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Abstract

In this paper, a flexible CPW fed ultrawide band (UWB) antenna with mu-negative (MNG)
metamaterial is designed, fabricated, and tested for wearable applications. Initially, a UWB
antenna of size 50 mm × 43 mm is fabricated on two different substrates, viz. flexible FR4
and semi-flexible Rogers RT/duroid 5880. A metamaterial structure fabricated on flexible
FR4 shows a magnetic resonance from 7.2 GHz to 9.2 GHz with maximum stop band attenu-
ation (−49 dB) and high MNG value (−2121.6) at 7.87 GHz. Then a (3 × 3) array of designed
MNG metasurface is used as ground plane with flexible UWB antenna, which improves its
overall gain and radiation pattern. The performance of the flexible antenna with/without
metamaterial at various distances from flat and cylindrical three-layered human phantom
of skin, fat, and muscle is studied. Further, the bending characteristics at different angles
and performance over thin metallic sheet is also evaluated. Additionally, the peak specific
absorption rate value averaged over 1 g of tissue at three chosen frequencies from UWB
range (3, 5, 10 GHz) with/without metamaterial using 0.3 and 0.1 W of input power is also
analyzed. The simulated and measured results are in good agreement which confirms that
the designed antenna is a good candidate for wearable applications.

Introduction

UWB technology received a major boost especially in 2002 since the US Federal
Communication Commission (FCC) permitted the authorization of using the unlicensed fre-
quency band starting from 3.1 to 10.6 GHz for commercial communication applications [1].
Earlier it was mainly used for the military and short-range applications but today ultrawide
band (UWB) antennas have gained enormous attention in various research applications.
Since the first public research reports on wearable antennas in 1999 [2], there has been a tre-
mendous research in the UWB technology for wearable applications during the last decade
because of its properties such as high data rates, low power consumption, and wide impedance
bandwidth [3]. It is necessary that a wearable antenna must possess certain essential properties
like flexible and lightweight design, easy fabrication, low back radiations, high gain, and wide
impedance bandwidth. Compared to the conventional flat and rigid metallic structures, flexible
antennas are much more suitable for body wearable applications in which devices are worn on
the body [4]. When we place a wearable antenna over the human body, it suffers from the pro-
blems like shifting in resonance frequencies when it is bent or rolled and absorption of harm-
ful radiations by the human body. Therefore, to save the human body from harmful radiations,
metamaterials are extensively used, which not only reduce the energy absorbed by the body
but also help to enhance the gain, radiation efficiency, and forward radiation characteristics
of the designed antenna.

Various types of wearable antenna are designed by the researchers in the recent years that
include flexible [5–7], textile-based [8–13], single band [10, 13, 14], triple band [7], wideband
[5, 6, 8, 15], and antennas with metamaterial [11, 12, 14, 16]. In [16] an artificial magnetic
conductor (AMC) structure is used with planar inverted-F antenna (PIFA) to reduce the spe-
cific absorption rate (SAR) value. In [14] an antenna operating at 2.45 GHz uses electromag-
netic band gap (EBG) structure to achieve gain of 6.88 dBi on the human body. In [5, 15] two
wideband antennas using Rogers Ultralam 3850 and FR4 as substrate material are designed.
In [6, 8] two wideband CPW fed multilayered and moon-shaped antennas are designed. In
[9] a wearable antenna inspired by the geometry of a Gynkgo Biloba leaf is designed by
using Gielis formula. In [10] an antenna operating at 2.4 GHz is designed and its bending
characteristics are studied at different human body parts. In [11, 12] antennas are designed
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using metamaterials to improve their gain and radiation charac-
teristics. Most of the papers discussed above except [5, 6, 8, 15]
are dual or single band antennas, however, a wide band antenna
is more desirable for wearable applications due to frequency shift-
ing problem. Further volume occupied by these antennas is quite
large except in [5, 6], moreover back radiations emitted from
antennas are also not considered except in [7, 8, 11, 12, 14, 16]
resulting in harmful back radiations towards the human body.
Further, the measured gain is quite small in all the above papers,
whereas in [8, 12] it is not even calculated.

In this paper initially, two UWB antennas with the same struc-
ture and size are designed and fabricated on two different sub-
strates (FR4 and Duroid). After that, a flexible metamaterial
structure behaving as a reflector is added, which help to reduce
the back radiations. Further, complete analysis of the designed
antenna including the study of its bending characteristics, its per-
formance over flat, and cylindrical human phantoms and thin
metallic surface behaving as perfect electric conductor (PEC) is
done. The SAR values are also calculated using input power of
0.3 W and 0.1 W over 1 g of human tissue. The final design is
FR4-based integrated flexible antenna (UWB antenna and
metamaterial) which is lightweight, low cost, and easy to fabricate.
The paper is partitioned into different sections as follows, the
section ‘UWB antenna design’ has design of the proposed UWB
antenna, the section ‘MNG metamaterial design’ has design of
the mu-negative (MNG) metamaterial, the section ‘Integrated
antenna design’ contains UWB antenna with metamaterial
surface, the section ‘Study of UWB and integrated wearable
antennas’ includes the study of effect on both the wearable anten-
nas (UWB and integrated) over bending and when placed over
human phantoms, metallic surface, and finally the section
‘Conclusion’ contains the conclusion.

