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Abstract. A coplanar waveguide (CPW) fed ultra-wideband
(UWB) antenna with dual notched band characteristics is
presented in this paper. The circular wide slot and circular
radiation patch are utilized to broaden the impedance
bandwidth of the UWB antenna. The dual notched band
functions are achieved by employing two stepped impedance resonators (SIRs) which etched on the circular
radiation patch and CPW excitation line, respectively. The
two notched bands can be controlled by adjusting the
dimensions of the two stepped impedance resonators which
give tunable notched band functions. The proposed dual
notched band UWB antenna has been designed in details
and optimized by means of HFSS. Experimental and
numerical results show that the proposed antenna with
compact size of 32 × 24 mm2, has an impedance bandwidth
ranging from 2.8 GHz to 13.5 GHz for voltage standingwave ratio (VSWR) less than 2, except the notch bands
5.0 GHz - 6.2 GHz for HIPERLAN/2 and IEEE 802.11a
(5.1 GHz - 5.9 GHz) and 8.0 GHz-9.3 GHz for satellite and
military applications.
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1. Introduction
Since the release of the band 3.1 GHz up to 10.6 GHz
by Federal Communications Commission (FCC), ultrawideband communications systems have been developed
widely and rapidly advancing as high data rate, low cost
and ultra-low radiation power for short range applications
such as wireless personal area network (WPAN) [1]. Because of these advantages of the UWB system, significant
researches on UWB antennas have been aroused in academic and industrial fields recently. To meet this requirement, several UWB antennas have been proposed [2]-[5].
However, most of the proposed UWB antennas have either
large size owing to the use of a big ground plane or com-

plex structure. Although the ground planes can be miniaturized as reported in [3], they are still not suitable for
integration with a printed circuit board. In order to satisfy
the integration with microwave printed circuit with small
size, printed wide slot antennas which are easily integrated
with radio front-end are a good candidate for UWB applications [6]-[7]. So far, microstrip fed UWB antennas [7],
rectangular wide slot [8], circular wide slot [9] and hexagonal wide slot [10] UWB antennas have been investigated.
However, the designed UWB antennas have large size and
cannot cover the whole band ranging from 3.1 GHz to
10.6 GHz. In addition, there are some narrow bands which
have been used for a long time in UWB band, such as
HIPERLAN/2 bands (5.15 - 5.35GHz and 5.470 5.725GHz in Europe) and the IEEE 802.11a bands (5.15 5.35GHz and 5.725 - 5.825 GHz in US) for wireless local
area network communications, C-band and X band for
satellite and military applications. UWB band overlaps
with these narrow systems. To reduce or avoid the potential interference between UWB systems and narrow systems, band-stop filters were added at the end of the antennas or devices. So, the cost and the weight of the equipment will increase. Recently, printed UWB antennas with
band notch functions have been proposed [11]-[16].
Though these antennas can reduce the interference, many
of the proposed notch band antennas suffer from at least
one of the following limitations: 1. – a relatively low quality factor (quality factor is the depth of the notch band
whose VSWRs are more than 2 in this paper) associate
with the notch band, 2. – complex geometry which would
be difficult to redesign and the notch band is not tunable,
and 3. – the notch bands are obtained by using various slots
which deteriorate the radiation patterns. To overcome the
shortcoming of the designs, parasitic elements along the
printed radiation patch [16] and stubs [17]-[18] were used
to design notch band UWB antennas. However, the notch
band is also difficult to control. So far, some integrated
filters and resonance structures with notch band characteristics have been proposed to reject any undesired bands
by using different technologies [19]-[20]. The technologies
have been also used to design UWB notch band antennas.
M. Ojaroudi et al. have proposed to perturb matching im-
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pedance and create an open circuit to form a notch band at
the undesired frequency [21]. A most effective technology
is to insert open circuited stubs [21]-[22] into the UWB
antenna, add dipole-like tuning stubs [17], [20] in the inner
of the wide slot, integrate filter [23] in the feed line and
active region. And some antennas using SRRs in the fed
structures [19], [24] are also utilized to avoid the limited
band. All the methods can achieve a good band notch
characteristic, but some of the notched band structures are
complex and difficult to design. The stepped impedance
resonators and the stepped impedance stubs have been used
to design notch band UWB filters for a long time [25]-[26].
Based on the previous research above, a CPW-fed
circular wide slot ultra-wideband (UWB) antenna with dual
notch band characteristics is realized numerically and
experimentally. The dual notched band functions are
achieved by employing two stepped impedance resonators
which etched on the circular radiation patch and CPW
excitation line, respectively. One stepped impedance
resonator which is used to form the lower notched band is
cut on the circular radiation patch. The other stepped
impedance resonator which is embedded in the CPW
excitation line is to produce the higher notch band. The
proposed antenna consists of a circular wide slot structure,
a circular radiation patch, two stepped impedance resonators and a 50 Ω CPW-fed structure. The antenna was
successfully optimized using HFSS, fabricated, tested. It
was found that the designed antenna satisfied all the
requirements in the UWB frequency band except 5.0 6.2 GHz for HIPERLAN/2, IEEE 802.11a and C-band
applications and 8.0 - 9.3 GHz for X band applications.
Details of the antenna design are presented herein, and the
measured voltage standing-wave ratio (VSWR), radiation
patterns, the gains and group delay are also given. The
main contributions in this paper are: 1. dual notch band
UWB antenna using SIRs has been proposed and designed
in detail; 2. the proposed SIR notch band antenna has been
analyzed using SIR theory; 3. the quality factor of the
notch band has been improved; 4. The designed antenna
has simple notch structure according to the SIR theory
which made the proposed dual notch band UWB antenna
easy to redesign.
This paper is organized as follows: the geometry
structure of the proposed dual notch band UWB antenna
will be given in Section 2. The analysis and the discussions
of the key parameters are elaborated in Section 3. Section 4
expounds the optimized and the measured results of the
proposed UWB antenna with dual notch band characteristic,
such as VSWRs and radiation patterns. In Section 5, we
will give a conclusion.

