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ABSTRACT:The impacts of the human body on the radiation parameters of a microstrip patch antenna
constructed on a Roger RT5880 substrate with a relative permittivity of 2.2, as well as SAR analysis, are
described in this work. The antenna was designed using the CST Microwave Studio suite environment, and it
was printed using MITS electronics' Eleven Lab antenna printing equipment. The ground-plane width of the
antenna was optimized to resonate at four frequencies: 2.4 GHz, 6.04 GHz, 8.63 GHz, and 13.95 GHz. With
such multi band response and a wide bandwidth, antenna also gives VSWR less than 2 and -10dB return loss
(S11). The printed antenna was placed near human body in both simulation and real, to assess its performance
characteristics. The SARs at 2.4 GHz and 5.8 GHz for a 10mW input power are 0.6381W/Kg and 1.42899
W/Kg, respectively, which is lower than the IEEE standard value of 1.6W/Kg for 1gram of tissue mass. As a
result, this antenna is recommended as a candidate for use in Wireless Body Area Networks (WBAN) that
operate in the Ultra-wide band frequency range.
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I. INTRODUCTION

The exponentially growing applications of wireless communications have resulted in the need of novel,
multi-functional and multi-band antennas. In this context, the microstrip antennas offer a competitive solution
with several advantages like low form-factor and cost, ease of manufacture and integration into a compact
system [1-5]. Such antennas can communicate with multiple devices operating at different frequencies [6-11],
and this has opened new avenues of research on multiband and ultra-wideband (UWB) antennas [12-20]. These
antennas are reported to cover diverse technologies like WiMAX (3.4-3.6, 3.7-4.2GHz), Wi-Fi (3.6-3.7GHz)
and WLAN (5.3-6.3GHz).

The Wireless Body area networks (WBAN) employ many wearable sensors with integrated wireless
communication features and are predicted to have a greater impact on personal healthcare in near future. The
smart sensor nodes measure different physiological conditions and communicate data to the personal digital
assistant worn by the subject, or to a nearby router for further continuous health monitoring and analysis. Since
the antennas in these applications operate on and around the human body, their performance may get affected
due to the dispersive nature of the human body tissue.

Many antenna designs have been proposed in literatures for WBAN applications. A CPW fed antenna
[21] at 2.45GHz has been studied inside the body for path loss in the human body of heterogeneous model. With
a return loss of 24.45 decibels and a gain of 2.06 decibels, the flexible patch antenna [22] with split-triangle
shape has been created for Wi Max applications. For WBAN applications with low SAR for on-body
applications, a foldable UWB antenna [23] was developed. For WBAN communication, a metamaterial-based
antenna with 2 X 2 H-shape unit cell [24] has been developed that resonates at 3.2GHz to 3.5GHz and 3.9GHz
to 4.3GHz. For on-body applications, a rectangular microstrip antenna with Swastika slit [25] and a microstrip
antenna at ISM 2.4 GHz [26] have been developed.

DOI: 10.35629/6734-1011020817 WWW.ijesi.org 8 | Page



Studies on human body effects on a printed UWB microstrip antenna, and SAR analysis in WBAN
Applications

Il. MATERIALS AND METHODS
This article describes the design, testing, and results of a microstrip antenna that operates between 2
and 6.6 GHz and is built on a Roger RT5880 substrate with a thickness of 1.6mm. The performance of the
antenna near the human body has been confirmed in both modelling and real-world scenarios. The antenna was
printed using MITS Electronics' Eleven Lab antenna printing equipment utilizing the optimal design values.

I1l. ANTENNA DESIGN SPECIFICATIONS

The initial operating frequency was chosen as 8.6 GHz. The mechanical dimensions & related parameters
of the patch were calculated [18] using the governing relations (1) through (6) listed in Table 1.

The resonant frequency is less influenced by the variation in the width of the antenna [18]. Hence to design
a square patch, the dimensions of Length and Width are optimized as Lp=11mm and Wp=11imm. Many
techniques are recommended for feeding the antenna to match the input impedance of the antenna with the feed
point for achieving maximum power transfer and high efficiency. Quarter wave transition technique with
Microstrip line feeding [18] is used in our design to match the antenna impedance with the 50ohm line
impedance.

