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Abstract—In this paper, a compact UWB antenna with a
triple-band notch for wearable applications is designed and
simulated for Ultra-Wideband (UWB) applications with the
operating frequency from 3.1GHz to 10.6GHz. The antenna
can be used for UWB applications, while at the same time, is
able to reject the narrowbands namely, WiMAX (3.2GHz to
3.6GHz), C-band (3.7GHz to 4.2GHz) and WLAN (5.15
GHz to 5.35GHz). Two slots are introduced on the radiating
patch of the antenna to notch the three narrowbands,
instead of three slots to notch each narrowband. The
antenna is designed on a semi-flexible Rogers Duroid
RO3003™ substrate. The final outcomes indicate that the
antenna can operate over the UWB frequency from 3.09
GHz to 11.09GHz. The antenna is able to notch the WiMAX
and C-bands with a frequency range from 3.16GHz to 4.20
GHz and the WLAN band with a frequency range from 5.14
GHz to 5.34GHz. The performance of the antenna in
bending condition is also examined with the antenna bent
over a varying diameter of vacuum cylinder starting from
50mm, 80mm and 100mm. It is shown from the reflection
coefficient of each diameter that the performance of the
antenna is not affected by bending and thus, is particularly
useful to be worn on body for wearable applications, other
than its compact size of 19mmx>14mm. The SAR results
obtained shows that the antenna obeys the guidelines for
1mW of input power.

Index Terms—Bandwidth, bending investigation,
electromagnetic, ultra-wideband, wearable antenna,
wireless local area network, worldwide interoperability for
microwave access

I. INTRODUCTION

The growth of wireless communications nowadays has
increased the demand for a mobile device to support
multiple applications but yet still maintaining a small and
compact size of the antenna. A miniaturized wearable
electronic device with an Ultra-Wideband (UWB)
technology is able to serve the requirements of an
extremely high data transmission rate with a limited
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range, connect all devices that a person carries and
interact with one another. Restrictions on the transmitted
power by the FCC to simultaneously allow other
communications in 3.1GHz to 10.6GHz band make UWB
a technology of choice for wireless indoor and wearable
applications such as room automation and Wireless Body
Area Network (WBAN) [1]-[4].

According to IEEE 802.11a, for an UWB antenna to
work in wearable and indoor applications, it should avoid
the higher band with a frequency range from 5.15GHz to
5.35GHz, assigned for Wireless Local Area Network
(WLAN) [5]. Meanwhile, a few other signal spectrums
such as, C-band (3.2GHz to 3.6GHz) and WiMAX (3.7
GHz to 4.2GHz) can also cause interference with their
neighboring channels [6]-[8]. Therefore, the overall
performance of UWB systems can be very much
degraded in terms of bit error rate and also creating pulse
distortions [9]. For that reason, it has become an
obligation to design UWB antennas with band notched
characteristics to ensure a robust and interference-free
UWB antenna.

Specific Absorption Rate (SAR) is described as a
degree of rate at which energy is absorbed by the body
when exposed to an electromagnetic field from an
antenna [10]. The SAR limit set by the FCC is 1.6W/kg
averaged over 1g of actual tissue while the SAR limit
recommended by the International Commission on Non-
lonising Radiation Protection (ICNIRP) is 2.0W/kg
averaged over 10g of actual tissue [11]. Influence of body
proximity on the performance of antenna and the amount
of SAR absorbed by human body are the two significant
on-body measurements for wearable antennas.

Introducing parasitic strips near the radiation patch or
ground plane has been attempted to notch the unwanted
narrowbands [12]-[13]. Other methods have also been
used such as by embedding a pair of T-shaped stubs
inside an elliptical slot in the radiation patch, inserting a
complementary split-ring resonator near the feed line, or
by using a coupled C-shaped parasitic structure [14]-[19].
Each notch structure can only rejected one unwanted
band. Therefore, to yield multiple notched bands,
multiple notch structures are necessary. This in return,
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will introduce complexity to the antenna’s design and
configuration.

In this work, an UWB antenna is proposed which can
be particularly useful for wearable applications. In order
to alleviate a potential electromagnetic interference arises
from the narrowband applications namely, WiMAX
(3.2GHz to 3.6GHz), C-band (3.7GHz to 4.2GHz) and
WLAN (5.15GHz to 5.35GHz), notch bands are intro-

duced to discard the unwanted narrow-bands [20]-[25].
Table | compares the size and characteristics of proposed
antenna with previous work on wearable UWB antenna
with notch bands. The highly compact size of the antenna
not only caters to the need of a compact size antenna to
support multiple applications but is also particularly
useful for wearable applications if the antenna is to be
worn on body.