2. Antenna Design
Fig. 1 illustrates the geometry of the proposed UWB
antenna with dual notch band characteristics using two
stepped impedance resonators. The proposed dual notch
band UWB antenna is printed only on one side of

a substrate with relative permittivity of 2.65, a loss tangent
of 0.002 and a thickness of h = 1.6 mm. The size of the
antenna is 32 × 24 mm2(L × W). The dual notch band
UWB antenna consists of a circular wide slot structure,
a circular radiation patch, two stepped impedance resonators (upper SIR and lower SIR) and a 50 Ω CPW-fed structure. The 50 Ω CPW fed structure consists of the CPW
excitation line with a width W7 = 3.6 mm, and the gap
between the CPW ground plane and CPW excitation line
with width 0.2 mm. The 50 Ω CPW structure of the proposed UWB antenna is designed using the standard equations [27]. The transmission line model of SIR with stub is
shown in Fig. 2. From Fig. 1, the two SIRs with quasilumped stubs connected to the central position of the high
impedance line. As illustrated in Fig. 2, Z0 and 0 denote
the characteristic impedance and electrical length of the
low impedance coupled lines. The high impedance line has
the characteristic impedance and electrical length Zs and s.
Meanwhile, the Zi and I (i = 1, 2) show the characteristic
impedance and electrical length of the sections of the inner
SIR stubs for the stepped impedance resonator etched on
the circular radiation patch and designed on the CPW excitation line. The SIR configuration can be analyzed in terms
of odd and even excitations. The following resonance
frequencies for the odd and even excitations can be separately extracted from condition Yin = 0 [28].
(a) Odd mode resonance condition:

tan  0 tan  s  R. (1)

(b) Even mode resonance condition
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resonance frequency has been studied and illustrated in
Fig. 3 [28].
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Fig. 1. Geometry structure of proposed dual notched band
UWB antenna.
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Fig. 3. The equivalent circuit of SIR at resonance frequency.