UWB antenna design

The final geometry of proposed UWB antenna which is fabricated
and tested on two different substrates FR4 (εr = 4.4 and thickness
0.15 mm) and Duroid (εr = 2.2 and thickness 0.8 mm) is shown in
Fig. 1 and its optimized dimensions are given in Table 1. The
basic structure of the designed antenna is the elliptical monopole
fed by a 50 Ω co-planar waveguide. The reason behind choosing
this particular structure is that ellipse-based antennas usually
give better bandwidth [17, 18] and the CPW feeding has many
benefits like higher bandwidth and easy integration with other
circuit components [19, 20]. Further to make the antenna ultra-
wideband, modifications such as introduction of a slot in the
elliptical radiator and beveling of edges of the upper corners of
CPW ground plane are done. The stepwise geometrical evolution
of the proposed UWB antenna is given in Fig. 2 while the corre-
sponding magnitude of S11(dB) curve for the concerned structure
is shown in Fig. 3. In the first stage, an elliptical patch with CPW
feeding (Fig. 2(a)) give rise to three operating bands, one band (3–
4.5 GHz) is formed due to resonance around 3.5 GHz, the second
band (5.3–11.9 GHz) is formed by combination of resonances
around 6.5 and 11.2 GHz, while the third band (13.5–16 GHz)
is due to resonance around 15.4 GHz as observed from Fig. 3.
In the second stage (Fig. 2(b)) modifications in resonating
patch, results in merging of two lower bands and bandwidth
enhancement of the upper band as seen from Fig. 3. In the
final modification, the upper corners of the ground plane are
beveled (Fig. 2(c)) which result in enhancement of operating
band from 2 to 16 GHz with better impedance matching (below

−20 dB) at four resonating frequencies (3.5/5.8/10.2/14.6/GHz)
as shown in Fig. 3. The two proposed UWB antennas are fabri-
cated and their S11 plots are measured by KEYSIGHT E5063A
(100 KHz −18 GHz) vector network analyzer (VNA) after cali-
bration process. Figures 4(a) and 4(b) show the picture of the
two fabricated antennas. The simulated and measured S11 plots
of the two antennas are shown in Figs 5(a) and 5(b).

As seen in Fig. 5(a), the FR4-based antenna’s −10 dB down
bandwidth ranges from 2.6 to 16 GHz in simulation, and the
corresponding measured bandwidth is from 2 to 15.9 GHz. The
Duroid-based antenna’s −10 dB down bandwidth ranges from
2.7 to 16 GHz in simulation, and the corresponding measured
bandwidth is from 2.1 to 16 GHz. It is clear from the above
two plots that the measured and simulated bandwidths are almost
similar with a slight shift in the lower cut off frequency. Further
shifting in the resonance frequencies is observed in measured
results due to fabrication errors and measurement intolerances.
After analyzing the measured results of both the antennas, the
FR4-based antenna has finally been selected for wearable applica-
tions, being more flexible and lightweight. Moreover, FR4 sub-
strate is easily available in the market at a very low cost as
compared to the Duroid substrate.

MNG metamaterial design

The designed UWB antenna in the section ‘UWB antenna design’
has no ground plane to protect the human body from harmful
radiations. In this section we have designed and fabricated a sim-
ple structured flexible metamaterial which not only reduces the
back radiations but also enhances the overall gain and radiation

Fig. 1. Final geometry of the proposed UWB antenna.

Table 1. Optimized dimensions of the proposed UWB antenna on FR4 and
Duroid (all values are in mm)

Parameters FR4 Duroid

LS 50 50

WS 43 43

LG 29.55 29.40

WG 19 19

W 3.54 3.54

G 1 1
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characteristics of the UWB antenna. The proposed metamaterial
structure is also designed on same flexible FR4 substrate on
which the basic UWB antenna was designed. The proposed unit
cell structure consists of a 14 × 14 mm2 square patch loaded
with a concentric ring having inner and outer radius of 6.6 mm
and 7.1 mm, a plus shaped slot at the center and two rectangular
U-shaped slots placed adjacent to the plus shaped slot. The top
view of the proposed metamaterial unit cell along with the simu-
lation model having perfect electric and magnetic boundary con-
ditions is shown in Figs 6(a) and 6(b). All the optimized
dimensions are in mm: L = 14.8, W = 14.8, G1 = 0.5, G2 = 0.42,
L1 = 12.45, W1 = 1.24, a = 3.4, b = 3. It was observed that the
square patch gave the first resonating frequency centered around
4.8 GHz and further slots were introduced to generate second res-
onating frequency centered around 9.6 GHz. The overall charac-
terization of the metamaterial is divided into two steps. First,
the simulation of the single unit cell is done to extract
S-parameters. The second step is to extract the material properties
(permittivity (εr), permeability (μr), refractive index (n), and
input impedance (z)) from the obtained S-parameters using equa-
tions (1) and (2). Each slot on the unit cell plays a key role in
giving specific behavior to the metamaterial unit cell. The
S-parameters (magnitude in dB) and their corresponding phase
(in degrees) are shown in Figs 7(a) and 7(b). It is observed
from reflection coefficient curve (S11), that the unit cell resonates
at two different frequencies of 4.8 GHz and 9.6 GHz. Further
from the transmission coefficient curve (S21), it is observed that
the proposed metamaterial behaves as a dual wide band EBG
material by giving two wide stop bands from 5 to 9.2 GHz
and 10.3 to 16 GHz with minimum transmission coefficient
values of −49 dB at 7.87 GHz and −42 dB at 15 GHz. The corre-
sponding phase reflection curves in degrees is shown in Fig. 7(b)
where zero-degree phase reflection is observed at 7.87 GHz.