TABLE I: COMPARISON OF THE PROPOSED ANTENNA WITH PREVIOUS WORK ON WEARABLE UWB ANTENNA WITH NOTCH BANDS

Reference |Size of antenna (mm?) | Impedance Bandwidth Notch bands | Frequency of Notch Bands Substrate
WiMAX 3.3GHz-3.8GHz
[2] 12x19 2.95 GHz to 12 GHz WLAN 5.15 GHz — 5.825 GHz FR-4
X-band 7.25 GHz — 7.75 GHz
[17] 2616 3.1 GHz to 10.6 GHz WLAN 5.25 GHz Ultra-thin liquid crystal
polymer (LCP)
[18] 49>34 3.1 GHz 10 10.6 GHz WLAN 5 GHz PET film
C-band 3.7GHz - 4.2 GHz Ultra-thin liquid crystal
[24] 2721 3.1GHz1010.6 GHz WLAN 5.15 GHz - 5.825 GHz polymer (LCP)
WLAN 5.15—5.825 GHz
[25] 16525 3 GHz t0 10.7 GHz WiMAX 596 GHz - 5.85 GHz FR-4
WiMAX 32GHz—- 3.6 GHz . ™
Proposad 1914 309GHzt011.09GHz | C-band 3.7GHz - 4.2 GHz Roger D R e
WLAN 5.15 GHz — 5.35 GHz
W, preliminary stage. A partial ground plane approach is
then applied to increase the frequency range and operate
from 3.1GHz to 10.6GHz for UWB. The proposed UWB
antenna can be seen in Fig. 1 and the dimensions of the
Ly antenna are listed in Table I1.
L B. Design and Configuration of the UWB Antenna with
Notch Bands
L¢ In order to achieve an UWB antenna with band notch
Ly characteristics, a first slot is introduced on the radiating
patch to simultaneously reject the WiMAX and C-bands.
Wi W, The second slot is introduced to notch the WLAN band.
@ () At the final stage, both slots are combined into a single

Fig. 1. Fundamental UWB antenna: (a) Top view and (b) Bottom view

TABLE II: DIMENSIONS OF THE FUNDAMENTAL UWB ANTENNA

Parameter Values (mm)
L 19
W 14
L, 14.5
W, 10.5
L¢ 8.5
Wi 1.5
Ly 5.5
W, 14

Il. RESEARCH METHODOLOGY

This section explains the method used in order to
obtain the results of the work, including the design stage
and the simulation stage that are performed by using CST
MWS® software.

A. Fundamental UWB  Antenna and

Configuration

The fundamental UWB antenna is the outcome from
optimization process based on the basic microstrip patch
antenna. A standard rectangular patch antenna with a
microstrip feed line to connect the waveguide port to the
radiating patch and a full ground plane is designed at the

Design
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UWAB antenna to reject the three narrowband applications.

1) UWB antenna with a slot to notch the WiMAX and
C-bands

Commonly, one slot is used to notch one frequency
band. However, in this work, one slot is used to notch
two narrowbands as WiMAX and C-bands are a close
neighboring application with WiMAX band from 3.2
GHz to 3.6GHz and C-band from 3.7GHz to 4.2GHz. In
addition, by using only one slot to notch the two
narrowbands, complexity of the antenna is reduced which
in return will ease the fabrication process. A rigorous
parametric study has been performed to obtain the best
location and dimensions of the inverted-L slot on the
radiating patch. Fig. 2 (a) shows the UWB antenna with
an inverted-L slot to notch the WiMAX and C-
narrowbands.

2) UWB antenna with a slot to notch the WLAN band

Similarly, another slot is engraved on the radiating
patch of the antenna to notch the WLAN narrow bands
from 5.15GHz to 5.35GHz (lower band WLAN) [24], [26]
as shown in Fig. 2 (b). Parametric study has been
conducted to obtain the best position and dimensions of
the slot (from a combination of one U-slot and two
inverted-U slots) to reject the WLAN narrow band. The
geometry and dimensions of the radiating patch and
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ground plane are similar to the previous antenna to notch
the WiMAX and C-band narrow bands.

