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Abstract—A novel compact microstrip-fed planar monopole antenna
with quad-notched bands is presented. The proposed antenna is
based on one rectangular-stepped-patch. To achieve the higher
resonance over the 12 GHz, one lateral L-shaped structure is embedded
in the ground. By inserting four U-shaped slots in the radiation
patch, quad band-notched properties in the WiMAX (3.3-3.6 GHz),
INSAT (4.5-4.8GHz), lower WLAN (5.15-5.35 GHz) and higher
WLAN (5.725-5.825 GHz) are obtained. Experimental results indicate
that the designed UWB antenna can obtain broadband matched
impedance values, good frequency selectivity over the notched bands,
relatively flat group delay and nearly omni-directional transmission
characteristics across the UWB frequencies. = More importantly,
the quad-notched bands can be reconfigurable by shorting the
corresponding U-shaped slots.

1. INTRODUCTION

Since the Federal Communications Commission (FCC)’s decision to
permit the unlicensed operation band from 3.1 to 10.6 GHz in 2002,
the ultra-wideband (UWB) radio system has been getting increasingly
popular from the academic and industry fields. As the key component
of the UWB wireless communication system, the UWB antenna
has drawn increasing attention [1-4]. The feasible UWB antenna
should be designed with compact size, good impedance matching, flat
group delay and omni-directional radiation patterns [5,6]. However,
a permanent challenge is that there are interferences between the
designed UWB system and some overlapping frequency bands. To
avoid the interferences, it is necessary to filter out the overlapping
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frequency bands. Since the approach to use filters applied to UWB RF
front ends to reject dispensable bands may take too much space and
leads to significant increase in the design complexity, UWB antennas
with band-notched characteristic function to avoid potential inference
have been put forward [7-9]. Though various UWB antennas with
band-notched characteristic have been recently presented, most of
which were designed with one notched band [10-12], two notched
bands [13-17], or three notched bands [18-22] at the aforementioned
frequency bands. In [23], a quad band-notched antenna is obtained
based on a rectangular slot patch and closed-loop ring resonators on
multilayered planes, but the radiation patterns is not omni-directional
in the H-plane and the structure is too complex. Moreover, the
mentioned UWB antennas only have fixed notched bands. The existing
undesired narrowband radio signals vary from place to place and time
to time. Therefore, it is more desirable to introduce reconfigurable
notch bands. Besides, there are even configurable UWB antennas
with band notches which can be achieved in different ways. Examples
include switching on or off a MEMS or a PIN diode, tuning a varactor
or using a PIN and a varactor together in the same UWB antenna [24—
26]. However, most of these antennas have only one notch band around
WLAN band. Moreover, some antennas occupy the entire 5-6 GHz
frequency band which is much wider than needed (200 MHz for the
lower WLAN band, 100 MHz for the upper WLAN band) [27].

In this paper, a quad band-notched antenna is proposed, which
is obtained by integrating an antennas and some non-radiating
resonant structures in the radiation patch. More importantly, the
proposed notched bands can be reconfigured by shorting corresponding
U-shaped slot. In the part 2.1 of Section 2, the method of
practically realizing the proposed antenna performance reconfiguration
is explained. Meanwhile a lateral L-shaped slot loading is employed in
the ground-plane to obtain wider resonant band. Moreover, simulated
and measured results in both frequency and time domain for this
proposed antenna are also detailed in this section.

2. ANALYSIS AND DESIGN

Through simulation with the software Ansoft HFSS 13.0, the geometry
and configuration of the final optimized antenna, being used as the
base for the eventual multi-band antenna as shown in Fig. 1. This
antenna was printed on the ROGERS 5880 substrate with a dimension
of 30 x 31 x 1 mm?, relative dielectric constant of 2.2, and loss tangent
of 0.0009. The width of the microstrip feed line is fixed at 3mm to
achieve 50 {2 characteristic impedance.
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Figure 1. Geometry of the proposed UWB antenna. (a) Top view,
(b) bottom view, and (c) fabricated antenna. All dimensions are
in mm: Wg = 30mm, Ly = 31lmm, L, = 9mm, d; = 0.8mm,
dy = 1.2mm, gy, = 2.4mm, Ly = 6mm Wy = 3.2mm, Wy = 3mm,
Dy = 545mm, Dy = 6.06mm, D3 = 1.3mm, 77 = 2.775mm,
Ty = 1.795mm, T3 = 6.43mm, H; = 10.46mm, Hy; = 4.31 mm,
Hs = 3.54mm, I, = 11lmm, Ly, = 8.95mm, L3 = 827mm, Ly =
7.92mm, Wy = 0.3mm, Wi = 12.4mm, Wy = 9mm, W3 = 7.2mm,
W,y = 6 mm.

