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Abstract: A compact band-notched UWB (Ultra-Wide Band) antenna with integrated Bluetooth is
developed for personal wireless communication and UWB applications. The antenna operates at
the UWB frequency band (3.1-10.6 GHz) as well as Bluetooth (2.4-2.484 GHz), with band-notch
characteristics at the Wireless Local Area Network (WLAN) frequency band (5-6 GHz). A new
technique of integrating Bluetooth within a UWB band-notched antenna is developed and analyzed.
The UWB frequency band is realized by utilizing a conventional cylindrical radiating patch and a
modified partial ground plane. The Bluetooth band is integrated using a miniaturized resonator with
the addition of capacitors. Further, to mitigate the interference of the WLAN frequency band within
the UWB spectrum, a conventional slot resonator is integrated within the radiator to achieve the
task. The antenna is designed and fabricated, and its response in each case is provided. Moreover,
the antenna exhibits a good radiation pattern with a stable gain in the passband. The present
antenna is also compared to state-of-the-art structures proposed in the literature. The miniaturized
dimensions (30 x 31 mm?) of the antenna make it an excellent candidate for UWB and personal
wireless communication applications.

Keywords: bluetooth; UWB (Ultra-Wide Band); miniaturized resonators; personal wireless
communication; integrated antennas

1. Introduction

UWB (Ultra-Wide Band) antennas have been a main technological interest for the last decade due
to their large bandwidth, small electrical size, good phase linearity, low cost, and advantageous
radiation pattern [1-5]. Wireless Personal Area Network (WPAN) technology with an IEEE
802.15 standard target can deliver reliable and high-speed communication between portable
devices, computers, and other electronic applications in a short range. The development of UWB
communication technology offers an encouraging solution for the IEEE 802.15 standard of WPAN.
In 2001, IEEE 802.15 provided the foundation for an IEEE 802.15.3a Study Group, who attempted to
define a new standard for WPAN based on a physical layer of UWB that increased their bit rates to
500 Mbps [6].

The SIG (Special Interest Group) of Bluetooth selected the WiMedia Alliance MB-OFDM
(Multiband orthogonal frequency division multiplexing) version of UWB in 2006, which made it
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possible to integrate UWB with Bluetooth. Subsequently, researchers started to integrate Bluetooth
within UWB antennas [7].

Since 2002, the Federal Communication Commission (FCC) has allowed the use of UWB
communication within the frequency spectrum of 3.1-10.6 GHz [8]. However, due to the broader
frequency range of UWB, different interfering frequency bands fall within the UWB spectrum.
The WLAN frequency band, which operates at 5-6 GHz, also falls within the UWB range and causes
electromagnetic interference. For this reason, a tremendous amount of research has been performed
on band-notched UWB antennas; single, dual, triple, quadruple, and quintuple band-notched UWB
antennas have been proposed [9-15]. These antennas possess the ability to filter the interfering
bands by using slot resonators, complementary split ring resonators, split ring resonators, parasitic
strips, defected ground structures (DGS), integrating filters with antennas, or a combination of
these techniques [15-25].

Moreover, there has been a tremendous amount of research on switching notched bands of UWB
antennas as presented in [26], where they designed an innovative resonator for switching between
single/dual and continuously tunable behavior. Also, there has been research performed on the
integration of Bluetooth and UWB antennas [27-30]. In [27], they designed a low profile and small-sized
planar UWB antenna with integrated Bluetooth. The finished antenna was claimed to operate from
2.40-2.48 GHz and 3.1-10 GHz for the Bluetooth and UWB bands, respectively. They integrated
Bluetooth within the UWB antenna by applying a stub loaded resonator. The antenna exhibited a
good radiation pattern. However, the antenna was bulky in size, with dimensions of 42 x 46 mm?
fed by a 50 Ohm microstrip-fed line. Similarly, in [28] they designed a UWB antenna and integrated
Bluetooth to operate at 2.40-2.48 GHz and 3.1-10.6 GHz. The UWB antenna was designed using the
conventional octagonal patch and modified ground plane. A quarter wavelength strip resonator was
introduced at the center of the patch to integrate Bluetooth within the UWB antenna. Subsequently,
they inserted a slot resonator in the feedline to achieve band-notching. The size of this antenna was
38 x 30 x 1.6 mm? with a good time domain resolution. Similarly, in [29] they proposed an antenna
for UWB and Bluetooth with notched bands at 5/5.5 GHz and 7.2/7.6 GHz. Dual notched bands were
realized by etching one slot resonator in the feedline of the antenna. The transmission-line-based
metamaterial (TL-MTM) was also loaded with the antenna to achieve Bluetooth operation. The size
of the antenna was bulky due to the loading of TL-MTM and its dimensions of 38.5 x 46.4 mm?.
Moreover, the antenna operated at the 2.43-2.49 (Bluetooth) and 3.1-10.6 (UWB) frequency bands with
good radiation characteristics.