The SIR can also be regarded as a parallel circuit network shown in Fig. 3 where the parameters in the equivalent circuit can be calculated by using Gi = bs/Q0, Ci = bs/0,
Li = 1/0bs. Here, Q0 is the unloaded-Q of SIR which is
determined by physical dimension and the materials of the
resonator. bs is susceptance slope parameter, 0 is the center frequency at the notch band. The Q0 and bs can be postulated by using the equations in [28] (In the book, the
calculation of the equivalent circuit is discussed clearly. So,
the calculation formulas are not given here).
Based on the discussions and analysis, the resonance
characteristic can be calculated using (1)-(4). Thereby, the
dual notch band UWB antenna using SIRs can be easily
redesigned according to the SIR theory and the wide slot
technology. The center frequency of the notch band can be
controlled by adjusting the dimensions of the two SIRs to
produce the required notch bands. In this article, we take
equations (1)-(4) into consideration to achieve the original
dimensions of the SIRs at the beginning of the design and
then adjust the dimensions of the geometry for the final
design. In addition, the effects of the key parameters of the
SIRs are investigated in Section 3. The proposed dual
notch band UWB antenna integrates with SIR technology
and wide slot which make the antenna easy to redesign.

s

0

3. Parameters Studies
1
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Fig. 2. Transmission line model of the symmetrical SIR.
(a) Odd resonance model; (b) Even resonance model.

In order to analyze the SIRs which give the notch
band functions further, the equivalent circuit of SIR at

Every geometrical parameter has different effects on
the performance of the proposed dual notch band UWB
antenna. In this section, ten parameters of the proposed
UWB antenna with dual notched bands using stepped
impedance resonators will be described and discussed by
using HFSS, respectively: the effect of the length of inner
stepped impedance stub of upper SIR L7; the effect of the
length of inner stepped impedance stub of upper SIR L8;
the effect of the width of the inner stepped impedance stub
of upper SIR W3; the effect of the width of the inner
stepped impedance stub of upper SIR W4; the effect of the
width of the upper SIR W2; the effect of the length of the
upper SIR L6; the effect of the length of the inner stepped
impedance stub of lower SIR L5; the effect of the width of
the inner stepped impedance stub of lower SIR W5; the
effect of the length of the inner stepped impedance stub of
lower SIR L4; the effect of the width of the lower SIR W6.
In the parametric study, one parameter is changed and
other parameters are fixed as the optimized parameters
which are listed in Tab. 1 in Section 4. In this paper, the
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upper SIR produces the lower notch band which is near
5.5 GHz. And the lower SIR generates the higher notch
band which is near 9.0 GHz.

3.1 The Effect of the Length of the Inner
Stepped Impedance Stub of Upper SIR L7
Fig. 4 shows the simulated VSWRs of proposed antenna as a function of frequency for different values of L7.
It can be seen from Fig. 4 that the length of stepped impedance stub L7 has an obvious effect on the lower notched
band. The center frequency of the lower notched band
moves to the lower frequency with the increase of the L7.
This is due to the inner stepped impedance stub which
changes the resonance frequency of the SIR. The higher
notch band also moves to the lower frequency with the
increase of L7, and then returns back. This is caused by the
two SIRs having the public part which alters the characteristic impedance and electrical length of the high impedance
line Zi and i (i = 1, 2). Thereby, the resonance frequencies
of the lower and higher notched band have been changed.

lite and military. The various center frequencies of the
lower notch band is caused by the inner stepped impedance
stub which alters the characteristic impedance and electrical length of the sections of the upper SIR stub Zi and i
(i = 1). This will change the R1. Therefore, the center resonance frequency of the lower notched band moves to the
lower frequency which can be calculated using the equation (4). In addition, the increased length of L8 also
changes the coupling between upper SIR and inner stub.
The couplings alter the current distributions on inner stub
and SIR. This also changes the Li, Ci. So, the center resonance frequency can be adjusted by choosing proper
dimension of the L8 to meet the practical applications.

Fig. 5. Effects of L8 on the VSWR.

3.3 The Effect of the Width of the Inner
Stepped Impedance Stub of Upper
SIR W3
Fig. 4. Effects of L7 on the VSWR.

This can also be verified by (4). At the same time, the
quality factors associated with the notch bands are getting
worse, which is caused by the changed susceptance slope
parameter. Therefore, the dual band notch characteristics
can be improved by optimizing the length of inner stepped
impedance stub L7.

