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ABSTRACT: In this research work, a flexible polymer-based compact wearable antenna has been designed, fabricated, and analysed for
Wireless Body Area Network (WBAN) IoT enabled applications. The antenna is fabricated on a Polyethylene Terephthalate (PET) with
AL as the lowest operating free-space wavelength resonating for sub-6 GHz band at 2.4 GHz, 3.3 GHz, 4.1 GHz and 5.8 GHz. Periodic
Frequency Selective Surface (FSS) reflector is used which reduces Electromagnetic Interference (EMI) antenna and enhances the gain
of the antenna. The simulation results prove that this flexible wearable antenna radiates an increased gain of approximately 10 dB and
returns loss of —36 dB at the lowest frequency with FSS as a reflector. The simulation results are validated by experimental results which
offer a good agreement. An average SAR value of 1.5 watts/gm is measured within the specific safety limit which makes it feasible for
practical implementation. This antenna provides better isolation against on-body losses and reduces SAR value with improved radiation

efficiency for WBAN IoT enabled applications.

1. INTRODUCTION

he research work in the field of Internet of Things (IoT) is

helping to provide efficient solutions in the field of Wire-
less Body Area Network (WBAN). The effective utilization of
wearable devices is vital for on- or off-body communication in
WBAN which is possible due to technological advancements
in IoT. The principal aim of IoT in WBAN is to combine the
electronic equipment with fabric for improved wireless com-
munication and remote sensing [1]. The advancements as well
as miniaturization of wearable devices have led to remarkable
expansion of WBAN applications. From several applications,
for instance, sports, fitness, smart suits, tracking an enemy
in military, personal security, and entertainment via wireless
devices [2-7], biomedical health-care applications require the
foremost utilization of wearable devices in real-time applica-
tions by many researchers using various wearable materials and
bands [8]. Antenna plays an extremely major role for wearable
devices in WBAN as it is responsible for creating the wireless
communication link between the internal components as well
as external components. The design obligations for the wear-
able antenna by Federal Communication Commission (FCC)
is more distinctive than traditional antennas [9] for Body Cen-
tric Communication (BCC). Several research works have been
reported in literature review [10-12], but only a few of them
focused on the implications of wearable devices on IoT based
WBAN technology. The work on reconfigurability structure
has been recently explored by various researchers [13, 14] and
focused on low-capacitance, low-power consumption diodes to
digitally control the modification of the radiation pattern mak-
ing it reconfigurable [15, 16], but due to active components,
the antenna structure may not be practically effective when be-
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ing used in WBAN. Similar to the above work, Haydhah et
al. [17] presented a reconfigurable antenna using P-I-N diode
with two modes to switch with the total radiated gain of 1.6 dB
only. Numerous issues can be raised due to on-body RF cou-
pling affecting the performance of wearable devices [18-20].
Electro-magnetic (EM) radiation has a damaging impact on the
human tissues; therefore, radiation level must adhere to the Spe-
cific Absorption Rate (SAR) level. The resonance frequency
of the designed antenna also gets affected by the human on-
body losses. After considering all the challenges that can affect
the wearable antenna performance in a complex environment,
the wearable substrate material must be carefully chosen [18].
The substrate material used for wearable antennas must be high
heat resistant, highly absorptive, and flexible [21, 22] which has
been discussed in a research article on a low SAR wearable
antenna. The physical constraints include some other require-
ments such as low SAR level, miniaturized structure, compact-
ness, flexibility, low power dissipation, high bending capabili-
ties, low loss tangent, and low dielectric value [23, 24].