The material properties (εr, μr, n, z) of the proposed metama-
terial have been extracted from the S-parameters by using the fol-
lowing formulas [21, 22].

z =
�����������������
(1+ S11)

2 − S221
(1− S11)

2 − S221

√
, (1)

n = 1
kd

Cos−1 1
2S21

1− S211 + S221
( )[ ]

, (2)

where, k and d are the wave vector and the thickness of the dielec-
tric, respectively. The electric permittivity and magnetic permeabil-
ity can be computed from the formulas of ε = n/z and μ = nz.

From Fig. 8(a) it is observed that the real part of the perme-
ability (μr) shows Lorentz response behavior and is found to be
negative in the frequency range from 7.2 to 9.2 GHz. When
Fig. 8(a) is zoomed between 7.2 and 9.2 GHz as shown in
Fig. 8(b), it is observed that maximum negative permeability of
−2121.6 is observed at 7.87 GHz which is exactly the same fre-
quency where the transmission coefficient value was minimum
with exactly zero-degree phase reflection as shown in Figs 7(a)
and 7(b), respectively. The real part of the permittivity (εr),
refractive index (n), and input impedance (z) are all positive in
the entire frequency range as observed from Fig. 8(c). Thus,
on the basis of observed results the proposed metamaterial reflects
the electromagnetic waves in the stop band of the transmission
coefficient almost perfectly. Further in order to show the character
of the resonance (which is already mentioned as a magnetic)
and to understand the physical behavior of the metamaterial
structure, the magnetic field distribution, and surface current dis-
tribution at three resonating frequencies (7.3, 7.87, and 8.6 GHz)
from the stop band from 5 to 9.2 GHz are shown in Figs 9(a–c)
and 10(a–c).

At 7.3 GHz (frequency below magnetic resonance) it is
observed that magnetic field is mainly concentrated in the center
plus shaped slot and adjacent U-shaped slots. Further, at
7.87 GHz (magnetic resonance frequency) the magnetic field is
strongest in the U and plus-shaped slots as compared to the
other two frequencies as shown in Fig. 9(b). The same field pat-
tern is also observed at 8.6 GHz (frequency above magnetic reson-
ance), however, the concentration of magnetic field is weakest at
this frequency. These observations validate the character of reson-
ance as magnetic ones. It is observed that the magnetic resonance
behavior is mainly achieved through the adjacent U shaped and
center plus shaped slots which behave as capacitive elements

Fig. 2. Geometrical evolution of the proposed UWB
antenna.

Fig. 3. Comparison of |S11| for UWB antenna corresponding to Fig. 2.
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and further these kinds of structures can be modeled as simple LC
resonant circuit with the resonant frequency of ω = (LC)−1/2,
where L and C are the total inductance and capacitance in the
equivalent circuit model.

The surface current distribution of the proposed metamaterial at
above three resonating frequencies is shown in Figs 10(a)–10(c). It
is observed that at all three resonating frequencies the surface cur-
rent is mostly concentrated at the surface of U and plus-shaped
slots. As observed in Figs 10(b) and 10(c), the current concentra-
tion is found to be highest at 7.87 GHz and lowest at 8.6 GHz,
moreover the induced currents are found to be circulating in a
loop as observed in Figs 10(a)–10(c) which confirms the existence
of magnetic resonance at these three frequencies.

The proposed metamaterial is quite easy to design, optimize,
and fabricate as compared to some complex metamaterial struc-
tures discussed in literature such as complementary split ring
resonators (CSRRs). We can further change the material proper-
ties easily by modifying various dimensions of the proposed unit
cell. Therefore, a new and novel artificial magnetic material has
been introduced and validated by simulations.

Integrated antenna design

In this section, the final integrated antenna is designed by intercon-
necting the UWB antenna chosen in the section ‘UWB antenna
design’ with the array of the metamaterial unit cell discussed in

Fig. 4. Photographs of the fabricated antennas (a)
Flexible FR4-based antenna (b) Semi-flexible Rogers
RT/duroid-based antenna.