2.1. Basic UWB Antenna Design

In order to create the higher resonance, a lateral L-shaped structure
is embedded in the ground as shown in Fig. 2(b). Fig. 2(a) shows
the compared graph by varying the width gr, of the lateral L-shaped
slot in the ground plane. Ultimately, the basic antenna (without any
slots S1, Sa, S3, and S4) covers the entire UWB band of 2.8-12 GHz
(VSWR < 2.0) with g, = 2.4mm It can be seen from Fig. 2(b)
that the strong currents concentrate along the L-shaped slot on the
ground-plane and wrap around it at 12GHz. In this way, the L-
shaped slot plays the role of coupling slots and couple energy to the
free space. Therefore, 2 GHz bandwidth in the higher frequency band
is broadened.
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Figure 2. (a) Simulated reflection coefficient of the basic antenna
(without the notched region) with varied g¢g; and (b) current
distribution on the conductors of the basic antenna loaded the lateral
L-shaped slot at 12 GHz.

2.2. The Reconfiguration Analysis of U-shaped Slot

Each U-shaped slot can act as one half-wavelength resonator. The
resonance frequency f,. of the slot can be derived as [18§]

c 2
I AWV e 1 W

where Ly and Wy is the length and width of U-shaped slot.
Therefore, the desired notch frequency can be achieved by adjusting
the dimensions of the U-shaped slot.

The proposed UWB antenna consists of four U-shaped slots nested
together to achieve four notched bands. It can be observed that g7, has
a deterministic influence on the high frequency impedance matching,
as shown in Fig. 3(a). With the increase of gy, a better impedance
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Figure 3. (a) Simulated VSWR for the proposed antenna with varied
gr, and (b) simulated and measured VSWR of the eventual optimized
quad band-notched antenna with ¢g;, = 2.4 mm.



Progress In Electromagnetics Research, Vol. 139, 2013 307

matching can be obtained over the high frequency band. After the
optimization of the dimensions of gz, the final simulated and measured
VSWR of the optimized quad band-notched antenna with g; = 2.4 mm
are shown in Fig. 3(b). The measurement was performed with an
Agilent N5230A vector network analyzer. The antenna with four half-
wavelength slots successfully exhibits four designed notched bands
in 3.5-3.6, 4.5-4.8, 5.15-5.35 and 5.725-5.825 GHz, which maintain
broadband performance from 2.8 to 11 GHz with VSWR  less than 2,
as shown in Fig. 3(b). Though there are some differences in terms of
the value of VSWR being due to the fabrication accuracy on the width
of the U-shaped slots, quite good agreement is obtained in terms of
frequency.

Meanwhile, the quad band-notched UWB antenna can be
reconfigurable by shorting the corner point of the single U-shaped slot
and the corresponding notched band is removed with the remain band-
notched frequency nearly invariable, as shown in Figs. 4(a)—(d). In
addition, the different notch bands can be changed independently. The
concrete realization method is to short the corners of the U-shaped-
slot resonator by pasting metal film and welding resistances: such as
0 ohm resistance. The advantage of shorting elements in regard to
removing the entire element from the layout is that it enables future
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Figure 4. Simulated and measured VSWR of the band- notched
antenna by shorting the notch frequency at (a) 3.5 GHz, (b) 4.6 GHz,
(c) 5.2GHz, and (d) 5.8 GHz.
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printing techniques to preserve the layout with all the other U-shaped
slots invariant.

The surface current distributions of the proposed quad band-
notched antenna at frequencies of 3.5, 4.6, 5.2 and 5.8 GHz are shown in
Figs. 5(a)—(d). It can be seen that the currents mainly concentrate over
the corresponding U-shaped slot at 3.5, 4.6, 5.2 and 5.8 GHz. For the
four cases, corresponding interference will be destructed. As shown in
Figs. 6(a)—(d), by shorting the corresponding notched band, the effect
of the half-wavelength resonator disappears. Despite the presence of
some weakly coupling, it will be of no significance.
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Figure 5. Current distribution on the conductors of the band-notched
antenna at (a) 3.5 GHz, (b) 4.6 GHz, (¢) 5.2 GHz and (d) 5.8 GHz.

3. RESULTS AND DISCUSSION

Finally, the proposed quad band-notched UWB antenna is measured
with Satimo SG24. Fig. 7 displays the simulated and measured far-field
radiation patterns at 3.1, 5 and 7 GHz, which show good agreement.
Since the radiating element is printed on the xy-plane, of which
monopole lies along the z-direction, its radiation pattern is z-polarized.
Therefore, the E-plane corresponds to the xz-plane, while the H-plane
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Figure 6. Current distribution on the conductors with the notched
band shorted at (a) 3.5 GHz, (b) 4.6 GHz, (c) 5.2 GHz and (d) 5.8 GHz,
respectively.

corresponds to yz-plane. As shown in Fig. 7, the proposed quad
band-notched antenna has characteristics of nearly omni-directional
radiation patterns in the H-plane and monopole-like patterns in the
E-plane [28].

