To assess the impact of EM radi-
ation to human head with varieties in the dielectric properties of
human head which exposed at 5.8 GHz and also comparisons of
the two different substrates with different permittivity (er) are
used and the performance and characteristics of the designed an-
tennas at both the on/off head-worn antenna in terms of radiation
properties, return loss and SAR due to the proximity of the body
have been examined in this paper. Five significant layers of hu-
man head which includes skin, fat, bone, CSF and brain have been
developed. The structures are designed and analyzed using CST
microwave software and MATLAB.

2. Research Method and Materials

In this section will be clarified sequential of the research , includ-
ing research configuration, investigate process is discussed, it is
organized into a few sub-sections. Tables and Figures are intro-
duced, as demonstrated as follow.

2.1. Antenna design

The geometry of square ring patch antennas for ON and OFF
WBAN application is shown in Figl(a)-1(b). These antennas were
fabricated on FR4 substrate and Roger RT5880 which has a
relative dielectric constant of 4.3 and 2.2 respectively. The radiat-
ing part of antenna and ground were positioned on front and back
of the substrate. The both antennas were designed and simulated
using CST Microwave studio based on finite different time do-
main and variation of parameters of antenna is computed
MATLAB. Table 1, Table 2 and Figure 1 are shown a correlation
between size value and design configuration of the antenna.

Table 1: Summary of antenna Parameters for FR4

Parameters Symbols Value unit (mm?
Patch (LyxW,) 11.45*11.45
Feed length Lf 9.43
Height h 1.6
Permittivity &r 4.3
Tan 2 0.025
Gap X 1
Ring Slot Wr 3.20*3.20

Table 2: Summary of antenna Parameters for RT5880

Parameters Symbols Value unit (mm?
Patch (LxWy) 16.15*16.15
Feed length Lf 13.38
Height h 157
Permittivity &r 2.2
Tan 0 0.009
Gap X 1
Ring Slot Wr 3.20*3.20
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Fig. 1: Layout of the two antennas for various substrates (a) FR4 substrate
(b) Rogers RT5880

Three parameters are fundamental of the proposed design, such as
frequency, dielectric substrate constant &r, and thickness of the
substrate. To realize the preferred resonant frequency, the follow-
ing mathematical approach is used [20]:

C 2

Wo=— |—%
2f & +1

2.1)

Where Wo, is the width of the patch while ¢, and er are the speed
of light and dielectric constant permittivity of the substrate, and fr
is resonant frequency respectively.

gr+l+gr -1 1

E =
1+—
w
Where, (ereff) is the effective permittivity where (h) is variable of
the substrate thickness.
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C
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Leff is the effective length of the patch while ereff is the effec-
tive of the permittivity.
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AL and Lo are the length extension and the actual length of the
patch respectively.

AL =0.412h

(2.4)

L, = Ly — 24l

nd
Z,=2Z, cosz(L—J

0

(2.5)

(2.6)

Zo and Zin are characteristics impedance, Zin is the input imped-
ance while d is inset depth. The complete ground planes, as well
as the substrate, is six times larger than the substrate thickness in
addition to the length or width used. The following equation can
be used to calculate the ground plane:

Wg=6h+w 2.7)

Lg=6h+L (2.8)
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2.2. Specific Absorption Rate (SAR)

The value of the specific absorption rate (SAR) is determined the
rate at which power is absorbed by biological tissue when is ex-
posed to electromagnetic field. SAR value is normally estimated
for 1 g or 10 g of simulation biological tissue in the shape of a
cube and as far as possible set by the FCC and European Union is
2.0 W/Kg and 1.6 W/Kg averaged over 1 gram averaged over 10 g
of actual tissue respectively. It is significant to characterize the
dielectric properties of the each tissue, so as to do theoretically
calculation for the SAR. The conductivity and relative permittivity
are the most critical dielectric properties of the human tissue in the
body. Theoretically calculation for the SAR, the following math-
ematical approach is applied.