Likewise, in [31] they designed a UWB antenna and then integrated Bluetooth by loading a
quarter wavelength resonator at the center of the antenna. The overall size of the antenna was 50 x
24 x 1.6 mm?® and operated at 3.1-11.4 (UWB) and 2.18-2.59 (Bluetooth). In [32], they tried to design
and analyze a Bluetooth integrated UWB band-notched antenna using parasitic strips. The overall
size of the antenna was 46 x 20 x 1.0 mm? and operated at 3.1-10.6 (UWB) and 2.40-2.48 (Bluetooth).
They also introduced two conventional arc-shaped slot resonators in the patch to achieve band-notching
at the WLAN frequency band. Since this antenna was loaded by a parasitic strip at the side of the
feedline, it also exhibited coupling at the UWB frequency band. Due to this coupling, the antenna
had a deteriorated radiation pattern at the UWB frequency band, which became more dominant at
higher frequencies. The author in [33] developed a fork-shaped printed UWB antenna with integrated
Bluetooth. The overall size of the antenna was 42 x 24 x 1.6 mm?3 and operated at 3.1-12 GHz (UWB)
and 2.30-2.50 GHz (Bluetooth). They used the conventional technique of loading a quarter wavelength
strip in the middle of the designed UWB antenna. Similarly, in [34] they designed a miniaturized UWB
antenna with integrated Bluetooth. The Bluetooth was integrated using a strip line to the circular patch.
The overall size of the antenna was 45 x 32 x 1.0 mm? and operated at 3.1-10.6 GHz (UWB) and
2.40-2.50 GHz (Bluetooth). Since the Bluetooth was realized using strip loading, the radiation patterns
greatly deteriorated at higher frequencies of the UWB band. In [35], they used split ring resonators,
which were placed on both sides of the feedline, on the front side of the antenna. The Bluetooth
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was achieved using these split ring resonators. However, they affected the radiation performance
as explained above. Nevertheless, no one has tried to integrate Bluetooth within the UWB using a
resonator with the addition of capacitors.

In this paper, a miniaturized UWB band-notched antenna operating at the UWB and Bluetooth
frequency bands is developed. This antenna operates well from 2.4-2.484 GHz and 3.1-10.6 GHz,
with a band-notched frequency band for WLAN suppression. The miniaturized resonator is utilized
to integrate the Bluetooth band within the UWB band in an innovative way. First, a conventional
UWB antenna is designed and then modified to a single notched antenna using a slot resonator. Then,
a resonance band for Bluetooth is generated within a single notched antenna using the combination of
the miniaturized resonator with capacitors.

This study is organized as follows: Section 2 outlines the antenna’s geometries and design
guidelines along with the resonator analysis. Section 3 comprises the results and discussions in
terms of the reflection coefficient of the designed antennas in Section 2. Section 3 also covers the
measurement and fabrication of the Bluetooth integrated UWB band-notched antenna. Section 4,
which is followed by a conclusion, illustrates the originality of the proposed technique compared to
other state-of-the-art designs.

2. Design Geometry and Analysis of the Resonator

Figure 1a shows the conventional reference UWB antenna designed using [26]. It features a
radiator combined with a rectangular and semi-circular patch with an edge-curved modified ground
plane. The radiating patch is fed by a 50 Ohm CPW line. The reference antenna was also fabricated for
validation purposes, and its prototype is shown in Figure 1b. The antenna was designed on a Rogers
RO4003 substrate with a thickness of 1.5 mm and a relative dielectric constant of ¢, = 3.38.

(a) (b)
Figure 1. (a) Reference UWB antenna and (b) prototype of reference UWB antenna.