The substrate material has a major impact on the human body
and on the characteristic properties of radiating patch. There-
fore, various polymer-based materials with a lower value of di-
electric constant (¢,-) and low loss tangent (tand) are ideally
preferred since they make antenna less lossy, and better radi-
ation efficiency is achieved [25-27]. Here, a periodically ar-
ranged FSS reflector is used between the radiating patch and hu-
man body to reduce radio frequency (RF) coupling thus provid-
ing better isolation by lowering the SAR value [28,29] which
increases the radiation efficiency. Numerous researchers have
recently explored IoT based WBAN which is power efficient,
utilizes wide bandwidth, has better radiating gain, has reduced
SAR, has less interference, and has practically low profile. In
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FIGURE 1. IoT scenario in WBAN for real-time smart sensing.

the work by Hussain [30], [oT antenna for multi-band have
been published 6 GHz band and mm-wave spectrum covering
27.4-28.4 GHz. The use of [oT in wireless communication has
resulted in a substantial increase in power consumption. The
research work on energy efficiency (EE) based on a simulta-
neous wireless information and power transfer (SWIPT) dis-
tributed antenna system by splitting and adjusting the power of
distributed antenna ports is presented by Huang et al. [31,32].

This paper is organized in the following sections, i.e., Sec-
tion 1 describes the background study; Section 2 includes the
design and configuration; Section 3 covers the simulated and
experimental results, and the final Section 4 concludes the find-
ings of this research work.

1.1. loT Technology in Wireless Body Area Network

The wireless communication for WBAN applications is more
complicated than traditional wireless networks. There remain
a few major challenges to establish a stable communication
link for wearable devices in Industrial, Scientific, and Med-
ical (ISM) bands due to its license free nature. The techni-
cal advancements and device size reduction of wireless devices
have led to tremendous growth for WBAN applications using
10T [33-35]. The primary purpose of [oT technology in WBAN
is to merge electronic equipment with a flexible device for real-
time automatic sensing. The physical constraint includes some
requirements for safety regulations, such as low SAR level, low
power dissipation, low EMI, low loss tangent, and low dielec-
tric value [36,37]. The use of IoT is making real-time track-
ing easier for various WBAN applications such as telemedicine,
biomedical sensing, smart sensing in healthcare, smart parking,
automatic fitness tracking, and remote monitoring. Davoli et
al. [38] carried out the research work at University of Parma,
Italy and developed a progressive method for merging short-
range [oT networks called micro IoT, with more contemporary
long-range LPWANS called macro IoT. A smart IoT based in-
telligent parking system using dual lens antenna is analyzed and
implemented by Cai et al. [39].

IoT and WBAN when being merged can lead to major ad-
vancement in technology, shown in real-time scenario given
above in Fig. 1.

1.2. FSS Backed Reflector Antenna Patch for High Gain

In this work, a wearable flexible antenna is designed along with
the flexible FSS sheet below the antenna as an FSS reflector to
improve the gain and reduce the on-body proximity losses. This
arrangement of FSS sheets can be used along with the antenna
to reduce the on-body loss with zero phase reflection [4, 5]. The
FSS sheet is designed using babinet’s principle and consider-
ing grating lobe criterion which is finally positioned below the
antenna forming an FSS reflector to increase the radiation ef-
ficiency as well as gain. A Defective Ground Structure (DGS)
plane with an FSS reflector [40, 41] to get multi-band frequency
response is used. This antenna structure has reduced SAR value
and RF coupling between the device and human tissue.

1.3. Fundamental Principle

The basic principle for FSS spectral domain analysis can be ex-
plained using Floquet’s port principle which states that when an
incident wave illuminates on an infinite, periodic, planar sheet,
each unit cell on an array of periodic structure must generate
equal current and electric field. The in-band waves are trans-
mitted in phase with that of incident wave, and out-band waves
are reflected back. Fig. 2 clearly demonstrates the principle of
operation of FSS reflector.