Fig. 6 expounds the simulated VSWRs of the proposed antenna as a function of frequency of W3. It is found
that the 5.5 GHz notch band frequency moves to the lower
frequency with increasing of W3. However, the impedance
bandwidth and the higher notch band almost keep invariable. The increased width of the inner stepped impedance
stub W3 changes the characteristic impedance and electrical length Zi and i (i = 2). This will change the R2. The
changed parameters of the inner stepped impedance stub
will alter the resonance frequency of lower notch band.

3.2 The Effect of the Length of Inner Stepped
Impedance Stub of Upper SIR L8
Fig. 5 gives the simulated VSWR results for proposed
dual notched band antenna in terms of L8. With the varying L8 from 1.5 mm to 3.5 mm, the impedance bandwidth
and the higher notched band characteristic of the proposed
antenna is nearly unchanged. However, the lower notched
band moves to the lower band and the quality factor at the
lower notch band is deteriorated by increasing the length of
L8. In this design, the lower notched band can be tuned
from 4.3 GHz to 7.4 GHz in terms of L8. Therefore, the
lower notched band can reduce the potential interference
between UWB, WLAN, and C band which is used in satel-

Fig. 6. Effects of W3 on the VSWR.
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3.5 The Effect of the Width of the Upper
SIR W2
In this design, the SIR works at its even excitation. So
the upper SIR also has an impact on the center resonance
frequency of the lower notch band. It can be seen from
Fig. 8 that the center frequency of the lower notch band
changed a little. But the quality factor associate with the
lower notch band worsened. In the design, the upper SIR is
designed first. Then, the inner stepped impedance stub is
adjusted to satisfy the requirement of the practical project.

Fig. 7. Effects of W4 on the VSWR.

3.4 The Effect of the Width of the Inner
Stepped Impedance Stub of Upper
SIR W4
Fig. 7 describes the simulated VSWR results for the
proposed antenna in terms of W4. The center frequencies
of the two notch bands are almost unchanged. However,
the increased W4 deteriorates the impedance bandwidth of
the dual notched band UWB antenna. In this design, W4 is
greater than 0.2 mm for the fabrication process used in our
experiment. So, the impedance bandwidth can be adjusted
by choosing proper dimension of the W4. In addition, the
center frequency of the lower notch band can be tuned
slightly to meet WLAN applications.

3.6 The Effect of the Length of the Upper
SIR L6
Fig. 9 demonstrates the simulated VSWR characteristics for different values of L6. From Fig. 9, we can find
that L6 has a little effect on the center frequency of the
lower notch band. Because the SIRs work on its even excitation which can be adjusted not only using inner stepped
impedance stub but also using the high impedance lines of
the SIRs [28]. The various L6 can change the characteristic
impedance and electrical length Z0, 0, Zs and s of the
upper SIR. Therefore, at the beginning of the design, we
first take the SIR parameters into consideration to calculate
the resonance frequency.

3.7 The Effect of the Length of the Inner
Stepped Impedance Stub of Lower SIR L5

Fig. 8. Effects of W2 on the VSWR.
Fig. 10. Effects of L5 on the VSWR.

Fig. 9. Effects of L6 on the VSWR.

Fig. 10 elaborates the simulated VSWRs against the
frequency for different values of L5. It can be seen from
Fig. 10 that the length of the inner stepped impedance stub
of lower SIR L5 has an obvious effect on the center frequency of the higher notch band of the proposed dual notch
band UWB antenna. The increased length L5 alters the
characteristic impedance and electrical length of the inner
SIR stub Zi and i (i = 1). This will change R1 of the lower
SIR. This can also be postulated by using the equations (2)
and (4). The resonance characteristic and the parameters of
the lower SIR are similar to the upper SIR. In addition, the
lower SIR embedded in the CPW excitation line disturbs
the current distributions of the proposed antenna effec-
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tively. In this design, the higher notch band is designed in
the X-band which is widely used in deep space communication according to the practical project. So, at the beginning of the design, the lower SIR is calculated using the
SIR theory and equations (1)-(4) to meet the requirement
of our practical project. The quality factor associated with
the higher notch band can be adjusted by the increase of
the length L5.