Figure 2a shows the single notched UWB antenna with a filtering effect at the WLAN frequency
band and is termed as Antenna 1. This antenna was designed using a conventional slot resonator with
an effective length equivalent to a half wavelength at the center frequency of 5.5 GHz. A miniaturized
slot resonator was introduced in the partial ground plane with an effective length corresponding to
3.0 GHz. This antenna is termed as Antenna 2. An antenna was then designed to integrate Bluetooth
within the single notched UWB antenna and is termed Antenna 3, as shown in Figure 2b. This antenna
consists of a miniaturized resonator with integrated capacitors of 0.5 pF. The dimensions and other
important design parameters of the final structure are shown in Figure 2b and mentioned in Table 1.
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Wi 2 *

(a)

Figure 2. (a) Band-notched UWB antenna (Antenna 1) and (b) Bluetooth integrated UWB antenna
(Antenna 2 when no capacitors are integrated into the resonator and Antenna 3 when the
capacitor = 0.5 pF).

Table 1. Dimensions of the UWB band-notched antenna with integrated Bluetooth (all values are in mm).

Parameter Value Parameter Value Parameter Value Parameter Value
Wi 30 Wy 1 L 31 Lo 3
W» 15 Wy 2.40 L, 6.5 Lo 0.61
W3 9 Wy 3.2 Ls 8 L1 1.5
Wy 13.59 Wio 24 Lg 4 Gy 0.5
Ws 3 L 6.5 Ly 1.98 Gy =G3 0.6
We 2 R 8 Lg 1.8 Gy =G5 =Gg 0.2

Analysis of the Implemented Resonators

For the initial choice of the resonator placed within the radiating patch, the design Equation
implemented at a desired notched band frequency f,o; (5.5 GHz) is calculated using the

following Equation:
c

zfnotch\/ eeff,

where, e,¢¢ for this resonator is calculated using the Equation below:

~05
&e+1 e —1 12k
Eoff = 72 + 72 <1+—> 2)

W3+ We+2(l+111) = 1)
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The resonator integrated to achieve Bluetooth within a single notched UWB antenna was also
investigated and analyzed. The effective permittivity, ¢,¢", and effective permeability, ¢, for this
resonator can be determined using the following relations [26,36]:

Tr=k+Vik2-1 3)

o 5112 — 5212 +1
a 2511

| Mefr (14T ZTL
Zeff o geff a (1 -T ZuTL (5)
1 c (1= 5112 — S212
n=mnl—jn" = [ferilerf = :l:ﬁcosh S T

k

. n
Eoff = Eeff/ _]‘g/e/ff = ?ff @)
Meff = Heff! = jhos =1 % Zogs ®)

where ZT represents the reference transmission line characteristic impedance and T is the reflection
coefficient, while ZIT represents the transmission line impedance when filled with air, n signifies
the refractive index, and I represents the effective length of the miniaturized resonator. The overall
length of the miniaturized resonator is almost half of the guided wavelength at 3 GHz (where Ag
represents the guided medium wavelength), while the coefficient signifies coupling, which can be

. Z C g .
given as n = 4/ %, where Z,s signifies the slot resonator impedance and Z ) represents the

CPW fed line impedance. We determined the resonator’s reflection coefficient (S11) and transmission
coefficient (Sp1) by considering the resonator as a matched two-port network. When the capacitor
value (Cap) is 0 pF, the resonator behaves as an open circuit and resonates at 3.0 GHz. Increasing the
Cap to 0.5 pF shifts the 3 GHz frequency band towards the lower frequency and generates another
resonance passband at 2.45 GHz.

3. Results and Discussions

The above antennas were designed and optimized using the commercially available EM software,
Ansoft HFSS. The reference antenna was simulated and successfully covered the whole UWB frequency
spectrum. The reflection coefficient of the reference UWB antenna is shown in Figure 3, which clarifies
that antenna operated from 3.1 GHz to 10.6 GHz. Next, a single notched UWB antenna was designed
using the conventional slot resonator technique. The effective length of the slot resonator corresponds
to the 5.5 GHz center frequency of the WLAN frequency band. Furthermore, the slot resonator was
optimized parametrically, and the response is shown in Figure 4. A miniaturized novel resonator
was subsequently introduced to the partial ground plane whose effective length corresponded to the
3.0 GHz frequency band and was analyzed using Equations (1)-(6). This antenna was termed Antenna
2; its response is also shown in Figure 4. A Bluetooth integrated UWB band-notched antenna was then
developed by introducing capacitors within the miniaturized resonator. The value of the capacitor
was also adjusted and optimized parametrically. This antenna is termed Antenna 3; its reflection
coefficient plot is shown in Figure 4, which shows that Antenna 3 operated at the UWB frequency band
(3.1-10.6 GHz), as well as Bluetooth (2.4-2.484 GHz), with band-notch characteristics at the WLAN
frequency band (5-6 GHz).
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o
°
»
-30 —— S11 of Reference antenna
40 F
_50 1 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9 10 11
Freq (GHz)

Figure 3. The reflection coefficient of the reference UWB antenna.

