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Abstract — In this paper, we present a novel
approach for designing compact Ultra-Wideband
(UWB) band-pass filters with desired multi-notch-
band characteristics. The multi-notch-band
features are realized by using a ring-stub multi-
mode resonator, while the equivalent model is also
obtained by wusing the odd/even excitation
resonance condition. The fabricated prototype of
the band-pass multi-notch-band filter demonstrates
a good behavior as expected. Simulated and
experimental results show that the proposed filter
with a compact size of 25x10 mm? has an
impedance bandwidth between 3.0 GHz and 10.6
GHz; while the multiple notch bands are achieved
and their center frequencies are located at 3.9
GHz, 5.25 GHz, 5.9 GHz, 6.8 GHz and 8.0 GHz.
The proposed filter is suitable for being integrated
in UWB radio systems to efficiently enhance the
interference immunity from unexpected signals,
such as Worldwide Interoperability for Microwave
Access (WIMAX), Wireless Local-Area Network
(WLAN), 6.8 GHz Radio Rrequency Identification
(RFID) communication and X-band satellite
communications.

Index Terms - Band-pass filter, multi-notch band
characteristics, notch band filter and UWRB filter.

I. INTRODUCTION
Since the Federal Communications
Commission (FCC) released the frequency band
from 3.1 GHz to 10.6 GHz for commercial
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communication applications in February 2002, the
Ultra-Wideband (UWB) radio system has been
receiving more attention in both academic and
industrial fields [1]. An UWB Band-Pass Filter
(BPF) is one of the key passive components to
realize an UWB radio system; which has attracted
more attention recently. A great number of
methods have been proposed in order to design
BPFs with large Fractional Bandwidths (FBW)
and good performance [2-6]. There have existed
the typical structures, including low and high-pass
filter configurations [2], Coplanar Waveguide
(CPW) geometries [3], right/left-handed structures
[4], microstrip cascaded fork-form resonator [5]
and defected ground structure [6]. However, there
are some drawbacks in these designs, such as out-
of-band performance and complicated structure.
On the other hand, there are some existing
narrow-band systems which have been used in the
communications for a long time. Furthermore, the
UWB frequency band overlaps with these existing
narrow communication systems, such as WiMAX
in 3.4 GHz to 3.69 GHz band, WLAN in 5.2 GHz
and 5.8 GHz bands and 6.8 GHz RFID band.
Those narrowband radio signals might interfere
with UWB systems and vice versa. To mitigate the
potential interference, design of compact UWB
BPFs with notched band characteristics is one of
the most challenging topics. Consequently, a
number of methods have been proposed and
investigated to design UWB BPFs with notched
bands [7-22], such as embedded Complementary
Split Ring Resonators (CSRR) [7], Defected
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Ground Structures (DGS) [8,11], mismatch
transmission lines [9], short-circuited stubs [10];
which can effectively reject unexpected radio
signals. Nevertheless, some of these previously
proposed band-notched UWB filters are still large
in size [7], incompatible with Monolithic
Microwave Integrated Circuits (MMIC) [8],
complicated in structures [9] and sophisticated in
band rejection characteristic design [7-11].

In this paper, we present a novel approach to
designing compact Ultra-Wideband (UWB) band-
pass filter with a good multi-notch-band
characteristic. The proposed multi-notch-band
characteristic is realized by using Ring-Stub
Multi-Mode Resonator (RSMMR). The resonance
condition of RSMMR is obtained by means of odd
and even mode theorem [14]. In comparison with
the existing UWB notch-band filter in [7-13], the
proposed notched bands can be easily operated
simultaneously. Performance of the proposed filter
is validated by fabricating the proposed multi-
notch-band band-pass UWB filter on a RT/Duorid
6006 substrate, that has a relative dielectric
constant of 6.15 and a thickness of 0.635 mm.