SARzi[d_W}i aw
dt| dm | dt| pdv

Where dw, dv and p and h are incremental energy (dw), in volume
element and density.

o
sr-7E-

2
Where p, o, and E and are the density, electrical conductivity and
electrical conductivity tissue. The power density farmed by anten-
na can be determined by utilizing the following question.

(2.9

2
(2.10)

_ PtGt
And?

(2.11)

Pt and Gt are the radiated power (W) and the Gain of transmitter
antenna while d is the distance from antenna in meters. The im-
pedance of human head tissues can be determined by formula.

&

r

n=n,= (2.12)

3. Result and Analysis

In this section, it is clarified that the results of outcome and it the
meantime is given at the complete discussion. Results can be rep-
resented in figures, graphs, tables, and others. The discussion can
be made a few sub-topics.

3.1. Simulation and measurement of antennas results

In this section, the antennas performance for free space is ana-
lysed and compared the simulated and measured results which is
obtained in using CST Microwave studio based on finite differ-
ent time domain and variation of parameters of antenna is comput-
ed MATLAB. The simulated and measured return loss of the pre-
sented antenna configuration based on FR4 substrate has showing
in Figure 2. The simulated and measured the reflection coefficient
(S11) exhibit the outcome is significant as it covers the total ISM
band (5.725-5.875) GHz. Both the simulated and the measured
return loss is compared, the (S11) are all below -10 dB. The simu-
lated and measured parameters are observed those reflection coef-
ficients of -42.821 dB and -20.46 dB, while bandwidths are 263.3
MHz and 280 MHz respectively. The measured return loss (S11)
is shifted to towards the right side of 5.8 GHz resonance frequency
as shown in Figure. 2 which is attributed the factors such as the
impact of SMA plug, fabricating errors and dielectric losses of the
materials.
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Fig. 2: Comparison simulated and measured S-parameter of the proposed
antenna with FR4 substrate material

Figure 3 shows the return loss results of the proposed antenna
using Roger RT5880 substrate.The achieved simulated and
measured the return loss bandwidths of proposed antenna
are around 128.4 MHz and 125.2 MHz with relating return
loss of -24.5 dB and -27.2 dB respectively, Both the simulat-
ed and the measured return loss is compared, the (S11) are all
below -10 dB. The measured return loss (S11) is exactly same as
the simulated result at 5.8 GHz.
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Fig. 3: Comparison simulated and measured S-parameter of the proposed
antenna with Rogers RT5880 substrate material

In Figure 4 demonstrates modulated Gaussian pulse input signal
where the frequency mode is chosen 5.8 GHz with bandwidth
(5.725-5.857 GHz). It can be observe that two pulses are used in
order to excite the antenna and it can be noticed that amplitude
output signal is interval between (0.2 -0.2 amplitude) when is
applied the FR4 material while the interval between (0.4 -0.4 am-
plitude) when is applied the Rogers RT5880 material.
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Fig. 4: Generated Gaussian signal time (ns) vs amplitude (V) for various
substrates (a) FR4 substrate (b) Rogers RT5880

In Figure 5 shows the comparison of VSWR of the proposed an-
tennas which all cases are lower than 2.Therefore, the outcome of
simulation and measurement of VSWR indicates a good agree-
ment.
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Fig. 5: VSWR of the Proposed Simulated and Measured Result at 5.8 GHz

The difference between the Simulated radiated efficiency in the
case of an antenna with constructed different dielectric constant
whose permittivity are er= 4.3 and, &= 2.2 at 5.8 GHz is 54%
and 93% in free space respectively in free space. It can be ob-
served that the simulated efficiency is higher when is applied low-
er dielectric constant &r = 2.2 at 5.8 GHz as shown in Figure 6.
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Fig. 7: Simulated 2D Radiation Pattern comparison between (a) FR4 sub-

strate and (b) Rogers RT5880at 5.8 GHz
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Table 3: Comparison of Simulated and Measured Result of with various
substrates