Fig. 5. Simulated and measured |S11| plots of the two fabricated antennas (a) using FR4 (b) using Duroid.

Fig. 6. (a) Top view of proposed MNG metamaterial
unit cell (b) Simulation model with perfect electric
(PE) and perfect magnetic (PM) boundary conditions.
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Fig. 7. S parameters of the metamaterial unit cell (a) S-parameters (Magnitude in dB) (b) S-parameters (Phase in degrees).

Fig. 8. (a) Magnetic permeability of the unit cell (b) Material properties (εr, z, n) of the proposed metamaterial unit cell (c) Real part of the magnetic permeability
from 7.2 to 9.2 GHz.

Fig. 9. Magnetic field distribution at three resonance frequencies (a) 7.3 GHz, (b) 7.87 GHz, and (c) 8.6 GHz.

Fig. 10. Surface current distribution at three resonance frequencies (a) 7.3 GHz, (b) 7.87 GHz, and (c) 8.6 GHz.
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the section ‘MNGmetamaterial design’. The optimum size of array
is fixed as 3 × 3 elements as depicted in Fig. 11(a), as it properly
covers the proposed UWB antenna and moreover overall size has
been kept small so that it can be used for wearable applications.
For an optimal operation of the metamaterial antenna, we cannot
place an antenna directly on the metamaterial plane. Hence, a cer-
tain distance or air gap “d” must be maintained between the two
elements and practically it is done by using a foam substrate. The
effect of variation in the air gap “d” from 2 to 20 mm on the reflec-
tion coefficient of the integrated antenna (antenna with metama-
terial) is shown in Fig. 11(b). It is observed that at the air gap of
2 mm the integrated antenna does not cover the entire UWB
range. As we increase the value of “d”, the bandwidth keeps on
increasing and at d = 14 mm it covered the entire UWB range
from 2.3 GHz to 16 GHz. Beyond 14 mm, the obtained bandwidth
remains almost the same. Thus, taking the value of “d” beyond
14 mm only increases the size and bulkiness of an integrated
antenna. Similarly, it is observed that as we keep the metamaterial
plane closer to the UWB antenna the impedance matching gets dis-
turbed and as we move the metamaterial plane farther from the
designed antenna, the impedance matching gets improved.
Finally, it is observed that the 3 × 3 array of MNG metamaterial
structure at 14 mm of air gap gave the optimum results. The fabri-
cated integrated antenna with 14 mm of air gap (foam) is shown in
Fig. 12(a).

Figure 12(b) shows the simulated S11 curves of both UWB and
integrated antenna along with the measured S11 curve of integrated
antenna. The integrated antenna covers 2.3 to 16 GHz of fre-
quency band with good impedance matching (below −15 dB) at
four resonating frequencies (3.4, 5.7, 10.2, 14.5 GHz). However,
in the measured curve the bandwidth increases in the lower cut
off frequency along with shifting in the return loss values across
the entire operational frequency band due to fabrication, align-
ment, and measurement errors. Figure 13 shows the simulated
gain plots of both UWB and integrated antenna along with mea-
sured gain plot of the integrated antenna. Table 2 shows the gain
values obtained at four resonating frequencies for both UWB and
integrated antenna. It is observed that with the introduction of
metamaterial the gain values have increased at all the four reson-
ating frequencies. At three of the resonance frequencies i.e. 3.4,
10.2, and 14.5 GHz the increment in gain value is above 2 dB,
whereas at 5.7 GHz, the gain value is increased by 1.8 dB.
Further the simulated and measured gain curves of integrated
antenna are quite similar with slight variations.

In Fig. 14 the measured and normalized radiation patterns of
both UWB and integrated antenna are shown at three chosen res-
onating frequencies i.e. 3.4, 5.7, and 10.2 GHz. It is observed that
in integrated antenna the radiation increases in the forward direc-
tion with reduced back lobes, however at higher frequencies mul-
tiple peaks or side lobes are also observed, because of radiations
due to higher order modes. It is observed that in case of integrated
antenna in E plane the main lobe magnitude has increased from
2.66 to 7 dBi, 1.5 to 5 dBi, and 1.06 to 5.2 dBi at 3.4, 5.7, and
10.2 GHz and similarly in H plane of integrated antenna the
main lobe magnitude increased from 3.94 to 7.2 dBi, 3.1 to
6.5 dBi, and 2.9 to 7.46 dBi at 3.4, 5.7, and 10.2 GHz.

To investigate the performance of designed UWB and inte-
grated antennas for wearable applications, we have studied their
performance over the curved surface to check bending effects,
above the flat and cylindrical human phantoms to study SAR
and on the thin metallic sheet to study antenna on helmets, car
roof or airplane body, etc.