I1. FILTER DESIGN

In this section, the design procedure and
synthesis method of the proposed compact UWB
BPF with multi-notch bands are described on the
basis of loading stub technique. Generally
speaking, the proposed filter essentially exploits
Multi-Mode Resonator (MMR) structures to
realize the sharp and adjustable multi-notch-band.

The schematic diagram of the proposed UWB
BPF with multi-notch-band characteristics is
shown in Fig. 1. The proposed UWB BPF is a
modification structure in [22], in which the multi-
mode resonator structures are coupled to the
middle ring resonator section, to achieve the
required multi-notch bands. The equivalent
transmission line network of the proposed filter is
illustrated in Fig. 2. The interdigital coupled line is
equivalent to a combination of the two signal
transmission lines on two sides and a J-inverter
susceptance. The multi-mode resonator coupled to
the middle section of the ring resonator can be
analyzed by a shunt series resonant branch, as
shown in Fig. 2. Furthermore, in Fig. 1, the multi-
mode resonator structure can be equivalent to an
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LC resonator network whose parameters are L; and
C; with 1 <i<5; which are shown in Fig. 2.
Therefore, each resonator can be regarded as an
LC resonator, which 1is related to the
corresponding notch band. Here, the L and C can
be obtained from resonator theory.

Two capacitive-ended interdigital coupled into
the I/O lines possess a wide-stop-band
performance [22]. In this paper, we use the middle
ring resonator to realize the multi-notch bands.
The design idea and procedure of the multi-notch
bands are described in Fig. 3. First, we improve
the prototype filter proposed in [22] to cast a ring
structure denoted as a simplified prototype filter.
Then, a transition filter-1 is designed based on the
simplified prototype filter by inserting a general
stub into the ring resonator to produce a notch-
band characteristic. As for filter-1, the inserted
general stub is acted as a resonator, which is
designed to provide a notch band. As a result,
there is no coupling current at the output of filter-
1. Therefore, the filter-1 can effectively reject the
unwanted signal at corresponding frequency band.
To make it suitable for dual-notch-band
applications, another general stub is employed and
inserted into the ring resonator based on the
transition filter-1 to design a dual-notch-band
filter, which is referred to as transition filter-2. The
transition filter-2 can be treated as a ring resonator
with two general stubs inserted into the simplified
prototype filter. To render the proposed filter more
useful in practice, a ring resonator with two stubs
is employed to construct a tri-notch filter, referred
to as transition filter-3. By considering the design
procedure of the notch band filters
aforementioned, an UWB band-pass filter with
multi-notch bands is proposed by integrating three
stubs, a ring resonator and a Stepped Impedance
Resonator (SIR) into the simplified prototype
filter; which is denoted as the final filter, as shown
in Fig. 3. To give an insight into the performance
of the proposed multi-notch-band filter, the
proposed transition filters together with stubs and
ring resonator are analyzed. Next, we investigate
the characteristics of the single notch band to
analyze the proposed transition filter-1. The
geometry of the proposed transition filter-1 is
illustrated in Fig. 4 and the equivalent circuits of
the ring resonator are shown in Fig. 5.
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Fig. 3. Design procedure of the proposed UWB
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Fig. 4. Geometry of the transition filter-1.
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Fig. 5. Equivalent circuits of the ring resonator in
Fig. 4.

The middle ring resonator of transition filter-1
can be analyzed based on the even and odd mode

methods. Even-mode and odd-mode equivalent
circuits for the ring resonator fed by the
interdigital coupled lines in Fig. 4, are shown in
Figs. 5 (a) and (b). On the basis of the odd-mode
equivalent circuit, the odd-mode forms a pass band
only, while the even-mode is designed for not only
the pass-band but also the notch-band. In this
paper, it is desirable to design an UWB BPF with
a sharp and tunable notch-band. Thus, we will
describe how to realize a notch band using the stub
technique mentioned above. As the even-mode can
be designed for both the pass-band and notch-band
applications, we will only analyze the resonance
condition about the even-mode. By considering
the analysis procedure in [14, 23], the even-mode
resonance condition proposed herein can be
achieved and expressed by the equation below for
Y,, =0. For the even-modes:

tan 6, +(K")7] tan 0, "’M
_ l—tanHlR ~0 (1)
n _ and +R).
l1—tan O [(K") " tan O, + (tan 6+ R)
LK tan+ (D)
where,
n-1 -1
0
R:(KW)—] tan95+ 1 - K(' 71)1: a;l 3[?2 2 . (2)
1-—tan6)[ (K) tant, +