S11(dB)

-30 Reference antenna
Antenna 1
Antenna 2

40 F Antenna 3

-50 1 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9 10 11
Freq (GHz)

Figure 4. Comparison between the above-designed antenna’s behavior in terms of the reflection coefficient.

3.1. Optimizing the Capacitor Values and the Antenna’s Response Comparison

The capacitor values were optimized parametrically by changing from 0.1 pF to 0.5 pE. It is well
known that increasing the capacitor value within the resonator will shift the passband towards the
lower frequencies, as increasing the capacitor value also increases the resonator’s effective length.
This concept was utilized, and the capacitors were integrated within the miniaturized resonator.
The position of the capacitor was also optimized. At capacitor value = 0.3 pF, the passband is almost
shifted to 2.7 GHz, and by further increasing its value to 0.5 pF, the passband is shifted to 2.45 GHz.
The trend of frequency shifting can be clearly seen in Figure 5. The reference antenna and other three
antenna’s responses were correlated and plotted in one figure to properly understand the concept.
This comparison of the antenna’s response is shown in Figure 4. As investigated earlier, adding a
capacitor within the resonator shifts the resonance towards the lower frequency bands due to an
increase in the electrical length of the resonator [37].
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S11(dB)

7 of 13

—— Resonator with Cap=0.1pF
—— Resonator with Cap=0.3pF
—— Resonator with Cap=0.5pF

6 7 8 9 10 11
Freq (GHz)

Figure 5. The reflection coefficient of the UWB antenna that included an integrated resonator with Cap

variation from 0.1 pF to 0.5 pF.

The effect of variable 1, on the response of the Bluetooth integrated UWB antenna is also analyzed
parametrically and shown in Figure 6. As Figure 6 demonstrates, increasing 1, also shifts the WLAN
notched band towards the lower frequencies provided in Equation (1). Similar phenomena were also
observed for W3, Wy, and 11, as mentioned in Equation (1). To validate these results, the length of W3
was slightly increased, as shown in Figure 7. The same behavior was observed as the WLAN notched
band shifted towards lower frequencies. These parameters (shown in Figures 6 and 7, respectively)
had no effect on the integrated Bluetooth band. The variables Il and 1lg had a very minor effect on
the response of the antenna, as shown in Figure 8. However, I was chosen in such a way that it had
symmetrical strips on the top and bottom, which is further represented by lg.

S11(dB)

0

—1,76.50 ——1,=6.75
——1,=7.50

6 7 8 9 10 11
Freq (GHz)

Figure 6. Parametric analysis of variable 1, and its effect on the response of the antenna.
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S11(dB)

Freq (GHz)

Figure 7. Effect of variable W3 on the response of the antenna.

S11(dB)

—— ;=4 and |,=1.8

——I;=4.2 and 1;=2.0
-40 - ——1,=4.4 and 14=2.2
_50 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 11

Freq (GHz)

Figure 8. Effect of variable lg and Ig on the response of the antenna.

Both 1l and Ig were placed in the partial ground plane, which had no effect on the radiation
performance of the antenna. This antenna was advantageous in terms of placing a resonator, which did
not deteriorate the antenna’s radiation performance, in the ground plane. 1 and lg were important
for placing the notched band, but they were also noteworthy because they had no effect on radiation
performance. On the other hand, 12 and W3 effected radiation performance because they were placed

in the radiating element.

3.2. Fabrication and Measurement of the Bluetoothlintegrated UWB Band-Notched Antenna

The Bluetooth integrated UWB band-notched antenna was also fabricated and measured.
The measured response was compared with the simulated one. The comparison in Figure 9 shows that
the measured results corresponded very well at both the UWB and Bluetooth bands. However, at higher
frequencies of the UWB band there was a shift away from the simulated response. Nevertheless,

this response was valid and workable.
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0
—— Measured
—— Simulated
10k
@ -20F
z
”
30k
40 b
-50 ' | 1 1 I ! | I
2 3 4 5 6 7 8 9 10 11

Freq (GHz)

Figure 9. Comparison between the measured and simulated reflection coefficients of the UWB
band-notch antenna with integrated Bluetooth.