To match the 50-ohm impedance of the line, the optimized width of 2 mm and length of 10 mm are
calculated for feeding the antenna. The quarter wave transition length and width are 5mm and 1mm
respectively. The substrate dimensions and ground plane dimensions are designed to be Ws=Wg=20 mm,
Ls==Lg=30 mm. The patch and ground plane view of the designed basic square patch antenna and its
dimensions are shown in Figure 1.
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Figure 1. Front and rear view of the radiating antenna

IV. DEVELOPMENT OF PROPOSED ANTENNA
In the first step, a square patch antenna 1 (Al) with full ground plane is designed which resonates at
8.54GHz. As the intended antenna is for wide band purpose, the antenna Al is modified by introducing notches
and by reducing the ground plane with parametric analysis to obtain antenna A2. This antenna shows a
bandwidth of 4.479GHz with S;; below -10dB. Further, slots and notches were introduced on patch as well as
ground plane to obtain the proposed antenna A3 which resonates at multi bands, 2.4 GHz, 6.04GHz, 8.63GHz
and 13.95GHz. The development stages from Al to A3 are depicted in the Figure 2.
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Figure 2. Front and rear view of the development of patch antennas Al, A2 and A3
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TABLE 1. DIMENSIONS OF THE PRINTED ANTENNA
Eq. Design Governing Equation Value
No Parameter in mm
1 Width of the W = c 13.78
Patch 2fr [ 2
er+1
2 The wavelength 1= C 34.88
0= —
i
C is the velocity of light and fr is the resonant
frequency
R 1
3 Effe<_:t|ve er+1 € -1 h1z 2.01
relative €reff = + [1 +12 —]
permittivity 2 2 w

relative permittivity of substrate is 2.2 and height of
substrate is 1.6mm

4 Length (€reff +0.3) (* +0.264) 0.82
extension AL = 0.412h h y
(€reff — 0.258) (Z + 0.8)
5 Effective length _ C 12.30
of antenna eff = 2frerett
6 Length of the L =Leff —AL 10.66
patch

V. RESULTS AND DISCUSSION

The important parameters of antenna performance are gain, efficiency, VSWR, return loss (S;;) and
directivity. Figure 3 illustrates the return loss Si; against frequency response of the basic patch antenna A1, with
a single resonance frequency of 8.543 GHz and a relatively narrow bandwidth of 8.37 GHz — 8.69 GHz. This
result is not promising for the planned Ultra Wide Band requirement.

Several approaches have been published in the literature to increase the antenna's bandwidth [19-20].1n this
work, the approach of using partial deformed ground plane, with slots and notches has been chosen to modify
the basic patch antenna design. A parametric analysis was conducted to get the optimized effective ground plane
to a width Wg=20 mm and length Lg=11 mm. The S;; graph for antenna A2 is shown in Figure 3.
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Figure 3. S;; Vs Frequency graph of Patch antenna A2

For the proposed antenna design A3, parametric analysis was conducted, and the dimensions of the center
and corner slots were found to be 2.5 mm x 2.00 mm. The antenna resonates at four frequencies namely 2.4
GHz, 6.04GHz, 8.63GHz and 13.95GHz, and this is depicted in Figure.4 along with an inset of the slotted
antenna device.
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Figure 4. Graph of proposed antenna A3 with simulated return loss
S11 Vs frequency.

Table 2 lists the different characteristics simulated in free space, that is, without the effect of the human body,
for these four resonant frequencies.

TABLE 2. FREE-SPACE SIMULATION RESULTS FOR THE A3 ANTENNA'S PARAMETERS

Antenna Resonant Gain Reflection VSWR Radiation
Frequency (IEEE) Coefficient Efficiency
Microstrip
antenna Al ) -0.839dB
8.543 6.818 24.39 1.18 82 420
Proposed -2.687dB
-1.50dB
6.04 0.8776 -17.84 1.29 70.80%
-0.2575dB
8.63 4.19 -12.95 1.58 94.94%
-0.7770dB
13.95 3.484 -13.02 1.57 83.62%

The proposed antenna has multi band response and shows a wide bandwidth with VSWR of less than 2
and return loss S;; below -10dB as desirable for the UWB and WBAN applications. Hence the simulated
antenna was fabricated for testing.

V1. DESIGN FABRICATION, TESTING AND RESULTS
The designed antenna shape was exported from CST to the MITS Design Pro software in gerber / dxf
data. The antenna was subsequently milled by eliminating excess copper on a two-sided (Copper) Roger 5880
utilizing MITS electronics' Eleven Lab antenna printing machine in the, RF Microwave & Antenna design
Prototype and Test Lab, founded in the department of ECE, BNMIT, supported by AICTE-MODROBS. After
printing the antenna, an SMA connector was connected to the feed of the designed patch antenna. The setup
used for printing of antenna is depicted in Figure 5, along with the measurement setup.
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Figure 5. Fabrication and return loss measurement setup:(a) Antenna milling Machine
(b) Network analyzer (c) and (d) Front and Rear views of the printed antenna