Parameters Symbol Simulated Measured
FR4 Return loss(dB) -42.82 dB -20.46 dB
Bandwidth(MHz) 263.3MHz 280MHz
Rogers Return loss(dB) -24.5dB -27.2dB
RT5880 Bandwidth(MHz) 128.4MHz 125.2 MHz

3.2. Proposed Phantom model of human head and SAR
analysis

In this section, the performance of patch antenna on the human
head and the SAR value due to square ring antenna with two dif-
ferent substrates whose permittivity are er= 4.3 and, &= 2.2 at
5.8 GHz with human head phantom are investigated. The pro-
posed antennas along with its geometry are indicated in Figure
1.There are different ways for SAR assessment; in general, numer-
ical modelling and experimental test are the two standards in SAR
examines.

The geometry of the phantom heads such as cubical and spherical
phantom are usually used for analysis the SAR values. In this case,
configuration of the phantom heads, like the spherical is modelled
using in CST for analysing the SAR and this multilayered human
head phantom constructed five layers such as skin, fat, bone, CSF
and brain. For the spherical phantom with a radius of 47 mm is
based on the shape of a typical adult human heads shown in Figure
8; therefore, these phantoms are used for the evaluating SAR val-
ues. Thickness and dielectric properties of the layers which is
considered in human head are listed in table2.

Table 4: Dielectric properties of biological tissue used in the head Model
at 5.8 GHz with 100mW power [19]

Tissue Relative Tan § Thickness
permittivity (mm)
Skin 35.11 0.33 2
Fat 9.86 0.26 2
Bone 9.67 0.37 7
CSF 60.47 0.40 1
brain 44.00 0.35 35
FAY)
r
" +
-

) Fig. 8: Proposed Phantom Models of Human Head Spherical phantom

The proposed antennas are designed and placed on human head, in
order to operate proximity of human head, therefore, the human
head model affects the antenna performance such as detuning, and
radiation pattern and efficiency due to mounting of the antenna on
human body have been countered in number of ways. The evalua-

tion of the simulated return loss of the presented antenna in free
space and mountain on the human head phantom is shown in Fig-
ure 9 , and all magnitudes of the (S11) are under -10 dB and
(VSWR< 2) at a resonant frequency of the proposed antenna.
Figure 9 (b) shows the return loss results of the proposed antenna
using Roger RT5880 substrate is shifted of the resonant frequency
of 5.8 GHz from 5.8 to 5.88 with same bandwidth of the applica-
tion due to body which is considered as lossy tissue and it also
depends on the shape of the phantom head model.
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Fig. 9: Comparison simulated in free space and on human head model S-
parameter for with (a) FR4 and (b) RT5880 substrates

Table 5. Comparison of Simulated in free space and human head phantom
with various substrates

Materials Parameters Free spaces Model
FR4 Return loss(dB) -42.82 dB -30.441 dB
Bandwidth(MHz) 263.3MHz 281.5MHz
RT5880 Return loss(dB) -24.5 dB -19.512 dB
Bandwidth(MHz) 128.4MHz 124.4 MHz
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The efficiency of the antenna which is printed FR4 is also reduced
from 54% to 42% when brought in close proximity to the human
head phantom, due to high value of human tissue’s dielectric
constant , while the efficiency of the antenna which is fabricated
Rogers RT5880 is less decreased from 93% to 91 % as shown in
Figurel0.
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Fig. 10: Comparison Simulated radiation efficiency in close proximity to
the human between Rogers RT5880 FR4 substrates

The proposed antenna radiation pattern is defective by the pres-
ence of human heads. Figure 11 show the proposed radiation pat-
tern, which is parallel to the human head at different distances
from the surface of the head. It can be seen that some changes
occur as the approach of the human head and the different place-
ment positions affect the direction of main beam due to the shad-
owing effect of the human head. There is a significant increase in
gain and this indicates that the lower permittivity has the higher
the antennas gain comparing FR4 material. It can be observed that
the radiation characteristics show that the gain of the antenna
which is fabricated Rogers RT5880 is increased from front —to-
back from 7.1 to 7.29 dB in the free space and on human head
respectively.
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Fig. 11: Comparison simulated 2D Radiation Pattern in close proximity to
the human between (a) FR4 & (b) RT5880 substrates