3) UWB antenna with a triple
(combination of both slots bands)

In the final antenna design, which is the main goal of
this work, two slots from the previous UWB antennas are
combined to notch all the three narrowbands intended for
WiIMAX, C- and WLAN applications. The dimensions of
the slots have been optimized to obtain the best
narrowbands without increasing the overall size of the
antenna. Fig. 2 (c) shows the final design of the UWB
antenna with a triple-band notch characteristic. Table 111

band notch

lists the dimensions of the two slots on the radiating patch.

NN

@) ()

(©)
Fig. 2. UWB antenna to reject the: (a) WiMAX and C- bands, (b)
WLAN band, and (c) WiMAX, C- and WLAN bands

TABLE Il1: DIMENSIONS OF THE FUNDAMENTAL UWB ANTENNA WITH A
TRIPLE-BAND NOTCH

Parameter Values (mm)
Ly 9
W 3.5
Ls, 7
We, 3
L 35
WsS 15
st 0.5

Fig. 3. Antenna curvature bending along the y-axis.
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C. Antenna Simulation in Bending Condition

In order to perform bending investigation, a vacuum
cylinder along y-axis is created to imitate the human arms
as shown in Fig. 3. CST MWS® software is used to
simulate the bending of antenna over the vacuum cylinder
with varying diameters of 50mm, 80mm and 100mm. The
sizes are selected based on the average approximate size
of human arms.

In this section, the simulated linear characteristics of
the antennas on RO3003™ are presented to investigate
the performance in terms of reflection coefficient,
maximum surface current distributions and bending
condition. Furthermore, the SAR limit is simulated to
satisfy the requirements enforced by the FCC and
ICNIRP.

A. Reflection Coefficient

1) Fundamental UWB antenna

In Fig. 4, the UWB antenna operates within the
frequency range of 3.09GHz to 11.09GHz, which fulfills
the requirement of this work as the UWB frequency range
governed by the FCC is from 3.1GHz to 10.6GHz. The
bandwidth of the frequency range is 7.94GHz, which is
wider than the standard frequency range. The reflection
coefficient of this UWB antenna design is greater than

10 dB-line, implying that the antenna works well
within the entire frequency range.

\

\

1 2 4 6 8
Frequency / GHz

Fig. 4. Simulated reflection coefficient and bandwidth of the UWB
antenna.
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Fig. 5. Simulated reflection coefficient of the UWB antenna with a slot
to notch WiMAX and C-bands.

2) UWB antenna with a slot to notch the WiMAX and
C-bands

Fig. 5 shows the simulated reflection coefficient, S, of
the UWB antenna with the L-inverted slot on the
radiating patch. From the figure, the antenna exhibits a
good UWB bandpass performance from 2.92GHz to
10.41GHz with an impedance bandwidth of 7.49GHz. A
desired band notch has been achieved which covers the

10
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range of 3.20GHz to 4.30GHz with a midband frequency
of 3.78GHz and bandwidth of 1.1GHz. This shows that
the antenna can effectively avoid interference with the
existing WIiMAX (3.2GHz to 3.7GHz) and C-band
(3.7GHz to 4.2GHz) systems.

3) UWB antenna with a slot to notch the WLAN band

Fig. 6 shows the simulated reflection coefficient, S;1 of
the UWB antenna with a second slot (combination of one
U-slot and two inverted-U slots). From the figure, the
antenna has a return loss less than  10dB-line at
frequency range from 3.07GHz to 11.01GHz with notch
bands between 5.11GHz and 5.38GHz. This implies that
the antenna exhibits satisfactory performance at the entire
UWB frequency range, while filtering out the middle and
upper range of the WLAN band as stipulated by the
Malaysian Communications and Multimedia Commission
(MCMC) [27], as per required in this work. The desired
notch frequency has the lowest reflection coefficient at
3.78GHz and covering approximately 270MHz
bandwidth.