The printed antenna was then tested for return loss (S;;) measurement using Keysight’s PNA-L
N5232A Network analyzer in the Advanced RF and Wireless Communications research lab established in the
department of ECE, BMSCE. It showed Sy;’s of -18dB at 2.4GHz, -27dB at 5.8GHz and -11dB at 9GHz, and
hence less than -10 dB in a wide bandwidth from 2GHz to 6.6GHz. There are small variations between
simulation and measurement due to the feed network insertion loss and SMA connector insertion loss, which is
shown in Figure 6.
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Figure 6. Return loss Vs Frequency graph of simulated and fabricated
antenna

VIl. SAR CALCULATIONS NEAR HUMAN BODY
This section is dedicated to investigations of the proposed slotted antenna performance by placing it in
the vicinity of human body. The CST Voxel Family [32] has seven human model voxel data sets created for
different stature, age and gender as in Figure 7. For simulation, 43-year pregnant female (Katja) voxel CST
model was chosen to emulate a human body subject. The obtained results were compared with a multi-layer
homogeneous model, serving as reference, having the 3-tissue layer layout [7]. The fabricated antenna was also
placed on the real human hand and tested.
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Figure 7. CST Voxel family

The industrial, scientific, and medical (ISM) band recommends 2.4GHz and it is widely used for many
applications in the area of wireless body area networks, while the 5G wireless communication technology uses
5.8GHz. The antennas designed in these frequency bands are also used with the wearable devices for monitoring
the human health conditions. The energy absorption rate by tissue is calculated using the index Specific

Absorption Rate (SAR)[10], which is defined as the power absorbed per unit of tissue volume, as shown in
equation 7.
_P_lE
SAR == == )

where P is the absorbed power in the tissue [W], E is the magnitude of the electric field strength vector
[VIm], p is mass density of the medium [kgm-3], o is electrical conductivity [S/m].

The measurement of SAR and calculation of other antenna parameters were performed at 2.4GHz and
5.8GHz for four cases of human body-antenna distances, as detailed next.

Case (1): The antenna was placed at 2mm from the 3 layer homogeneous body tissue model, consisting of
Muscle, Fat and skin. The dielectric properties and the dimensions of these tissue layers are given in Table 3.

TABLE 3. TISSUE PROPERTIES [7]

Tissue Conductivity (S/m) Permittivity Tissue dimension
At2.4GHz At5.8GHz At24GHz At5.8GHz

Skin 1.44 3.72 38.10 35.1 50x50x2mm

Fat 0.268 0.837 10.8 9.85 50x50x4mm

Muscle 1.71 5.08 52.8 48.5 50x50x17mm

The antenna fully detunes, as illustrated in Figure 8, since the human tissue impacts the antenna's
properties because it is comprised of different dielectric constants.

The SAR of 31.9092 W/Kg is measured when the antenna was at 2mm distance from a 3 layer tissue
model of volume 57500 mm3 (50mmx50mmx23mm) with an input power of 0.5W at 2.4GHz as and the SAR at
5.8GHz is 71.4497 W/Kg, which is more than the IEEE guideline of 1.6 W/Kg for 1gram mass and is extremely
dangerous to humans. Hence we have reduced the input power of the antenna and in each case, the SAR value is
noted and tabulated in Table 4.
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Figure 8. Return loss Vs Frequency graph of proposed antenna at 2mm
from Body Tissue
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TABLE 4. SAR VALUES AT DIFFERENT INPUT POWERS

Input Power in Watts SAR @ 2.4GHz in W/Kg SAR @5.8GHz in W/Kg
0.5 31.9092 71.4497
0.1 6.38185 14.2899
0.05 3.19092 7.14497
0.025 1.59546 3.57248
0.010 0.638185 1.42899

When the antenna was 2mm away from a 3-layer tissue model of volume 57500 mm®
(50mmx50mmx23mm) with an input power of 10mW at 2.4GHz, the SAR was 0.638185 W/Kg, and the SAR at
5.8GHz was 1.42899 W/Kg, which is less than the IEEE accepted value of 1.6W/Kg for 1gram mass.

Case (2): The antenna was gradually pushed away from the bodily tissue until it was 40mm distant. The
antenna parameters improve at this distance and the return loss graph of simulation is similar to free space return
loss. A further increase in the distance has no effect on the bandwidth and it remains same as it was measured in
free space. Hence the distance is fixed at 40mm.The SAR measured at 2.4 GHz and 5.8 GHz are 1.22066W/Kg
and 0.896802W/Kg for 1gram mass at 40mm distance from body tissue with an input power of 0.5W as shown
in Figure 9.

Figure 9. SAR @2.4GHz measurement at 40mm from body tissue

Case (3): The designed antenna was placed 2mm and 40mm away from Katja’s hand for 2.4GHz and
5.8GHz frequency. All the parameters of the antenna and SAR was measured. For both the cases the results
simulated are tabulated in Table 5. SAR value also depends on the antenna-human body distance, and the
dielectric constants of the tissue layers. With an input power of 0.5W, the SAR value is higher when the antenna
is close to the human body (17.0702W/kg and 45.9548W/kg at 2.4GHz and 5.8GHz, respectively, for 1gram
mass at 2mm) and lower when the antenna is far from the human body (1.0731W/kg and 0.626275W/kg at
2.4GHz and 5.8GHz, respectively, for 1gram mass at 40mm). The SAR recorded at 2.4GHz at a distance of
40mm from the human body is shown in Figure 10.