2. CONFIGURATION OF THE PROPOSED ANTENNA

2.1. Proposed Polymer-Based Flexible Antenna

For the fabrication of proposed antenna, a flexible polymer-
based substrate material Polyethylene Terephthalate (PET) is
used due to its low cost and easily moldable structure in dif-
ferent shapes. The low dielectric constant of 2.25 and low loss
tangent of 0.001 make it the best choice for low-microwave fre-
quency wearable applications. The substrate’s dimensions are
Sz (width) by Sy (length) with the thickness (¢) of 2 mm with
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FIGURE 2. Proposed antenna arrangement with FSS reflector.
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FIGURE 3. Iteration process of the proposed wearable patch. (a) Iteration 0, (b) Iteration 1, (c) Iteration 2 and (d) Final antenna geometry.
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FIGURE 4. Reflection coefficient of all the iterative structures.

similar dimensions for ground plane. A rectangular conductive
patch is etched with overall dimensions of Pz (width) by Py
(length). The iteration process of the conducting copper patch
is given in Fig. 3. The steps for evolution process of the final-
ized antenna are given below:

Step 1: The center slot is sliced out from the patch of length
Ax and width Ay in Iteration O [refer Table 1 and Fig. 1(a)].

Step 2: In Iteration 1, two side slots having length Bx and
By are sliced out from the initial and end points of the patch.

Step 3: In Iteration 2, four corner slots having equal length
Cx, and Cy are sliced out from the edges.

The geometrical description calculated using the microstrip
transmission line theory [42] is given in Table 1.

The iterative patch structures are processed and analyzed at
every stage which is compared in terms of reflection coefficient
v/s frequency response for required bandwidth (refer Fig. 4).

2.2. Proposed Polymer-Based Flexible Antenna with FSS Re-
flector

For the fabrication of FSS reflector, the same flexible polymer-
based substrate material PET is used. The geometrical param-
eters of periodic structure on FSS reflector are calculated using
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FIGURE 5. (a) Unit cell of FSS Reflector sheet. (b) DGS sheet below reflector. (¢) 6 by 12 array structure over FSS reflector.

TABLE 1. Geometrical description: proposed polymer-based antenna.

PARAMETERS VALUE
Sz, Sy 59 % 133 mm?
Pz, Py 20 * 95 mm?
Az, Ay 4 % 72 mm?
Bz, By 5 % 10 mm?
Cz, Cy 4 % 8 mm?
Ix =1y 2 % 2 mm?>
Fz, Fy 3% 19.5 mm?

S 4 mm

the theory of Floquet’s port and analyzed by Method of Moment
spectral [43]. Table 2 shows all the dimensions of metamaterial
array.

The unit cell of the proposed FSS based periodic structure
and 6 by 12 array is finally etched over the substrate [refer
Fig. 5(a)]. The arrangement of DGS ground sheet below FSS
reflector is shown in Fig. 5(b). The substrate is sandwiched be-
tween the reflective FSS array patch and the DGS plane shown
in Fig. 5(c). The design parameters of FSS unit cell (a, Sy, and
D) can be calculated using given equations [43]:

c 1
Periodicity — . . 1
eriodicity k;72 Fpassyer cos {arcsm (\/57 sin 9)] (1

Overall array length (a) = A\r/3 )
Length of the unit cell (Sz); 2—5§SL < i (3)

Onset grating lobe condition is important since it can lead to out
of phase wave transmission of higher order Floquet’s waves in
space. This condition relies on the incident wave angle and on
the inter-element spacing (D) given below:

B Ag X1
b= (sinn + sinng) @
c
Ay = — 5
g fg ( )

TABLE 2. Geometrical description: proposed FSS reflector.

PARAMETERS VALUE
Fsx, Fsy 104.5 % 143.5 mm?>
St 8 mm
D 2.5mm
Fx, Fy 10 * 10 mm?
Grx, Gry 10 * 20 mm?

Ag is the guided wavelength, c the speed of light, and n the
number of elements. When the incident wave is perpendicular,
i.e., ng = 90°, the inter-element spacing becomes:

D Ag Xn ©)
(sinp+1)

In general terms, D must be < 0.5Ar,

(7

3. ANALYTICAL MODELLING OF THE PROPOSED AN-
TENNA

In this section, the performance of the proposed wearable an-
tenna is analyzed and examined on the basis of various aspects
and properties by means of ECM, SAR analysis, bending anal-
ysis, and power analysis.