Study of UWB and integrated wearable antennas

Effect of bending

In simulation, both UWB and integrated antennas are bent over
the cylindrical surface to study their bending effect, but practical
bending measurements are accomplished using integrated
antenna only. The designed antennas are bent over a cylinder of
10 mm radius and the bending angle is varied from 30°–180° to
see its effect on antenna’s reflection coefficient curve. Figures 15(a)
and 15(b) show the bending scenarios of two antennas at bending
angle of 60°. Figures 16(a) and 16(b) show the effect of bending
on S11 plots of both the antennas. In Fig. 16(a) a consistent shift
in resonance frequencies towards lower frequency range is observed
at all the bending angles, whereas in Fig. 16(b) there is no shift in
the resonance frequencies. Further, in both the plots slight varia-
tions in the values of reflection coefficient are observed in the entire
UWB range.

Figure 17(a) shows the experimental setup used for bending
measurements, where the integrated antenna is conformed over
the cylindrical foam. Figure 17(b) shows the measured reflection
coefficient curves of the integrated antenna with/without bending.
It is observed that measured S11 curve is quite similar to the simu-
lated ones with slight frequency shifting at higher resonance fre-
quencies due to fabrication errors.

Fig. 11. (a) A 3 × 3 array of the fabricated MNG metamaterial (b) Effect of varying air gap “d” between the antenna and the metamaterial layer on S11 of an inte-
grated antenna.
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Effect of human body

The human body is a multi-layered medium made up of different
organs, such as muscles, bones, blood, cells, skin, stomach, and so
forth. Each layer has its own thickness and frequency dependent
dielectric characteristics. Based on the works of Italian National
Research Council the electrical properties of the tissues at three
different resonance frequencies i.e. 3, 5, and 10 GHz are given
in Table 3, which are easily available online [23]. To show the
effect of human body on the proposed antenna parameters, an
inhomogeneous three-layered body model containing skin, fat,
and muscle is simulated in computer simulation technology
microwave studio (CST MWS) version 16.0. The antenna charac-
teristics are studied in the presence of both cylindrical and flat
three-layered model having an average thickness of 2, 5, and
10 mm for the skin, fat, and muscle, respectively. Figures 18(a)
and 18(b) shows the UWB antenna over flat and cylindrical
human body phantom model at 2 mm of distance.

In this section the distance “h” between the antenna and the
human phantom is varied over both the flat and cylindrical phan-
toms to see their corresponding effect on antenna’s reflection
coefficient. The three chosen distances are 2, 5, and 10 mm for
evaluation purpose. From Fig. 19(a) it is observed that the return
loss increases in lower frequency range below 8 GHz, whereas
only slight variations in return loss are observed above 8 GHz
when UWB antenna is placed over the human phantoms.
Similar trend in S11 curve is also seen for integrated antenna in
Fig. 19(b), however, the level of increment in return loss values
is comparatively smaller. Further, it is observed that both the
antennas over flat phantom gave lower return loss values with bet-
ter impedance matching in the entire UWB range as compared to
cylindrical phantom. Therefore, further analysis is done using
only a three-layered flat phantom. Figures 20(a) and 20(b) show
the experimental setup for reflection coefficient measurement of
integrated antenna placed over human body. Figure 21 shows
the measured S11 curve of the integrated antenna with/without
human body. It is observed that the measured reflection coeffi-
cient curve is almost similar to the simulated ones till 6 GHz,
however above 6 GHz, the resonance frequencies shifts to the
higher frequency band. Table 4 shows the effect on the various
antenna parameters like gain and radiation efficiency when the
two antennas are placed in free space and over the flat human
phantom at three different distances.

Table 4 clearly illustrates that the maximum gain and radiation
efficiency of the proposed UWB antenna gets greatly affected
when kept in the close vicinity of human body. When we keep
the UWB antenna at the distance of 2 mm from phantom, drop
in gain and radiation efficiency by 2.32 dB and 68% is observed.
Further, it is observed that to achieve the optimum value of both
gain and radiation efficiency we have to keep the UWB antenna at
a distance of 10 mm from the human body. In case of integrated
antenna, the presence of the human body even at the closest dis-
tance (2 mm) has very small effect on the antenna parameters.
Although, in integrated antenna the overall gain and radiation
efficiency values obtained with phantom changes slightly in the
entire operating range from 2.3 to 16 GHz but still quite high
value of maximum gain and radiation efficiency is maintained
even in the vicinity of the human body as compared to free space.

Figure 22 presents the measured 2-D radiation pattern show-
ing the co- and cross-polarization of the UWB and integrated
antenna in the E and H plane at 2 mm distance from the
human flat phantom model at all the three resonating frequencies.

Fig. 12. (a) Fabricated integrated antenna with 14 mm of air gap (b) S11 plot of proposed UWB antenna with/without metamaterial.

Fig. 13. Gain plot of the proposed UWB antenna with/without metamaterial.

Table 2. Gain values for UWB and integrated antenna

Frequencies
(GHz)

Gain values for UWB
antenna (dB)

Gain values for
integrated antenna (dB)

3.4 2.7 5.1

5.7 3.1 4.9

10.2 4.3 7.2

14.5 3 6.5
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Fig. 14. Measured and normalized 2-D radiation pattern of the proposed UWB and Integrated antenna at (a) 3.4 GHz, (b) 5.7 GHz, and (c) 10.2 GHz.