3.8 The Effect of the Width of the Inner
Stepped Impedance Stub of Lower
SIR W5
Fig. 11 illustrates the simulated VSWRs with width
varying from 0.8 mm to 1.6 mm. It can be seen from Fig.11
that the center frequency of the higher notch band moves to
the lower frequency. The quality factor of higher notch
band has obviously been improved. This is caused by the
altered dimension of W5 which not only influences the
resonance frequency of the lower SIR but also changes
distribution capacity. Therefore, during the optimization,
we take the discussions of the upper SIR into consideration
to obtain the proper dimensions of the lower SIR.

Fig. 12 describes the simulated VSWRs with varying
L4. It can be seen from Fig. 12 that the center frequency of
the higher notch band moves to the low frequency with the
increasing length of L4. At the same time, the quality factor of higher notch band has also been improved. The varied length also alters the characteristic impedance and
electrical Zi and i which have been discussed in the explanation of the upper SIR. Thereby, the resonance characteristic of higher notched band can be optimized according
to the argumentation of the upper SIR. This can also be
verified by (4).

3.10 The Effect of the Width of the Lower
SIR W6
Fig.13 gives the simulation of the VSWRs of various
W6. From Fig. 13, the center frequency of the two notch
bands is almost constant. But the quality factor of higher
notch band is improved. In our design, the designed width
W6 is less than 3 mm according to the width of the CPW
excitation line. Thereby, at the beginning of the design of
the two stop bands, all the parameters of the SIRs and the
dimensions of the two inner stepped impedance stubs are
taken into consideration to generate the required resonance
frequencies.

Fig. 11. Effects of W5 on the VSWR.
Fig. 13. Effects of W6 on the VSWR.

3.9 The Effect of the Length of the Inner
Stepped Impedance Stub of Lower SIR L4

Fig. 14. Effects of D on the VSWR.

Fig. 12. Effects of L4 on the VSWR.

Besides the discussions above, the parameters of the
circular wide slot D, the gap g between the circular
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radiation patch and the CPW ground plane, and the circular
radiation patch D1 have also been investigated. The
simulated results are shown in Fig. 14, Fig. 15 and Fig. 16.
We can see from Fig. 14 that the impedance bandwidth of
proposed UWB antenna is getting narrower by increasing
D. This is caused by the reduced coupling between wide
slot and radiation patch.
Fig. 15 shows the simulated VSWRs with varying D1.
It can be seen from Fig. 15 that the impedance bandwidth
is getting better by increase of D1. However, the bandwidth of higher notch band is getting narrower. This is due
to the increased D1 which changes the coupling between
the wide slot and the radiation patch. This will change the
distributed inductance and capacity of the circular wide slot.
So, the impedance bandwidth and the bandwidth of the
notch band can be adjusted according to the practical
requirement.
Fig. 16 shows the effects of gap g. The impedance
bandwidth can also be controlled by adjusting the gap g.
With the increase of gap g, the impedance bandwidth has
a little deteriorated. In addition, the bandwidth of the two
impedance bandwidth of the proposed antenna can be
broadened by the proper choice of the parameters of D, D1
and g.

Fig. 15. Effects of D1 on the VSWR.

Fig. 16. Effects of gap g on the VSWR.