3.1. Equivalent Circuit Modelling of Proposed Antenna with FSS

The ECM for the proposed antenna based on the transmission
line theory is shown for each slot individually given below [re-
fer Fig. 6] and is explained in following steps:

Step 1: The equivalent circuit of the center slot has been con-
sidered in which the inductor and capacitor are in parallel res-
onance with an antenna.

Step 2. Similarly, Lcy, Les, Les, Leg and Ceq, Cea, Ces,
Cc4 represent the equivalent inductances and capacitances of
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FIGURE 6. ECM of proposed slotted wearable patch antenna.

four corner slots on the patch, and the periodic structure’s over-
all inductance is Lp; .

Step 3: Now, Lsy, Lss and Csy, C'so are parallelly con-
nected to overall circuit in series resonance.

The topology of overall equivalent circuit model of the pro-
posed wearable antenna for resonance model based on R, L,
C networks is shown in which one center slot with a periodic
structure, two side slots, four corner slots are added to the ele-
mentary RLC model representing microstrip feed line whose in-
ductance and capacitance are L and C'r, respectively [45, 46].
The unit cell showing square ring loop with hourglass shaped
slots can be represented by a simple series-shunt RLC resonant
circuit (refer to Figure 7) in following steps:

Step 4. The inductance is generated due to square metallic
loop ring Lg, and the gap between the unit cells represents the
capacitance C.

Step 5: Similarly, inner hourglass slots are represented by
the capacitance C}, and the metallic shape represents the induc-
tance, L;. Overall inductance and capacitance can be modified
by modifying gap between the unit cells’ inter-element spac-
ing (D), overall length of the array (@), and thickness (¢) of
the metallic layer. The overall inductance and capacitance are
given in following equations:

a X t)
D

Cg = ereo ®)
where £, = 8.85 x 10712 f/m, ¢ = thickness of the metallic
patch

Cs~ereoxt ©)
Therefore, total C'r can be calculated using Equation (9) :

(a+ D)

Cr=ereo xt D

(10)

Now, the series inductance of unit cell and total array induc-
tance are given by:

2¢ 1
Ls =~ 2a |log— + = 11
s a[ogt +2} (11)
L
andLT:?S (12)
a 20 1
Thereft Ly =—-|log— + = 1
erefore, L 3[ogt +2] (13)

u
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FIGURE 7. ECM of unit cell of proposed FSS reflector.

Since transmission line total impedance is in series with static
capacitance Cj, the bandwidth of the proposed structure can be
calculated using Equation (17):

R
- LyCr

Br (14)
At lower frequencies, capacitance dominates the overall effect
on the input impedance of the antenna, and at higher frequen-
cies, inductance dominates. The equivalent impedances for
both the cases are given below:

1
Zeg(fL) = 27 fCos (15)
Zeg(fu) = 2nfjL (16)

where C o is the coverall capacitance at lower frequencies, and
L is the overall inductance at higher frequencies.

3.2. Floquet's Port Analysis

The analysis of proposed FSS sheet reflector is performed using
Floquet’s port analysis, and the reflection coefficient is plotted
against the required range of frequencies in Fig. 8.
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FIGURE 8. Reflection coefficient of proposed FSS sheet only.

3.3. SAR Analysis

The designed wearable antenna can be detuned owing to the ab-
sorption of large amount of radiated power by human body, and
thus gain of the antenna is mostly reduced. Hence, the bending
conditions and SAR analysis are studied for on-body wireless
communications [44]. SAR is the maximum value of EM radi-
ation emitted by any wireless device which can be absorbed by
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biological tissue. The greater value of SAR than this can possi-
bly injure the tissue cells gradually. The value of constant (&,.),
conductivity (o), mass density (D), and thickness (7") must be
considered before designing the antenna for wireless wearable
communication in WBAN shown in Fig. 9 [32].