2 1-K'(K)" tan 6, tan 6,
In the equations above, the K, K', K" and K"
can be expressed as:

Z Z V4 Z

2  K'=23,K"=24, k"=25.(3)
1 Zl 1 1
The simulation parameters are listed as follows
(unit: mm): L1v=5.12, L1h=5.92, L12=4.25,
L3=0.25, L4=5.39, L5=2.0, W1=0.46, W2=5.2,
W3=1.3, W4=0.11 and W5=1.15. In the next step,
we use these parameters to simplify the even-
mode resonance condition. Based on the

parameters above, we can get @, ~70° and then

the length of the stub is close t0 7Auci/36, Where
Anoren corresponding to the center frequency of the
notch can be expressed as:

C
//i’no ch — f ’ (4)
t f;wtch ge]f

where, f . is the center frequency of the notch

K =

band, € off is the effective dielectric constant and
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C is the speed of light in free space. The
effective dielectric constant € o 2N be given

using the equation (5) below:

_ +1 gr_l[(1+12ﬁ)1/2+O.O4(1—%)2]- (%)
w

&y = +
a9 2

To understand the performance of the
proposed transition filter-1, the transmission
coefficients obtained by using IE3D are plotted in
Fig. 6.
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Fig. 6. Transmitted coefficient of the filter-1 for
different L6 values.

Figure 6 shows the transmission characteristic
of the proposed transition filter-1. The notched
band moves toward the lower frequency when
increasing the length of L6 and L6=4.25 mm is
selected for the optimum design. In this case, we
can design the notch band to use at 6.8 GHz band.
To further study the nature of the performance of
this filter, the current density distribution on the
proposed transition filter-lat 6 GHz in the pass-
band, is shown in Fig. 7, meanwhile the notch
band at 6.8 GHz is obtained.

(a) 6 GHz (b) 6.8 GHz

Fig. 7. Current density distribution on the
proposed transition filter-1.
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It can be seen from Fig. 7, that the resonator
neither resonates nor effects on the overall
performance at 6 GHz in the pass-band, while the
maximum current density distribution is on the
stub that produces the 6.8 GHz notch band. Figure
7 (b) clearly shows that the resonator at the
notched frequency is acting as a short circuit and
no coupling exists on the stub at the output port.
As mentioned above, the notched band can be
easily controlled by adjusting the stub dimensions.
In particular, the length of the stub decides the
center frequency of the notch-band and the
frequency bandwidth of the notch-band is
determined by the stub width. Next, we will
discuss the transition filter-2.

The theoretical design and synthesis of a
compact UWB BPF with dual-notch-band features
generated by using two inserted stubs, is shown in
Fig. 8. Technically, the proposed filter design
essentially exploits the open stub structures to
realize dual sharp and adjustable notch-band
characteristics. =~ The corresponding lumped
equivalent circuits and the equivalent circuit
network of the proposed transition filter-2, are
shown in Fig. 9.

sz,zzal

L3,W3,Z23
for neck

Ring
resonator

Fig. 9. Equivalent circuit network of proposed
transition filter-2.

The middle ring resonator can be analyzed in
terms of even and odd modes. Even-one, even-two
and odd-mode equivalent circuits for the ring



resonator fed by the interdigital-coupled lines in
Fig. 8, are shown in Figs. 10 (a), (b) and (c),
respectively. From the odd-mode equivalent
circuits, we can see that the odd-mode only
designs for the pass band. On the other hand, the
even-mode designs not only for the pass-band but
also for the notch-band. In this paper, we design
an UWB pass-band filter with two sharp and
adjustable notch-bands. We only analyze the
resonance condition for these even-modes and the
even-mode resonance condition can be achieved

=0

for Y,

Z,,6, Z,,6, Z,,0,

(c) Odd-mode

Fig. 10. Equivalent circuits for the ring resonator
in Fig. 8; (a) even-mode one, (b) even-mode two
and (c¢) odd mode.