Based on the discussions of the key parameters of the
SIRs and wide slot, we can see that the lower notch band
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can be tuned from 4.0 GHz to 7.7 GHz with the
VSWR > 10. The higher notch band can be tuned from
7.2 GHz to 10.3 GHz with VSWR >8. The proposed two
notch bands can be tuned by adjusting the dimensions of
the SIRs and stubs to meet the practical applications. The
proposed antenna has simple structure and can be redesigned easily according to the SIR theory and wide slot
antenna technology.
In order to investigate the proposed dual notch band
UWB antenna further, the current distributions of the proposed antenna are investigated by using the Ansoft high
frequency structure simulator (HFSS) based on Finite Element Method (FEM). The current distributions of the proposed dual notch band antenna at 3.5 GHz, 5.5 GHz,
7 GHz, 9 GHz and 10.5 GHz are shown in Fig. 16(a),
Fig. 17(b), Fig. 17(c), Fig. 17(d), Fig. 17(e), respectively.
The current distributions of the proposed UWB antenna
with only upper SIR at 5.5 GHz and without the two SIRs
at 5.5 GHz and 9 GHz are also shown in Fig. 17(f),
Fig. 17(g), Fig. 17(h), respectively.
Fig. 17(a) shows the current distributions at 3.5 GHz
of the proposed dual notch band UWB antenna. The
current flows along the CPW excitation line and the edge
of the circular wide slot. The current distributions along the
circular radiation patch and the two SIRs are small.
Fig. 17(b) gives the current distributions at 5.5 GHz of the
proposed antenna with two notch bands. The current
mainly flows along the upper SIR and its inner stepped
impedance stub which produces a resonance frequency of
lower notch band at 5.5 GHz. The current distributions
along CPW ground plane are small. Fig. 17(c) shows the
current distributions of the proposed dual notch band UWB
antenna at 7.0 GHz. The current mainly flows along the
CPW excitation line and the edge of the circular radiation
patch, while the current distributions at the two SIRs are
small. Fig. 17(d) illustrates the current distributions of the
proposed UWB antenna with two SIRs at 9.0 GHz. It can
be seen from Fig. 17(d) that the current distributions at the
CPW excitation line and the lower SIR are large. So, the
higher notch band near 9.0 GHz is generated by the lower
SIR. Fig. 17(e) gives the current distributions of the proposed dual notch band UWB antenna at 10.5 GHz. From
Fig.17(e), we can see that the current mainly flows along
the CPW excitation line and the edge of the gap between
(a) UWB antenna at 3.5 GHz with two SIRs; (b) UWB
antenna at 5.5 GHz with two SIRs; (c) UWB antenna at
7.0 GHz with two SIRs; (d) UWB antenna at 9.0 GHz with
two SIRs;(e) UWB antenna at 10.5 GHz with two SIRs; (f)
UWB antenna at 5.5 GHz with upper SIR; (g) UWB
antenna at 5.5 GHz w/o two SIRs; (h) UWB antenna at
9.0 GHz with/o two SIRs the circular radiation patch and
the CPW ground plane. The current distributions at the two
SIRs are small. Fig. 17(f) shows the current distributions of
the proposed UWB antenna with only upper SIR at
5.5 GHz. We can see from Fig. 17(f), the current
distributions mainly spread along the SIR and its inner
stepped impedance stub. So, a notch band is generated near
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Fig. 17(h) illustrates the current distributions of the proposed UWB antenna without the two SIRs at 9.0 GHz. It
can be seen from Fig. 17(h) that the current mainly flows
along the CPW excitation line and the edge of the gap
between the circular radiation patch and the CPW ground
plane. From the current distributions discussed above, it is
found that the dual notch band characteristics are obtained
using the upper SIR and lower SIR which give the 5.5 GHz
notch band and 9.0 GHz notch band, respectively.

Fig. 18. Photograph of the antenna.

Fig. 19. VSWRs of the proposed antenna.

4. Results and Discussions
According to the study and the discussions of the key
parameters, the proposed dual notch band UWB antenna
has been optimized by utilizing HFSS. During the optimizing process, the parameters are adjusted according to the
results of the parametric study and the current distributions
discussed above. The optimized results are listed in Tab. 1.

Fig. 17. Current distributions of the proposed antenna.

5.5 GHz. The current distributions at CPW ground plane
and the CPW excitation line are small. Fig. 17(g) describes
the current distributions of the proposed UWB antenna
without the two SIRs at 5.5 GHz. From Fig. 17(g), we can
see that the current mainly flows along the CPW excitation
line and the edge of the circular radiation patch. The
current distributions in the CPW ground plane are tiny.