SKIN FAT MUSCLE BONE
0g=4132 0 ¢=52 o e,=52.67 €,=18.49

=149 0 06=011 ©0oo=177 ooc=0382

D =1001 D=900 o D=1006 o D=1008
0oT=2 T=5 T=20 0o T=13

FIGURE 9. Human tissue layer’s properties for SAR analysis.

To keep the antenna within the safer limit, the Federal Com-
munication Commission (FCC) has set some specific SAR val-
ues of less than or equal to 1.6 Watt/kg over 1 g of tissue, and it
is usually measured over 1 gram, or 10 grams of tissue weight
and given in the following equations:

2
SAR = %Efms = é/‘Wdr (17)

where V' is the volume of the sample, £ the mean RMS value
of the electric field (V/m), o the conductivity (S/m), and p the
density of the tissue (Kg/m?).

The IEEE’s standard for SAR is equivalent to 2 watts/kg
over 10 g of tissue according to section C95.1-2005 [44]. This
value is also recognized by International. Commission on Non-
Ionizing Radiation Protection (ICNIRP). The amount of EM
radiation absorbed may lead to a change in the temperature of
tissue and is given by:

SAR(AT) = C(AT) (18)

where (AT) is the duration of exposure, and C is the discharged
heat.

To validate the performance of the proposed antenna for
wearable applications, the antenna must be studied under dif-
ferent bending conditions at different angles. The SAR field is
within the safety limit, and the surface charge is also negligi-
ble as shown in Fig. 10. To overcome this, the antenna must
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have a wider range of frequency, and also FSS reflector helps
the antenna to maintain a stable response for required range.

3.4. Power Consumption Analysis

After multiple reflections occur inside the cavity for gain
enhancement at the first resonance condition, the maximum
power reflected is given by the following equation:

1-R2(0)
P(a)max_1+R2(9)P(0)mzn (19)
P(6)min is the radiation pattern of the antenna at minimum bore-
sight angle, i.e., # = 0 where R(#) is the complex conjugate of
the reflection coefficient Sq1, and 6 is the boresight angle at
which reflection occurs. The received power can be given us-
ing Friss’s equation as follows:

Prx = Prx +Grx — P — Fsp, — LarrP(0)max  (20)

Considering zero sensitivity of RFID tag hence making Prx
to be negligible, the attenuation can be calculated based on this
assumption, and the equation becomes:

Pyt = Prx +Grx — Py — Fsp, 21
Pur = 30+10—3—32.75 (22)

This covers approximately all the RFID tags in the market. The
Off set should be applied only when there is a requirement for
application.

Pr,. is the transmitted power (ranges between 10 to 33 dBm);
Pr,. is the received power; P, is the cables loss (generally
3 dB); G, is the transmitted gain; L o7 is the overall atten-
uation loss due to various factors; Fsy, is the free space loss
(32.75 dB/m). The attenuation in the transmission is calculated
using given Eq. (28):

Py = 4.25dBm (23)
The transmitted power by the reader is calculated using the

above equations and according to FCC guidelines is given be-
low:

Prx = 30 — 4.25 = 25.75 ~ 26 dBm 4)

4. SIMULATED AND EXPERIMENTAL RESULTS OF
PROPOSED FSS BACKED ANTENNA STRUCTURE

The analysis and simulation of the proposed designed antenna
are done using ANSYS High Frequency Structure Simulator
(HFSS) version 19.

4.1. Return Loss for Impedance Matching

The microstrip feedline with normalized 50 2 impedance is
used as RF feed. The simulated values of S1; are —36dB at
2.4 GHz, —25dB at 3.3 GHz, —20dB at 4.1 GHz, and —30dB
at 5.8 GHz, respectively, as shown in Fig. 11.