The input admittance for one or two even-

modes is expressed as:
tan &, + ([(”)71 tan 6, + (tanf+ R)
_ 1—tan §R —0’ (6)

n _ tan 6/ + R)
l1—tan[(K") ' tan @, + (tan 6+ R)
an LK) tan 0, + (o]

where,
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n-1 -1
tan92'+l[ (K" t:aln93+K
2'1-K'(K)™ tand, tan 6,
1 (K 'tan 6, + K™

1-—tang;[ =
2 1-K'(K) " tan 6, tan 6, (7)

R=(K")"tan @, +

In the equation above, K, K', K" and K" can
be expressed as:

Z, g Z Z o2

2 gL g Za k" =550r
1 K Zl K 1 Zl Zl

In this filter, the design parameters are listed
below (unit: mm): L1v=5.12, L1h=5.92, L.2=4.25,
L3=0.25, L4=5.39, W1=0.46, W2=5.2, W3=1.3,
W4=0.11 and W5=1.15. Next, we use these
parameters to simplify the even-mode resonance
condition. Based on these parameters, we can get

6’5(7) ~70° )

and then the length of the stub is close
to 7Aoten/36. To understand the performance of the
notch bands, the transmitted coefficients of the
transition filter-2 are plotted in Fig. 11.
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Fig. 11. Transmitted coefficient of the

transition filter-2.

Figure 11 (a) shows the transmission property
of the mentioned transition filter-2 with different
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L5. By increasing L5, the notched band moves
toward the lower frequency. The higher notch
band can be tuned from 7 GHz to 9.2 GHz. Figure
11 (b) shows the transmission property of the
transition filter-2 for different L7. It is found that
the notched band moves toward the lower
frequency with the increment of L7 and the notch
band can be tuned from 4 GHz to 7 GHz. In this
paper, L5=3.35 mm and L7=6.25 mm are selected
to investigate the transition filter-2. In this case,
the two notch bands are located at 4.9 GHz and 7.8
GHz. To investigate the operation property of the
transition filter-2, the current density distribution
on the proposed middle ring resonator in both the
pass-band and notch-band are illustrated in Fig.
12.

5.8

(a) 7.8 GHz

B g
—d-

(c) 6 GHz

(b) 4.9 GHz

”
[ BH

Fig. 12. Current density distribution on the
transition filter-2.

It can be seen from Fig. 12 that the current
density distributions are on the transition filter-2 at
6 GHz in the pass-band. Thus, the resonator
neither resonates nor affects the overall
performance. At the notched frequencies 4.9 GHz
and 7.8 GHz, the resonator has a focus of current
density on the stubs. At the input port, the current
is high while the current at the output port is low.
Thus, the signal is prevented by the notch
characteristics. Figures 12 (a) and (b) clearly show
that the resonator at the notched frequency is
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acting as a short circuit and no coupling exists
over the stub at the output port. As mentioned
above, the frequency of the notched band can be
easily controlled by adjusting the stub dimensions.
In particular, the stub length decides the center
frequency of the notch band and the stub width
decides the bandwidth of the notch-band. For the
geometry shown in Fig. 13, the proposed UWB
filter with tri-notch-band characteristics, referred
to as transition filter-3, is investigated in [14]. The
transition filter-3 is composed of two interdigital
hairpin resonator units, middle ring-stub multi-
mode resonator and two 50-Q SIR fed structures.
Several folded stubs are inserted to the middle ring
resonator section to achieve the tri-notch-bands.

: T WE.L8

Fig. 13. Geometry of the proposed transition filter
type three.