Parameter
W
D
W2
L1
W3
W4
W6
L2
L4
W7

Value
24
23.2
8
1.9
4
1
3
3
1.5
3.6

Parameter
L
D1
L6
L7
L8
W5
g
L3
L5
s1

Value
32
13
8
3
2
1.4
0.2
1.5
2.5
0.7

Tab. 1. Parameters of the proposed antenna (Unit: mm).
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To evaluate the performance of the optimized UWB
antenna, the proposed antenna is fabricated and tested. The
measured VSWRs of the antenna are obtained by using
Anritsu 37347D vector network analyzer. In order to compare the simulated and measured results of the proposed
dual notch band UWB antenna with two SIRs, the proposed antenna with only upper SIR and without the two
SIRs are also investigated herein. A photograph of the
proposed antenna is shown in Fig. 18 and the VSWRs of
the antennas are shown in Fig. 19.

Fig. 20. Radiation patterns 3.5 GHz.

Fig. 21. Radiation patterns 7.0 GHz.

Fig. 22. Radiation patterns 10.5 GHz.

From Fig. 19, the measured results agree well with
the simulated results which help to verify the accuracy of
the simulation. The differences between the simulated and
measured values may be due to the errors of the manufactured antenna and the SMA connector to CPW-fed
transition, which is included in the measurements but not
taken into account in the calculated results. It can also find
that the two notch bands are obtained by using the two
SIRs. The notch band near 5.5 GHz is produced by the
upper SIR and the 9 GHz notch band is provided by the
lower SIR. This is consistent with the simulated and analyzed current distributions. The proposed antenna without
the two SIRs has an impedance bandwidth of 131 % according to the center frequency of the UWB antenna. It
also can be seen from Fig. 19 that the proposed dual notch
band has better quality factor than most of the previous
proposed notch band UWB antennas.
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The measured radiation patterns at 3.5 GHz, 7.0 GHz
and 10.5 GHz are shown in Fig. 20, Fig. 21 and Fig. 22,
respectively. The left is the H-plane and the right is Eplane. The proposed UWB antenna has a nearly omnidirectional characteristic in the H-plane and quasi omnidirectional pattern in the E-plane. In this design, xz plane is Hplane ( = 0°) and yz-plane is E-plane (= 90°) for the
proposed antenna. The radiation patterns in the E-plane
deteriorate more or less with the increasing of frequency,
but the radiation patterns are still nearly quasi omnidirectional. In some frequencies and in some directions, the copolar and cross-polar levels are quite close. This is caused
by the electromagnetic leak of the etched SIR filters which
have some influence on the radiation patterns. The co-polar
and cross-polar levels in fixed frequency of E- and Hplanes in some directions are different. However, the proposed antenna can be also used as a dual notch band UWB
antenna compared the previous UWB antennas.
The peak gains of the proposed antenna at these frequencies are achieved by comparing to a double ridged
horn antenna. At each frequency, we find the maximum
level of radiation pattern to measure the gains and the
space loss is also considered in the measurement. A stable
gain can be obtained throughout the operation band except
the two notched frequencies. In order to compare, the proposed antenna without the two SIRs is also measured. The
peak gains of the proposed antennas with and without the
two SIRs are shown in Fig. 23. The measured gain of the
proposed antenna without two SIRs is increased from
1.86 dBi to nearly 5.1 dBi which is caused by the deteriorated radiation patterns of the proposed antenna at the high
band. In the operation band, the proposed UWB antenna
without the two SIRs has stable gains with fluctuation less
than 3.3 dBi. But the gain of the proposed antenna with the
two SIRs dropped quickly from 5.0 GHz to 6.2 GHz and
from 8 GHz to 9.3 GHz. As desired, two sharp gains decreased in the vicinity of 5.5 GHz and 9 GHz. The gains
drop deeply to -5.2 dBi at the lower notch band and
-4.2 dBi at the higher notch band. From Fig. 23, the notch
gains have a little better than most of the previous proposed notch band UWB antennas. This is caused by the
improved quality factor characteristics discussed in
Section 3. In the future, we will develop novel notch band
UWB antenna to improve the notch gains further.

Fig. 23. Measured gain of the proposed UWB antenna.
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Fig. 24 shows the variation of the group delay. The
group delay is within 2.0 ns in the UWB band, except the
two notch bands where the maximum group delay is nearly
9 ns and 7 ns at the 5.5 GHz and 9 GHz notch band, respectively.
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