Fig. 15. Antenna bending scenarios at 60° bending
angle (a) UWB antenna (b) Integrated antenna with
14 mm air gap.

Fig. 16. Effect of bending on the |S11| plot of (a) UWB antenna, (b) Integrated antenna.
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Table 5 shows the amplitudes of co- and cross-polarization
obtained in the E and H plane of the UWB and integrated
antenna. When the UWB antenna was placed over the MNG
metamaterial, the level or amplitude of co-polarization increases
and cross-polarization decreases with no change in the main
lobe direction in both the planes. Further, the level of increment
and decrement in co- and cross-polarization amplitudes is found
to be higher in E plane (Table 5) as compared to the H plane. The
highest value of co polarization i.e. 9.8 dBi is found at 10.2 GHz in
H plane of the integrated antenna and lowest value of cross-
polarization i.e. −42.8 dBi is observed at 3.4 GHz in H plane of
the integrated antenna. Further, as the main lobe magnitude
has increased in the forward direction in integrated antenna,
therefore we can say that the integrated antenna helped to reduce
the level of back and side lobes in the antenna radiation pattern.

Effect of thin metallic surface

Like human body, the metallic surfaces are also known to change
the resonance frequency, input impedance and radiation pattern
of antenna when kept in close proximity with the designed
antenna. Therefore, in this section, the performance of the pro-
posed UWB and integrated antenna is analyzed over the thin
sheet of PEC material at various distances from 2 mm to
16 mm. Figure 22 shows the effect of variation of “x” i.e. the
gap between the PEC surface and the designed antenna, on the
reflection coefficient curve of both the antennas. In Fig. 23(a),
at x = 2 mm, the antenna performance gets deteriorated in the
UWB band. However, as we increase the value of “x”, the antenna
performance starts improving and at x = 14 mm it gave satisfac-
tory performance by covering the entire UWB range from 2 to
16 GHz. In case of integrated antenna as shown in Fig. 23(b),
even at the closest distance of 2 mm, it gave satisfactory result
by maintaining good impedance matching (S11<−10 dB) in the
entire UWB band. Therefore, we can say that the metamaterial
surface helped the proposed UWB antenna to maintain its S11
curve below −10 dB even in the vicinity of a PEC metallic
plate. Figure 24 shows the experimental setup for the proposed
integrated antenna over the metallic surface. Figure 25 shows
the measured reflection coefficient curves of the integrated
antenna with and without the PEC surface. It has been experi-
mentally observed that there is slight frequency shifting in
lower frequency band with small variation in S11 values in the
entire UWB range.

Fig. 17. (a) Integrated antenna conformed over cylindrical foam (b) Measured reflection coefficient of integrated antenna with/without bending.

Table 3. Electrical properties of human layers at three resonance frequencies [23]

Tissue name Frequency (GHz) Conductivity (S/m) Relative permittivity (εr) Loss tangent (tan δ)

Skin (Dry) 3 1.7406 37.45 0.27848

5 3.0608 35.774 0.3076

10 8.0138 31.29 0.46038

Fat 3 0.13004 5.2239 0.14916

5 0.24222 5.0291 0.17315

10 0.58521 4.6023 0.22857

Muscle 3 2.1421 52.058 0.24655

5 4.0448 49.54 0.29353

10 10.626 42.764 0.44666

Fig. 18. Proposed UWB antenna over inhomogeneous three-layered tissue models.
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Table 6 shows the comparison of the various parameters of the
proposed integrated antenna with some latest papers published for
the wearable applications. It is observed that most of the papers have
small impedance bandwidth except [8]. The proposed integrated
antenna has an optimum size of 50 × 44.4 mm2, largest operating
bandwidth of 13.7 GHz and gain of 8 dB. Further, the radiation effi-
ciency is not considered in most of the papers except [7, 14, 23, 24],
whereas the proposed antenna gave comparatively highest radiation
efficiency of 85%. Therefore, we can say that the designed antenna
gave optimum and quite satisfactory results and can be considered
as a good candidate for wearable applications.

SAR analysis

SAR analysis when antennas (UWB and integrated) are moved
away from human phantoms
The impact of the proposed UWB and integrated antenna on
human tissue, described by the SAR, was also examined. SAR
value depends on the geometry of the human tissue, antenna
positioning, dielectric properties of tissue, transmitted input
power, and spacing between the antenna and the human tissue.
Therefore, initially, the SAR analysis is done with 0.3W of
input power using both cylindrical and flat phantoms for the

Fig. 19. Effect on |S11| plot when both antennas are placed over flat and cylindrical phantom (a) UWB antenna (b) Integrated antenna.

Fig. 20. Experimental setup for reflection coefficient measurement on the human body.

Fig. 21. Measured S11 curve of the integrated antenna with/without human body.