Figure 10. SAR measured when antenna placed at 40mm distance from Katja’s hand at
2.4GHz.

Case (4): The printed antenna was placed on the real hand at 2mm and 40 mm and return loss was
measured using Keysight’s PNA-L N5232A Network analyzer. The fabricated antenna has return loss Sy; of -
24.9dB at 2.4GHz and -11.6 dB at 5.8GHz.
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Due to significant power absorption by biological tissues, the antenna’s efficiency is quite low when
held very close to the human hand (19% at 2.4GHz and 39% at 5.8GHz). As the distance between the hand and
the antenna grows, the radiation efficiency and gain are measured to rise. The average radiation efficiency is
42% and gain is 62% at 40mm distance.

In this experiment, the proposed antenna is safe to use on a human body at a distance of 40mm, and the
average SAR value is considerably below the IEEE-specified RF safety exposure limit of 1.6W/kg. From
2.2GHz to 9.4GHz, the constructed antenna's S;; was less than -10dB, indicating a 7.2GHz band width. This is
likely to be beneficial in a variety of WBAN applications, including the detection of brain tumors and breast
tumors [30-31].

The insertion loss of the feed network and the SMA connection, as well as the impact of high dielectric
values of real human body tissues compared to the simulation model, account for the discrepancy between
measured and simulated findings.

The suggested antenna is small and has a large band width ranging from 2GHz to 6.6GHz, making it
ideal for UWB on-body WBAN applications. Table 6 shows a comparison between past work and the proposed
antenna.

Reflection Coefficient 511 Vs Frequency

Figure 11. Return loss Vs Frequency graph of proposed antenna at 40mm from Hand

TABLE 5. ANTENNA PARAMETERS MEASURES AT 2mm AND 40mm DISTANCE FROM HAND OF

KATJA

Antenna Parameters  2mm distance from hand of Katja 40mm distance

from hand of Katja
Frequency at 2.4GHz at 5.8GHz at 2.4GHz at 5.8GHz
Directivity (dBi) 2.804 8.800 3.526 6.285
Gain (IEEE) (dB) -4.221 4.476 0.2177 4.683
Realized Gain (dB)  -4.672 3.592 -0.3146 4.182
Peak Surface 50.09 47.87 47.013 37.81
Current (A/m)
Reflection 12.12 11.09 13.30 17.38
coefficient |Sy;|(dB)
VSWR 1.65 1.77 1.55 1.31
Radiation Efficiency -7.025 -4.054 -3.308 -1.602
(dB) 19% 39% 46% 69%
Total Efficiency -7.476 -5.208 -3.804 -2.103
(dB) and % 17% 30% 41% 60%
SAR(W/Kg) for1lg  17.0702 45.9548 1.0731 0.626275
mass
SAR(W/Kg) for 8.76184 11.6972 0.78214 0.435142
10g mass
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TABLE 6. COMPARISON OF PREVIOUS WORKS WITH PROPOSED ANTENNA DESIGN [24-29].

Paper Antenna Substrate Frequency Range Application
Reference. No.  Dimension in
mm’

[24] 10 x 10 x 1.27 Rogers 3010  2.4t02.48 GHz ISM Frequency
Band

[25] 35x%x25x% 1.6 FR-4 uwB UWB and On-
Body WBAN

[26] 28 x 24x 1.6 FR-4 2.2-2.5GHz ISM Frequency
Band

[27] 62 x 42 x 1.6 RT-Duroid 3.2t03.5GHz WBAN

5880 3.9t04.3 GHz and On Body

[28] 27x27x1 FR-4 4.21012.5 GHz UWB and
WBAN On-Body

[29] 43 x 62 x 1.67 FR-4 2.3-2.4 GHz WBAN

Proposed 30x20x%x 1.6 Rogers UwB UWB and On-

antenna RT5880 2.2GHzt09.4GHz Body WBAN

VIIl. CONCLUSIONS
CST MWS was used to simulate the results of a wide band microstrip antenna, and MITS antenna

milling machine was used to build the antenna. The suggested manufactured antenna has an Ultra-Wide
Bandwidth of 2GHz to 6.6GHz, as well as proper VSWR and return losses for wireless technologies. The
suggested antenna has a compact size of 30 mm x 20 mm x 1.6 mm, and the observed SAR value complies with
IEEE standards, making it ideal for WBAN applications.
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