4.2. Radiated Gain and Radiation Efficiency

The measured value of gain is equivalent to 5 dB at the lowest
frequency which is incremented to 10 dB FSS reflector. The
back radiation is also reduced due to FSS reflector.
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FIGURE 11. Reflection coefficient of antenna with FSS reflector.
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FIGURE 13. (a) Radiation efficiency of antenna ¢ = 0°, 90°, 180° and 360° with constant & = 0 (a) without FSS, (b) with FSS.

The 3D radiation graph against frequency is plotted and periodic patch, partial slotting, FSS Reflector, DGS are used to
shown in Fig. 12. The radiation efficiency at different values achieve a selective isolated response at multi-frequency cover-
of ¢, i.e., 0°, 90°, 180°, 360° keeping # constant is shown in ing the ISM bands for in-band transmission and out-band rejec-
Fig. 13 where 0 and ¢ are analyzed for horizontal and vertical tion with increased radiated gain.

antenna polarizations, respectively. Various strategies such as
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FIGURE 14. (a) Electric filed distribution. (b) Magnetic field distribution.
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FIGURE 15. Arrangement of fabricated, (a) proposed wearable antenna, (b) proposed FSS reflector array.

TABLE 3. Comparison of previous work with this proposed research work.

Ref. No. Freq. band Substrate Return Loss (dB) Max. Gain (dB) SAR (watts/kg) for 10 gm of tissue
[31] 2.45,3.65 Denim —25 7.35 1.25
[32] 49,5 Nylon —15.2 6.7 Not calculated
[33] 2.4 Duroid 5880 -19 2.6 1.58
[34] 24,58 Duroid 5880 —21 35 1.6
This work  2.4,3.3,4.2,5.8 Polymer (PET) —36, —25, —20, —30 10 1.5

4.3. Current Distribution

Figure 14 shows the electric and magnetic fields on the an-
tenna’s radiating patch element. It is evident in the given figure
that E and H fields are equally distributed from center slot to
the edges.

The proposed antenna structure is fabricated, and the exper-
imental results are measured using Vector Network Analyzer
(VNA). All the simulated results are validated by experimental
ones in Fig. 15.

The total realised gain v/s resonant frequency of fabricated
antenna at constant values of § and ¢ is measured. It is notice-
able that the gain is maximum at 2.4 GHz when FSS reflector is
placed at a distance of 6 mm from radiating antenna. The simu-
lated results are validated by experimental ones which shows a
good agreement between simulated and measured values [refer
to Figs. 16(a), (b)].

The presented work is justified in Table 3, which comprises a
brief comparison between this research and available research
work in the same applicable field. This antenna radiates for
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FIGURE 16. Experimentally validated result of fabricated antenna.

complete sub-GHz band at multiple resonant frequencies which
are 2.4, 3.3, 4.2, 5.8. It is made up of polymer based material,
i.e., PET, which is excellent for wearable applications with min-
imal cost for fabrication. The measured results are compared
in Table 3 which shows that the antenna impedance match-
ing is good as return loss achieved is good compared to other
work. The most important factor to be considered for WBAN
applications is SAR value which in this case is achieved to be
1.5 watt/10 gm of the tissue. The SAR value achieved for this
wearable antenna is within the specified value with advantage
of maximum gain of 10dB due to FSS reflector used which
compared with previous work can be noticed in terms of radi-
ated gain.

5. CONCLUSION

A compact polymer-based flexible wearable antenna with an
FSS reflector has been designed and analyzed for Wireless
Body Area Network. The antenna operates for sub-6 GHz band
i.e., 2GHz to 6 GHz with periodic radiating patch. A DGS
ground plane is used to get multi-band response along with flex-
ible FSS reflector below to provide better isolation between the
body and the patch. This approach reduced RF coupling which
lowered the SAR value to 1.5 watts/gm to meet the safety limit.
The wearable antenna with FSS reflector exhibits a very high
gain with good radiation efficiency in all directions. The an-
tenna structure is miniaturized by partial slotting, and PET flex-
ible substrate is used to make it compact for wearable applica-
tions in WBAN.
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