Table 4. Maximum Gain and Radiation Efficiency (η) achieved by UWB and
integrated antenna when kept in free space and at three distances from the
flat three-layered phantom model

Distance
from

phantom
(mm)

UWB antenna
Integrated
antenna

Max.
Gain
(dB)

Max.
η (%)

Max.
Gain
(dB)

Max.
η (%)

Without
Human
phantom

– 5.1 89 8 90

With
Human
phantom

At 2 2.78 21 8 77

At 5 6.5 60 8 78

At 10 7.3 80 8 85
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two antennas at three distances of 2, 5, and 10 mm and at the fre-
quencies of 3, 5, and 10 GHz. Based on the observations, further
SAR analysis is done with 0.1 W of input power using only flat
phantom. The basic formula of SAR is given in equation (3).

SAR (W/kg) = s× E2

r
, (3)

where σ is the conductivity of tissue (S/m), E is the root mean
square value of the electric field (V/m) induced in the tissue
and ρ is the tissue density (kg/m2). The American standard for
SAR analysis is used i.e. the SAR value averaged over 1 g of tissue
should be <1.6 W/kg. Table 7 gives the value of SAR for UWB
and integrated antenna in the presence of flat and cylindrical
phantom. In this analysis, input power of 0.3 W and averaging
method as per IEEEC 95.3 standard is used. From Table 7 it is
clear that in both the cylindrical and flat phantom, the SAR values
are greatly reduced by introducing the metamaterial structure.
However, the flat phantom SAR values are slightly smaller than
the cylindrical ones. Further, it is also investigated that flat phan-
toms are mostly preferred for SAR analysis because they have sim-
ple structure and require comparatively lesser memory capacity
and time period for simulation. Flat phantoms also provide max-
imal contact surface area with the device under test and therefore
generally provide a conservative estimation of SAR [25]. It is
observed that in case of UWB antenna, the SAR values greatly
reduce with the increasing distance using both flat and cylindrical

phantoms. In case of flat phantom, the SAR value is reduced from
the maximum value of 25.15 W/kg (h = 2 mm) to a minimum
value of 3.803 W/kg (h = 10 mm). Similarly, in case of cylindrical
phantom SAR is reduced from maximum value of 26.29 W/kg
(h = 2 mm) to a minimum value of 4.262 W/kg (h = 10 mm).
However, in the case of integrated antenna, the difference between
maximum and minimum SAR values is small as compared to the
UWB antenna. In case of a flat phantom, SAR values varies from
maximum value of 4.516 W/kg (h = 2 mm) to a minimum value
of 0.4916 W/kg (h = 10 mm) and in the case of a cylindrical it var-
ied from maximum value of 5.743 W/kg (h = 2 mm) to a min-
imum value of 0.677 W/kg (h = 10 mm). Therefore, we can say
that the SAR values in integrated antenna do not depend much
on the spacing between the antenna and the human phantom.
We also observed that the SAR values obtained in the case of inte-
grated antenna as depicted in Table 7 are still slightly higher than
the 1.6 W/kg. Therefore, to reduce its value further we reduced
the total input power to 0.1 W or 100 mW, everything else is
kept same except that we used only flat phantom as it gave slightly
better SAR values than cylindrical one.

Table 8 clearly depicts that the SAR values are greatly reduced
as we decrease the input power from 0.3W to 100 mW. The trend
in SAR values is again repeated in Table 8 as was observed in
Table 7. In the case of integrated antenna, the SAR values
obtained at three different distances and frequencies vary slightly
from maximum value of 1.505 W/kg (h = 2 mm) to the minimum
value of 0.1039 W/kg (h = 10 mm). Further, the SAR values

Fig. 22. Measured and normalized radiation pattern (Co-polarization (solid line) and Cross-polarization (dotted line)) of the proposed UWB and Integrated antenna
at (a) 3.4 GHz, (b) 5.7 GHz, and (c) 10.2 GHz.
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observed with integrated antenna are always below 1.6 W/kg over
1 g of the body tissue at all the three distances and frequencies,
which was the desirable result.

Variation of SAR values with phantom depth
Figure 26 demonstrates the simulation setup used for SAR ana-
lysis at three different frequencies i.e. 3, 5, and 10 GHz. The inte-
grated antenna is placed at three different values of “h” (2, 5, and
10 mm) from the flat human phantom with input power fixed as
100 mW. The depth of phantom i.e. “z” is varied in the range
from the surface of the skin (z = 0 mm) to the bottom of the mus-
cle tissue (z = 17 mm). In all the three plots as shown in Figs 27
(a)–27(c), initially the SAR value increases in skin with depth

upto 2 mm, then it becomes constant in fat tissue up to 10 mm.
After that in muscle the SAR suddenly drops till 12 mm and
then gradually decreases to the lowest value. A similar SAR vari-
ation is observed in all the three experiments for fixed values of
“h” and frequencies. Further, it is also noticed that the SAR
increases as we increase the frequency and decreases with increas-
ing distance between the antenna and the phantom. From
Fig. 27(a) the highest value of SAR i.e. 1.36 W/kg is observed in
skin at 10 GHz, whereas the lowest value of SAR i.e. 0.08 W/kg
is observed in muscle tissue at 3 GHz at a distance of h = 2 mm.
Similarly, in Figs 27(b) and 27(c) highest value of SAR is observed
in skin i.e. 1.1 W/kg and 1 W/kg at 10 GHz and lowest SAR value
of 0.03 W/kg and 0.01 W/kg is observed in muscle tissue at 3 GHz
at a distance of h = 5 mm and 10 mm, respectively. Hence the