The measured radiation patterns of the Bluetooth integrated band-notched UWB antenna at
different frequencies were measured in an anechoic chamber corresponding to frequencies 2.45 GHz
(Bluetooth), 4.6 GHz (UWB), and 7.2 GHz (UWB). The E-plane and H-plane measured radiation
patterns are displayed in Figure 10. The setup was adjusted in such a way that the radiation patterns
at both planes were measured at each one-degree step size. As previously seen in [12], increasing
the measurement points and decreasing the step size greatly enhanced the uniformity and pattern
factor. The measured radiation pattern was consistent and clean at both the Bluetooth and UWB
frequency bands.

o
©

Figure 10. Measured radiation pattern of the UWB antenna with integrated Bluetooth; (a) 2.45 GHz,
(b) 4.60 GHz, (c) 7.20 GHz.

The simulated gain of the UWB antenna with integrated Bluetooth is also provided in Figure 11.
The antenna shows a very stable gain in the passbands, which include 2.45 GHz (Bluetooth) and
3.1-10.6 GHz (UWB). Suppression in the antenna gain can also be seen on the WLAN frequency band,
which further validates the notching behavior. Moreover, the antenna gain correlates to the case
resonator integrated with and without capacitors in Figure 11.
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6
4 w
2
g0
z-2
@©
©-4 - Resonator without capacitors
-6 - — Resonator with capacitors
-8t
_1 O [ 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9 10
Freq [GHZz]

Figure 11. Antenna Gain (dBi) in case of resonator with and without capacitors.
4. Comparison with Other State-of-the-Art Designs

The developed technique of integrating Bluetooth within a UWB band-notched antenna was
also compared with the related literature in terms of antenna dimensions, operating frequency bands,
dielectric constant, and method of integration. This comparison is listed in Table 2, which also reveals
that the present antenna has an advantage over the other designs based on of the selected parameters.
Moreover, our method of integrating a certain frequency band within the designed antenna differs
significantly from previous work.

Table 2. Performance comparison with other designs in the literature.

. Antenna Size Dielectric Operating
Ref. Implemented Technique (mm?) Constant Frequency (GHz)
[17] Inverted L-resonator 30.5x24 x 15 3.38 3.1-10.6
[18] L-shaped bended branch 40 x 30 x 1.2 44 3.1-11
[19] Annular slot 26 x 24 x 1.6 4.6 3-10.6
[20] Rectangular slots 16 x 14 x 1 44 3.2-10.0
[21] Circular slots 30 x 26 x 1.6 44 2.5-11
[22] Inverted U-strip 50 x 45 x 1.27 6.0 3.1-10.6
[23] Split ring resonators 30 x 26 x 1.6 3.5 2.4-10.1
[25] Lamp shaped antenna 28x15x1.6 4.4 2.7-14.0
[26] Cap. Integrated antenna 30.5x24 x 1.5 3.38 3.1-10.6
[27] L-shaped stub 46 x 42 x 1 44 3.1-10.6
[28] Loading quarter wavelength resonating strip 38 x 30 x 1.6 44 32'14__120'56
[29] Loading TL-MTM within UWB antenna 385 x 46.4 x 1.6 44 23;113__1 zofg
[30] No integration 52 x 32 x 1.6 44 3.1-10.6
Loading quarter wavelength resonating strip 3.1-11.4
1] at the center of the patch S0 x24x 16 4 2.18-2.59
. N 3.1-10.6
[32] Loading parasitic strip 46 x 20 x 1.0 24 2.40-2.48
Loading quarter wavelength resonating strip 3.1-12.0
(331 at the center of the patch 422416 a4 2.30-2.50
. 1 3.1-10.6
[34] Loading strip-line to the patch 45 x 32 x 1.0 44 2.40-2.50
This work Capacitors loaded miniaturized resonator in 30 x 31 % 15 3.38 3.1-10.6

the ground plane 2.4-2.48
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5. Conclusions

A simple and compact band-notched UWB (Ultra-Wide Band) antenna with integrated Bluetooth
was developed for personal wireless communication and UWB applications. The antenna operates at
the UWB frequency band (3.1-10.6 GHz) as well as with Bluetooth (2.4-2.484 GHz) with band-notch
characteristics at the WLAN frequency band (5-6 GHz). A new way to integrate Bluetooth within
a UWB band-notched antenna has been developed and analyzed. The Bluetooth band is integrated
within a UWB antenna using a miniaturized resonator with the addition of capacitors. A conventional
slot resonator is also integrated within the radiator to remove WLAN interference. The antenna
is designed as well as fabricated, and the simulated response is correlated with the measured one.
The antenna exhibits a good radiation pattern with a stable gain in the passband. The miniaturized
dimensions (30 x31mm?) of the antenna will make it an excellent candidate for UWB and personal
wireless communication applications.
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