The Figure 12 shows variation of the SAR and simulated SAR
distribution at 5.8 GHz against separation distance between head
and antenna.lt can be seen that the antenna with substrate of FR4
produces the highest SAR values gradually while the antenna with
Rogers RT5880 substrate contributes low SAR value at 5.8 GHz
for 10g tissue. In Figure 13.
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Fig. 12: Comparison of SAR Variation Vs Distance in close proximity to
the human between Rogers RT5880 FR4 substrates

The SAR calculations were performed with the microwave CST
studio 2015. Finite Difference Time Domain (FDTD) method is
used for this section, corresponding mesh properties were set for
all simulation, separation distance between head and antennais
about 0 mm. Thus, the antenna with FR4 substrate demonstrated
the highest SAR values compared with other substrates used. Var-
ious SAR values were detected due to the various substrates with
various dielectric properties. Figure 13 indicates the simulated
SAR values with human head phantom were 0.0784 W/Kg and
0.206 W/Kg for 10 g respectively. Moreover, SAR rises when the
conductivity has increased. It can be seen the head tissues which
has high conductivity is easier to absorb the emitted electrometric
waves from antenna, this more radiation has penetrated human
head. In general, the results show the return loss of both materials
slightly shifted due to presence of spherical human head modeling.
The spherical human head phantom consists of various tissues and
each tissue is based on their electromagnetic properties at 5.8 GHz.
Therefore, the loss tangent value of substrate inversely propor-
tional at the SAR Value. As a result, the values Roger RT5880 are
much lower than the SAR values of FR4. The returning, pattern
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structural changes and degreased efficiency have been counted as
results mounting of the antenna on the human head model. The
maximum absorption rate (SAR) is simulated by considering aver-
age limits of 2 W/kg of the ICNIRP on 10 gram of tissue.

(b)
Fig. 13: Simulated SAR distribution at 5.8GHz for (a) RT5880 and (b)
FR4

Figure 14 indicates the measurement set up on the fabricated on
FR4 and Rogers RT5880 with a relative permittivity of 4.3 and 2.2
respectively. The simulated and measured reflection coefficient
has a good agreement in terms obtained results at 5.8 GHz.

Fig. 14: Proposed Antenna Prottype and Measurement Set-up for Square
Ring Antenna

4. Conclusion

In this work presents the performance of various antennas in free
space and at human head. The impact of Electromagnetic (EM)
wave radiated from antenna to human head by measured SAR
value. Specific absorption rate (SAR) induced human head model
in the near-field with a low profile antenna for head-worn WBAN
at 5.8 GHz is proposed. The multilayered human head phantom
which consist of different tissues are used, with an aim to deter-

mine the maximum SAR value for 2 W/Kg averaged over 10g of
tissue with 100mW. Therefore, the antenna parameters such as the
reflection coefficient, gain and SAR of the presented antenna are
investigated. The gain of the antenna with substrate of Rogers
RT5880 has been increased from 7.1 to 7.29 dB when placed on
human head.The antenna with substrate of FR4 Produces the high-
est SAR values 0.206 W/kg while the antenna with RT5880 sub-
strate produces low SAR value 0.166 W/kg at 5.8 GHz for 10g
tissue. Also, the results indicate that some pattern changes take
place due to the presence of human head phantom as the antenna
approaches to head. The periodic load analysis for body commu-
nication through the surface wave and integration of the isolated
layer to prevent direct electrical contact to the antenna with the
human body communication is recommended as a part of future
study.A good agreement between simulation and measurements
are obtained. The presented prototype has a potential to work for
ISM applications.
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