Table 5. Amplitudes of co and cross polarization obtained in the E and H plane of the UWB and Integrated antenna at three different frequencies

Frequencies
(GHz)

Main lobe magnitude of UWB antenna Main lobe magnitude of integrated antenna

E plane H plane E plane H plane

Co-polarization
(dBi)

Cross-polarization
(dBi)

Co-polarization
(dBi)

Cross-polarization
(dBi)

Co-polarization
(dBi)

Cross-polarization
(dBi)

Co-polarization
(dBi)

Cross-polarization
(dBi)

3.4 3.3 −10 4.5 −37.3 8 −20 7.3 −42.8

5.7 5 −3 5.7 −28.2 8.1 −10 8 −31

10.2 3 −1 6 −22 6.3 −8 9.8 −28

Fig. 23. Effect of thin sheet of PEC surface on both the antennas |S11| curve.

Fig. 24. Measurement setup for the integrated antenna over metallic surface.

Fig. 25. Measured |S11| curves of the integrated antenna with/without the PEC
surface.
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integrated antenna reduces the SAR below 1.6 W/kg in all the tis-
sues as observed in three plots of Figs 27(a)–27(c).

Conclusion

In this paper, a novel and flexible CPW fed UWB antenna with
MNG metamaterial is designed, fabricated, and tested experimen-
tally for wearable applications. The (3 × 3) array of MNG meta-
surface behaving as an EBG structure is used as a ground plane,
which improves the overall gain, forward radiation pattern, and
also provides proper isolation between the designed antenna
and the human body. The final flexible integrated antenna exhi-
bits optimum size of 50 mm × 44.4 mm with maximum gain
and radiation efficiency of 8 dB and 85%, respectively over flat
human phantom. It is also observed that the final integrated
antenna results did not deteriorate much even at different

Table 6. Comparison of the proposed integrated antenna parameters with several existing designs

Ref.
Size
(mm2)

Bandwidth achieved or
resonating frequencies (GHz)

Maximum gain on
phantom (dB)

Maximum radiation
efficiency on phantom (%)

Minimum value of SAR
achieved with phantom (W/kg)

[16] (54 × 24) 1.97 5.021 NA 0.525

[14] (68 × 38) 2.45 6.88 76% 0.244

[8] (80 × 61) (2–12) 7.2 NA 0.52

[9] NA (1.8–4.5) NA NA NA

[10] (96 × 101) 2.4 4 NA NA

[11] (90 × 90) 2.45, 5.8 7.04 NA 0.054

[12] (50 × 50) 2.4 NA NA 0.0721

[13] NA 2.43 NA NA 0.010

[7] (50 × 40) 2.45, 2.6, 5.5 1.5 25% 0.015

[23] (42 × 63) 2.45, 5.8 7.3 60% 0.27

[24] (58 × 40) 2.44 −0.63 19.37% 0.20

Proposed work (50 × 44.4) (2.3–16) 8 85% 0.10

Table 7. Peak SAR values obtained with UWB and integrated antenna using both flat and cylindrical phantom when input power is 0.3 W

SAR of antenna with flat phantom SAR of antenna with cylindrical phantom

UWB antenna at a
distance of

Integrated antenna at a
distance of

UWB antenna at a
distance of

Integrated antenna at a
distance of

Frequencies (GHz) 2 mm 5 mm 10 mm 2 mm 5 mm 10 mm 2 mm 5 mm 10 mm 2 mm 5 mm 10 mm

3 16.41 9.97 3.803 1.766 1.273 0.4916 17.05 8.409 4.262 2.051 1.845 0.677

5 20.8 10.58 3.969 3.282 3.213 2.202 19.92 11.89 5.777 3.614 3.418 2.607

10 25.15 10.77 7.544 4.516 3.731 3.694 26.29 12.39 7.701 5.743 4.448 3.823

Table 8. Peak SAR values obtained with UWB and integrated antenna using flat phantom when input power is 100 mW

SAR of antenna with flat phantom

UWB antenna at a distance of Integrated antenna at a distance of

Frequencies (GHz) 2 mm 5 mm 10 mm 2 mm 5 mm 10 mm

3 5.47 3.323 1.268 0.5886 0.4243 0.1039

5 6.933 3.528 1.323 1.094 1.071 0.7342

10 8.384 3.589 2.515 1.505 1.244 1.231

Fig. 26. Simulation setup used for SAR analysis.
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bending angles and when placed over the human phantoms or the
metallic surface. Further, the SAR achieved in the final integrated
design is always below the maximum permissible limit. The
results obtained are better as compared to recently reported
papers listed in Table 6. Therefore, it can be considered as a
powerful candidate for wearable applications.
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