The measured maximum gain of the antenna is depicted in Fig. 8.
Four sharp reductions at the desired four notch frequency at 3.5, 4.6,
5.2 and 5.8 GHz clearly confirm the signal-rejection capability of the
proposed antenna. The notched bands have high selectivity (—10-dB
FBW are 13.7%, 10.8%, 5.6% and 8.1%, respectively). In order to
verify the good capability of the proposed quad band-notched antenna
in the UWB system, it is desired to achieve a stable group delay.
The group delay is measured between two identical antennas in the
face-to-face orientations, with a distance of 0.6 m between them. As
presented in Fig. 9(a), the measured group delay is fairly stable except
the notched frequency bands.

In designing band-notched UWB antenna, besides the frequency
domain characteristics, the time-domain characteristics are significant
criteria to estimate the performance of band-notched UWB antenna.
So, in this section, group delay and waveform responses are performed
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Figure 7. FE-plane radiation pattern of the quad-band antenna
at various frequencies of (a) 3.1GHz, (b) 5GHz, and (c¢) 7GHz
and H-plane radiation pattern of the quad-band antenna at various
frequencies of (d) 3.1 GHz, (e) 5 GHz, and (f) 7 GHz.

to evaluate time-domain characteristics of the proposed antennas. As
presented in Fig. 9, stable group delay and fairly flat magnitude of the
transfer function are achieved for the proposed antenna, except the
notched frequency bands.

To evaluate time delay, duration and distortion of the pulse
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Figure 8. Measured maximum gain of the quad band-notched UWB
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4 o]
'1‘
| o1, N th “‘ jl 10
0 Wy » ;‘ -’Ir|t"|lf|"‘1':' \:|' “.Fnlﬂ“"'l'l\[ ‘,l|*\|l\l|‘|
.
[ ",:'Ia ' L T e T
g at' ) b g b ot ynnd RSP ES
) Bl ot nnt
© | = ! ‘ !
‘:n'_ 8 I @ NERRTAE
F] | 40 gt
g gt
=12+ 50 | |r U
Yoo
i
16 L . L s 60 L i L L
4 5] 8 10 12 2 4 6 8 10 12
Frequency(GHz) Frequency(GHz)
(a) (b)

Figure 9. (a) The group delay and (b) transmission characteristic of
the quad band-notched UWB antenna.

waveform during the transient transmission, the proposed antenna is
assumed to be excited by the UWB signal as in [29], which satisfies
the FCC spectral mask for indoor systems given by:

u(t) = cos(2m f.t) exp [—2m(t/7)?] (2)

Here, f. and 7 take the same values as in [29]. The input signal with
pulse shape is displayed as the solid curve in Fig. 10.

To obtain the received pulse at the other antenna, the measured
So1 shown in Fig. 9 is employed. The output pulse, as the dotted curve
in Fig. 10 for comparison, is shifted backward in time to eliminate the
overlap with input pulse due to the small separation (0.6 m) between
the transmitting and receiving antennas and the pulse duration (or
risetimes) is 91ps. In order to quantify the pulse distortion, two
figures of merit referring to the correlation factor and the pulse width
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Figure 10. Shifted and normalized input and output pulse in time-
domain for a UWB link with two identical face-to-face antennas.

stretch ratio SR are introduced. They could be calculated between
the input signal at the transmitting antenna terminal and the signal
at the receiving antenna terminal by using transmission characteristics
of the proposed antennas. Their measured results are p = 0.9023 and
SR = 3.1 [29-32], respectively. From Fig. 10, we can see that not
all the energy is concentrated in the vicinity of the peak, and a little
noise energy deviated from the peak introduces the ringing distortion
which introduced by antenna characteristics of rejection bands. So,
the proposed antenna will introduce little distortion on signals during
the UWB pulse transmission and the receiving antenna signals will be
not distorted seriously compared with the input signal.

4. CONCLUSION

A planar quad band-notched monopole antenna is proposed for
UWB band applications. Meanwhile, by etching four U-shaped-slot
resonators in the radiation patch, four reconfigurable notched bands
can be achieved. Because of its simple structure, compact size,
stable omni-directional radiation patterns and relatively consistent
group delay across the whole radiating frequency bands, the proposed
antenna is attractive for use in future UWB wireless technologies.
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