Based on the analysis and the simulated results
mentioned above, an UWB filter with multi-notch-
band characteristic is proposed, as shown in Fig. 1.
To analyze this filter in detail, we decompose the
filter to 5 resonators. Firstly, we embedded the
resonator-1 and resonator-2 to the simplified
prototype filter to create the dual-notch-band
characteristic. The first notch-band and the second
notch-band are realized by using the resonator-1
and the resonator-2, respectively. The notch
characteristics of this filter are obtained by using
IE3D, as shown in Fig. 14 (a). We can see from
Fig. 14 (a), that with increase of the length of L8,
the center frequency of the second notch band
moves to the lower frequency, while the center
frequency of the first notch band changes slightly.
Thus, the second notch band can be tuned by
adjusting the length of LS.

Secondly, the resonator-1, resonator-2 and
resonator-3 are inserted into the simplified



prototype  filter to create tri-notch-band
characteristic. At the beginning of this design, a
general stub resonator is used for designing
resonator-3. The notch characteristics of this filter
are shown in Fig. 14 (b). With increasing the
length of L10 + L11, the center frequency of the
third notch band moves to the lower frequency. In
addition, the center frequency of the first notch
band also shifts to the lower side. For getting a
method to adjust to the third notch-band that has
no effects on the first and the second notch bands,
we use a Stepped Impedance Resonator (SIR) stub
instead of the general stub resonator. The SIR-stub
has another key parameter to adjust the notch-
band. The characteristics of the SIR-stub are
shown in Fig. 14 (c). With the increase of the
width of W11, the center frequency of the third
notch band moves to the lower frequency and the
other two notch-bands remain unchanged. These
three notch-bands can be effectively adjusted.

Thirdly, we insert another stub to the designed
tri-notch-band filter using resonator 1, resonator 2,
resonator 3 and resonator 4, to create four-notch-
band characteristics. The fourth notch-band is
generated by the resonator-4. The notch band
characteristic is simulated by using IE3D and the
simulated results are shown in Fig. 14 (d). With
the increase of the length of L9, the central
frequency of the fourth notch band moves towards
the lower direction. At the same time, the central
frequencies of the other notch bands are changed
slightly. So we can control the fourth notch band
by adjusting the dimension of L9.

Finally, another resonator is inserted to the
four-notch-band filter to create the final filter,
which is obtained by using the resonator-5. The
notch characteristics of the constructed filter are
simulated by using IE3D and the simulated results
are shown in Fig. 14 (e). With the increase of the
length of L12, the central frequency of the fifth
notch band moves towards the lower frequency,
while the central frequencies of the other notch
bands keep nearly constant. Thus, we can control
the fifth notch band by adjusting the dimension of
L12. According to the analytical and the simulated
results above, the designed multi-notch-band
characteristics can be simultancously obtained by
choosing the proper dimensions of the middle
ring-stub multi-mode resonator, the stubs and the
SIR.
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[s21] (dB)
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Fig. 14. Transmitted coefficient variation of the
proposed filter.

To understand the filter property further, the
current density distribution on the proposed final
filter is investigated at several frequencies, as
shown in Fig. 15; in which Figs. 15 (a) and (b)
show the current density distribution on the multi-
notch-band UWB filter at 4.5 GHz and 9 GHz in
the pass-band. It can be seen that the current
density distributions on the input and output port
are significant, while the current density
distribution on the multi-mode resonator is smaller
at 4.5 GHz and 9 GHz in the pass-band; implying
that the signal can be transformed from the input
port to the output port in the pass-band and the
multi-mode resonator has no effects on the pass
band. Figures 15 (¢)-(g) show the current density
distributions on the proposed filter at the five
notch bands. It is observed that the current density
distributions on the input port are strong, while
they are smaller on the output port and the current
density distribution on the multi-mode resonator is
very large at the notch-band frequency; implying
that the signal cannot be transformed from the
input port to the output port on the notch-band.
These signals are rejected by the multi-mode
resonator. Thus, the five notched bands can be
obtained at 3.9 GHz, 5.25 GHz, 5.9 GHz, 6.8 GHz
and 8 GHz. Figures 15 (h) and (i) illustrate the
current density distributions on the proposed
multi-notch-band UWB filter on the stop band. It
can be seen that the current density distributions at
2.5 GHz and 12 GHz are mainly concentrated on
the input port. The current density distributions are
smaller on the multi-mode resonator in the stop-
band, which means that the signals cannot be
transformed from the input port to the output port
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in the stop-band. These signals are reflected by the
interdigital coupled lines.