\3? S-Parameters [Magnitude in dB]

4) UWB antenna with a notch
(combination of both slots)

Fig. 7 shows the simulated reflection coefficient of the
UWB antenna with a combined WiMAX, C- and WLAN
bands rejection. From the figure, the antenna operates
within three frequency bands. The first band is from the
frequency range of 2.89GHz to 3.16GHz with a band-
width of 270MHz, the second band is from 4.20GHz to
5.14GHz with a bandwidth of 4.8696 GHz while the third
band is from 5.34GHz to 10.56GHz with a bandwidth of
940MHz. Three notch bands are produced from the slots’
combination. The WiMAX and C- notch band are within
the frequency range from 3.16GHz to 4.20GHz while the
WLAN notch band is within the frequency range from
5.14GHz to 5.34GHz. Therefore, the combination of both
slots has successfully generated the required notch bands
after some optimization of the dimensions of the antenna.
The reflection coefficient plot exhibits strong rejection in
the WiMAX and C-bands from 3.16GHz to 4.20GHz and
WLAN band from 5.14GHz to 5.34GHz with a passband
from 2.95GHz to 12GHz.
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Fig. 6. Simulated reflection coefficient of the UWB antenna with a slot to notch WLAN band
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Fig. 8. Surface current distribution of the fundamental UWB antenna at
6.85 GHz.

B. Surface Current Distribution

Fig. 8 shows the surface current distribution of the
UWB antenna at 6.85GHz. The frequency of 6.85GHz is
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chosen as it is the location of the greatest reflection
coefficient within the simulated frequency range. From
the figure, maximum surface current is seen to be
concentrated in the middle of the partial ground plane,
which enhances the performance at middle operating
frequency. Besides, a small area of maximum current can
also be seen at the bottom edge of the radiating patch.
This shows that the middle section of the ground plane
and a small part of radiating patch are responsible in
radiating electromagnetic waves from the antenna.

Fig. 9 illustrates current distribution of the UWB
antenna with two slots to notch the WiMAX, C- and
WLAN bands. Fig. 9 (a) shows that at 3.73GHz (the point
of highest reflection coefficient of WiMAX and C-
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bands), the maximum current distribution is concentrated
around the first slot (inverted L-slot). The current
distribution on the radiating patch is non-uniform and
multi directional, implying the current distribution is
disturbed hence results in notch bands for WiMAX and
C- bands [28]. Besides, the maximum surface current is
also seen in the upper and lower of the feedline and in the
middle of partial ground plane of the antenna, indicating
these parts are also responsible in blocking the
electromagnetic waves from the antenna. Meanwhile, Fig.
9 (b) shows the surface current distribution of the UWB
antenna at 5.26GHz, which is the point of highest
reflection coefficient of WLAN notch bands. An apparent
maximum current is seen to be concentrated around the
second slot (combination of one U-slot and two inverted-
U slots), indicating a large portion of electromagnetic
energy has been stored around the slot rather than being
radiated into the free space, so that the radiation
efficiency decreases at the WLAN band [29]-[30].

>

e inee

>

Fig. 9. Simulated surface current distribution of the UWB antenna with
a slot and copper strip to notch the WiMAX, C- and WLAN bands at: (a)
3.73GHz and (b) 5.26GHz

C. Radiation Pattern

This antenna shows stable radiation patterns
throughout UWB range as demonstrated in Fig. 10. At
radiating frequencies of 3.1GHz and 6.85 GHz in Fig. 10
(@) and Fig. 10 (b), the antenna exhibits bidirectional
patterns in the E-plane and omnidirectional patterns in the
H-plane, indicating the antenna works well in the lower
and middle UWB frequencies. Due to increasing
harmonics of higher order modes, the radiation pattern in
the E-plane is slightly distorted at a higher frequency of
10.6 GHz as shown in Fig. 10 (c). However, the antenna
maintains an omnidirectional pattern in the H-plane.
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Fig. 10. Radiation patterns of the UWB antenna with a combined
WiMAX, C- and WLAN bands rejection in the E-plane and H-plane at:
(a) 3.1 GHz, (b) 6.85 GHz, and (c) 10.6 GHz.

D. Gain and Efficiency

Fig. 11 shows the gain and efficiency of the UWB
antenna at 3.1GHz, 6.85GHz and 10.6GHz. The gain, G
of the antenna at 3.1GHz is —3.164dBi and the efficiency,
n(%) is 75.38%. The gain, G of the antenna at 6.85GHz is
2.780dBi and the efficiency, n(%) is 75.02%. At
10.6GHz, the gain, G is 4.989dBi and the efficiency of
the antenna, n(%) is 74.11%. The high gain at all
frequencies except at 3.1GHz implies that the antenna
operates well within the UWB frequency range.
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Fig. 11. Gain and efficiency of the UWB antenna with a combined
WiMAX, C- and WLAN bands rejection at: (a) 3.1 GHz, (b) 6.85 GHz,
and (c) 10.6 GHz.

