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Abstract—Two ultra-wideband (UWB) microstrip bandpass filters
(BPFs) are proposed by using tunable E-shaped dual-mode microstrip
Stepped-Impedance Resonator (SIR). For the lower band filter
measurement results show there is a passband of 3.1 GHz to 5.2 GHz
and its 3dB fractional bandwidth is 51%. The UWB upper band filter
may be obtained by tuning E-shaped SIR. The measurement results
show there is a passband of 6 GHz to 10.6 GHz and its 3dB fractional
bandwidth is 55%. Compared with the similar investigation using the
cascade of electromagnetic band gap (EBG)-embedded multiple-mode
resonator (MMR) and fork resonator, the proposed approach has some
advantages, such as easier adjustment of bandwidths, better passband
performances and smaller size etc..

1. INTRODUCTION

In 2002, the US Federal Communications Commission (FCC) approved
the use of ultra-wideband (UWB) devices operating in the frequency
range of 3.1 to 10.6 GHz [1]. Since then, efforts have been made to
realize various kinds of filter configurations for the purpose of wideband
and ultra-wideband uses [2-7]. In fact there is an issue of a possible
electromagnetic interference over the allocated bandwidth of the UWB
system, i.e., some narrow bands for other communication systems may
exist in this band, such as wireless local area networks (WLANSs) [8-10].
Therefore, the direct sequence ultra-wideband (DSUWB) specification
for wireless personal area networks (WPANs) may be further divided
into a lower band of 3.1-4.9 GHz and an upper band of 6.2-9.7 GHz [11].
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Recently, the investigation of tunable resonator structures [12-15],
which may realize the flexible design of filter for the UWB lower
band and upper band, has attracted increasing attention. In previous
work, the EBG structure [16] or fork resonator [17] were used for the
design of UWB bandpass filter. Based on these studies Habiba et
al. [18] proposed a new approach in which the multiple fork resonators
and EBG-embedded structures are cascaded and it may design the
UWB dual band individually. Unfortunately this approach has some
disadvantages, such as the bandwidth of passbands is not easy to
adjust, the characteristics of frequency responses still need to be
improved and the cascaded multiple resonators may cause a larger
circuit dimension etc..

In this paper, firstly a flexible approach of the UWB dual
band filter design based on improved tunable E-shaped dual-mode
resonators is proposed. Then the Source-Load cross-coupling structure
is employed [19-21] for improving the roll-off characteristics of the
passband edges and the stopband rejection level. It can be seen that
the several disadvantages as discussed earlier are overcome by the
proposed approach. Finally, two prototype filters have been designed
and fabricated. Good agreements between the simulated and measured
results are obtained.

2. FILTERS DESIGN

2.1. Analysis of Dual-mode E-shaped Resonator

The traditional and improved E-shaped microstrip resonators are
illustrated in Figure 1. As shown in Figure 1(a), the traditional E-
shaped resonator has a symmetrical structure, and it consists of a
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Figure 1. Configuration of E-shaped resonator. (a) Traditional E-
shaped resonator. (b) Improved E-shaped resonator.
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uniform half-wavelength resonator with the characteristic admittance
Y5 and electric length 20, and an open-circuited stub with the
characteristic admittance Y7 and electric length 6; in the centre of
the uniform half-wavelength resonator. For obtaining a compact size,
uniform half-wavelength resonator is bent and then the traditional
E-shaped resonator is formed. Actually, this structure may also be
considered as a stub-loaded resonator [22-24]. In previous reports,
traditional E-shaped resonator structures are basically used for the
design of narrow band (fractional bandwidth less than 10%) filters and
seldom be used in the design of wideband filters [25-27].

Figure 1(b) shows the improved tunable E-shaped dual-mode
microstrip resonators. In this improved structure, stepped impedance
resonator (SIR) [28-31] is used in stead of uniform half-wavelength
resonator which can provide additional characteristic admittance
Y; and electric length 63 for tuning resonance frequency more
flexible. The open-circuited stub at the centre of the E-shaped SIR
introduces another transmission pole near the fundamental resonance
frequency of the SIR. Therefore the proposed structure is a dual-mode
resonator [32-34].