(a) 4.5 GHz (b) 9 GHz
!‘ f ;'
== by [ |
(5= —
(c) 3.9 GHz (d) 5.25 GHz
-r,;| = e —— :—; e
(e) 5.9 GHz (f) 6.8 GHz
I [
(g) 8 GHz (h) 2.5 GHz
-
—

(i) 12 GHz

Fig. 15. Current density distributions on the multi-
notch band UWB filter (left: input port; right:
output port).

III. RESULTS AND DISCUSSIONS

To evaluate the performance of the multi-
notch band UWB filter, the parameters of the
designed filter are optimized numerically through
IE3D. Optimal parameters of the five-notched
band UWB filter are listed in Table 1. To verify
the effectiveness of the proposed filter, the
proposed filter is fabricated, which is shown in



Fig. 16. The filtering performance was measured
by using Anristu 37347D vector network analyzer.
Figure 17 demonstrates the frequency responses of
the proposed filter. The measured results agree
well with the simulated results. The discrepancies
between the simulated and measured results may
be caused by the fabrication errors.

Table 1: Dimensions of the proposed tri-notch
band UWB filter

Parameter | Size (mm) | Parameter | Size (mm)
Llv 5.12 Wi 0.46
L1h 5.92 W2 4.4

L2 4.25 W3 0.11
L3 54 W4 0.11
L4 5.4 W5 1.5
L5 2 W6 0.4
L6 0.25 W7 0.4
L7 13.8 W8 0.4
L8 6.5 W9 0.1
L9 4.3 W10 0.4
L10 1 Wil 0.2
L11 3.1 W12 0.1
L12 4.8

Fig. 16. Prototype of the proposed multi-notch
band UWRB filter.
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Fig. 17. Comparison between the simulated and
measured results of the fabricated filter.
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We can see that the fabricated filter has a
measured pass-band from 3.1 GHz to 10.7 GHz
with five notch bands, while the center frequencies
of the notched bands are located at 3.86 GHz, 5.2
GHz, 5.9 GHz, 6.82 GHz and 7.95 GHz. The
group delays shown in Fig. 18 are 0.2 ns and 0.6
ns at the six pass-bands, respectively. It is worth
noting that the ring-stub multi-mode resonator can
generate five notched bands at the desired
frequencies with no significant influence on the
wide pass-band performance. Moreover, the
proposed UWB BPF has a good five-notch-band
characteristic for implementing the functions of
UWRB radio system.

20 4

Group Delay (ns)

T T T T T

Frequency (GHz)

Fig. 18. Group delay of the fabricated filter.

IV. CONCLUSIONS

In this paper, a compact UWB band-pass filter
with five ultra-narrow notch-band characteristic
has been proposed and has been verified
experimentally and numerically. The design
procedures are described in details and
investigated by using IE3D. By inserting a ring-
stub multi-mode resonator with various stubs into
an original UWB BPF, the multi-notch-band
functions are obtained to reject undesired signals,
such as WiMAX (3.5 GHz band), WLAN (5.2
GHz and 5.8 GHz bands), 6.8 GHz RFID and X-
band (7.25 GHz to 8.0 GHz) for satellite
communication applications. Simulated and
measured results have demonstrated that the ring-
stub multi-mode resonator can give five narrow
notched bands at the undesired radio signals with
no significant influence on the wide pass-band
performance. The proposed filter is promising for
use in UWB systems due to its simple structure,
compact size and excellent performance.
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