E. Bending Investigation

The simulated reflection coefficient of the antennas in
three bending conditions can be viewed in Fig. 12. From
the figure, the reflection coefficients are similar when the
antenna is bent over a vacuum cylinder with 80 mm and
100 mm in diameters. A slight difference is observed for
the vacuum cylinder with 50 mm in diameter at the upper
frequency range from 9 GHz to 12GHz. It is observed
that the return loss is almost keep unchanged when
different diameter of cylinder is applied. It is because
besides having a small size of antenna, the designed slots
are placed only on the radiating patch, thus minor
changes of input impedance and resonant frequency are
brought when the antenna is bent. It is evident from these
results that the antenna maintains satisfactory
performance for the whole UWB frequency range, while
keeping the notch at the required narrow-bands under
bending circumstances.
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Fig. 12. Simulated reflection coefficients of the UWB antenna with a
triple-band notch in bending condition over a vacuum cylinder with
varying diameters of: (a) 50mm, (b) 80mm, and (c) 100mm.
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(d)

Fig. 13. Simulated SAR values of the UWB antenna with a triple-band
notch at: (a) 3.73 GHz for 1g of human tissue, (b) 3.73 GHz for 10g of
human tissue, (c) 5.26 GHz for 1g of human tissue, and (d) 5.26 GHz
for 10g of human tissue

F. Specific Absorption Rate

Every antenna intended for wearable application needs
to obey the SAR level that have been stipulated by the
FCC and ICNIRP, which are the SAR should not be
greater than 2W/kg averaged over 10g and not greater
than 1.6W/kg averaged over 1g of the human tissue. The
input power for the antenna to calculate the SAR is
selected at 1mW, as commonly practiced. The antenna is
located at 2mm above phantom tissue layers to cater for
the thickness of a fabric if the antenna is to be worn on
body. The calculation of SAR level is based on the IEEE
C95.1 standard provided in the CST MWS software. Fig.
13 shows the result of the SAR simulation of the UWB
antenna with triple notch bands at 3.73GHz and 5.26GHz.
As can be seen in Fig. 13 (a), the SAR limits at 3.73GHz
at ImW input power to the antenna is 0.12W/kg for 1g of
human tissue while for 10g is 0.04W/kg as in Fig. 13 (b).
Thus, it shows that at ImW input power, the SAR limits
obey the guidelines by the FCC and ICNIRP and thus, the
antenna is safe for on-body applications. Meanwhile, Fig.
13 (c) shows the SAR limits at 5.26GHz at ImW input
power to the antenna is 0.25W/kg for 1g of human tissue
and 0.06W/kg for 10g as in Fig. 13 (d). Therefore, it
indicates that the SAR limits obey the regulations by the
FCC and ICNIRP at ImW input power.
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IV. CONCLUSION

In conclusion, a compact UWB antenna with a triple
band notch function is presented in this work. Two slots
on the radiating patch are introduced to achieve notch
bands at WiMAX, C- and WLAN bands. The simulation
results demonstrate that the UWB antenna can operate
over the UWB frequency band from 3.09GHz to
11.09GHz (Actual UWB band: 3.1GHz to 10.6GHz) with
the WIiMAX and C-notch bands from 3.16GHz to
4.20GHz (Actual WiIMAX band: 3.2GHz to 3.6GHz;
Actual C-band: 3.7GHz to 4.2GHz) and WLAN notch
band from 5.14GHz to 5.34GHz (Actual WLAN band:
5.15GHz to 5.35GHz). Simulation results in bending
condition shows that performance of the UWB antenna is
not affected when it is bent over a vacuum cylinder with
varying diameters of 50mm, 80mm and 100mm, which
represents different sizes of human arm. Therefore, the
antenna is particularly useful in wearable applications
given the unaffected performance in bending condition
and its compact size of 19mmx>14mm, which will avoid
discomfort to the user when worn on body. SAR level
investigation are also done to both antennas to ensure that
they follow the requirement as guided by the FCC and
ICNIRP. The SAR results obtained shows that the UWB
antenna with a triple-band notch obeys the guidelines for
ImW input power. At 3.73GHz, the simulated SAR limits
for 1g of human tissue is computed at 0.12W/kg (FCC
standard: 1.6W/kg) while for 10g is at 0.04W/kg
(ICNIRP standard: 2W/kg). At 5.26GHz, the SAR limits
for 1g of human tissue is computed at 0.25W/kg while for
10g is at 0.06W/kg.
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