Figures 2(a) and (b) show the current patterns of the two
fundamental eigenmodes. As shown in Figure 2(a), the surface current
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Figure 2. Surface current pattern and equivalent circuit. (a) Surface
current pattern at the resonance frequency of even mode. (b) Surface
current pattern at the resonance frequency of odd mode. (c) Equivalent
circuit of even-mode resonance. (d) Equivalent circuit of odd-mode
resonance.
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of the middle stub splits up into two parts flowing into the left- and
right-branches, which is symmetric with respect to the middle-axes;
this mode thus behaves as an even mode. On the other hand, the
surface current in Figure 2(b) is dominant only in left- and right-
branches, and the mode is an odd mode.

For even-mode excitation, the approximate equivalent circuit is
shown in Figure 2(c). The resulting input admittance for even-mode
can be expressed as

)/mel + ]YE’: tan 03

Yine = Vs -
e > Y3 + jYine1 tan 03

(1)

where

Ys tan 02 + (Y7 tan6y)/2 @)
Yo — (Y1 tan 6y tan6y) /2
where 6; = (L1, 0o = (Lo, 03 = [BL3 and ( is the propagation
constant. In this case, the propagation constant is almost equal for
even-mode and odd-mode. The resonance condition is

Yvinel +.7YE’> tan03 =0 (at f = fe) (3)

fe is the frequency of even-mode. From Eq. (3), the even-mode
resonance frequency can be determined. Figure 2(d) shows the odd-
mode equivalent circuit. Similarly, the input admittance for odd-mode
can be given by

Yénel = ]Y2 :

) Y3 tan 03 — Y5 cot 65
Y = iYa- =0 4
ino = J 13 Y3 + Y5 cot 05 tan 03 (4)
Then, Eq. (4) can be derived as

Y3 tan 63 = Y5 cot 0 (5)
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Figure 3. Resonance frequencies of the degenerate modes against the
size where €, = 2.2; h = 0.508 mm, [, = 13 mm, and /3 = 2.5 mm.
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Figure 3 shows the resonance frequencies of the two modes against
L. The horizontal axis is the length of the middle branch Li. The
vertical axis is the resonator frequency of even mode and odd mode.
As is shown in Figure 3, when L varies from 10 mm to 14 mm, the
resonance frequency of the even mode decreases almost linearly from
5.4 to 4.2 GHz, meanwhile the resonance frequency of the odd mode is
almost constant (around 4.82 GHz).

2.2. UWB Lower Band and Upper Band Filters Design

The configuration of the UWB lower band filter is shown in Figure 4(a),
to obtain much tighter coupling between the input/output ports and
the E-shaped SIR, the capacitive S-L cross-coupled feed structure is
proposed in this filter. The coupling scheme is shown in Figure 4(b)
and the signal transmits from port 1 to port 2 through two paths: the
signal of path 1 is mainly coupled into the E-shaped resonator through
a parallel coupling-line structure; meanwhile, the direct signal of path
2 from port 1 to port 2 through weakly coupling is formed by capacitive
S-L cross-coupled feed structure. Beyond the passband, transmission
zeros may generate owing to the interaction of the signals from the two
coupling paths.

With the coupling scheme shown in Figure 4(b), the corresponding
coupling matrix M can be given by [35]

0 Mgy Msz Mgy
Mgy My 0 My, (6)
Mgy 0 My My,
Mgy, My, My, 0

(b)

Figure 4. Layout of UWB lower band filter. (a) Proposed lower-UWB
BPF. (b) Corresponding coupling scheme (1 and 2 represent the odd
and even mode respectively).
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The proposed filter has an inherent transmission zero. To get
more insight of how to control inherent transmission zero in this
configuration, an explicit expression relating the coupling elements and
the transmission zero € is provided in a low-pass prototype as follows:

My M2, — Moy M?2
Mg, — Mg,

The mapping between normalized frequency «’ and actual
frequency f is o = (f/fo — fo — fo/ f)Af/fo, where fo and Af
are center frequency and bandwidth of filter, respectively. In a more
explicit expression, Mp; and Msys can be related to the odd mode
resonant frequency f,4¢q and even mode resonant frequency feyen, as
follows:

fodd = fo (1 - W) (8)
A
feven = fO <1 - ]\4222;()f) (9)

If M11 > 0 and My < 0, the transmission zero §2 would be greater
than zero and feyen > fo > foqa- The inherent transmission zero
would be on the upper stopband. On the other hand, if My; < 0
and Mss > 0, the transmission zero {2 would be less than zero and
feven < fo < fodq- The inherent transmission zero would be on the
lower stopband. Another mathematic express for the transmission
zeros may be incorporated (7) and (9)

—Mag x Af " My M2y — Myp M2,
2 M3, — M,

Q- (feven _fO) = (]—O)

The right part of Eq. (10) is always positive regardless May > 0 or
My < 0. Therefore, as we have seen, the inherent transmission zero is
always at the same side of passband with even mode. In this proposed
improved dual-mode E-shaped SIR, as shown in Figure 3, when I
varies from 10 mm to 14 mm, the resonance frequency of the even mode
decreases almost linearly from 5.4 to 4.2 GHz, while the resonance
frequency of the odd mode is almost constant (around 4.82 GHz). As a
result, we can adjust the position of inherent transmission zero flexibly
by tuning the length of L.

In additional, the capacitive S-L coupling structure can introduce
an additional transmission zero locate in upper-stopband. In
practice, the proposed tighter coupling capacitive S-L cross-coupled
feed structure which is shown in Figure 5(a) can introduce three
transmission zeros which are distributed in lower and upper stopbands.
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As shown in Figure 5(b), if fixing l; — I = 1 mm and tuning the
length of [y, it is clearly observed that the passband move downwards
when [; increases from 13mm to 15mm. Therefore, the operating
frequency of the filter can be changed flexibly through varying the
length of [;.

According to the above analysis, the proposed UWB lower band
filter was fabricated on the Rogers RT/duroid 5880 substrate board
with dielectric constant ¢, = 2.2, loss tangent tand = 0.0009, and
thickness of 0.508 mm. The final dimensions of the filter are as follows:
l1 =14mm, I3 = 13mm, w; = 10mm, we = 1 mm, w3z = 0.2mm. The
simulated and measured results of the filter are shown in Figure 6.
The measured results show there is a passband of 3.1 GHz to 5.2 GHz,
and the 3dB fractional bandwidth is 51%. The size of the filter is
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Figure 5. Simulated frequency response. (a) Simulated So;

magnitude of the S-L cross-coupled feed structure. (b) Controlling
of the operating frequency of UWB lower band filter.
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Figure 6. Simulated and measured results and photograph of the
proposed UWB lower band filter.
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Figure 7. Layout of UWB upper Figure 8. Simulated and mea-

band filter. sured results and photograph of
the proposed UWB upper band
filter.

1.5cm X 2cm, i.e., 0.28)\; x 0.38)\4, where A, is the guide wavelength
at the centre frequency of the passband.

Furthermore, due to the improved E-shaped dual-mode resonator
can provide additional characteristic admittance Y3 and electric length
A3 for tuning resonance frequency more flexibly. Therefore compared
with traditional E-shaped resonator the resonance frequencies of the
presented E-shaped resonator may be tuned more flexibly through
adjusting three characteristic admittance and electric length. Based
on the identical design approach, the UWB upper band filter has been
designed and fabricated. The configuration of the filter is shown in

Figure 7.
The final dimensions of the UWB upper band filter are as follows:
wyg = 044mm, w; = 2.63mm, wy = 0.89mm, [y = 7.48mm,

lo = 6.83 mm. The filter was also fabricated on the Rogers RT/duroid
5880 substrate board with dielectric constant e, = 2.2, that the same
as the previous design. The simulated and measured results of the
filter are shown in Figure 8. The measured results show the 3dB
passband covers the range of 6 GHz to 10.6 GHz, and it has a fractional
bandwidth of 55%. Furthermore, although a low dielectric constant
substrate was used, the size of the filter still keeps relatively small
which is 0.5cm x 0.84cm, i.e., 0.19A5 x 0.32),.

3. PERFORMANCE COMPARISONS

For visually compared with the previous investigation, the simulated
and measured frequency response curves of Ref. [18] are approximately
extracted and combine them with the curves of this work, as shown
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in Figure 9 and Figure 10 respectively. As shown in Figure 9(a) and
Figure 10(a), the results of the UWB lower band and upper band
presented in Ref. [18] show some deviations from the actual UWB
dual band.

On the other hand, it may be observed in Figure 9(b) and
Figure 10(b) that the passband insert loss and return loss of Ref. [18]
still need to be improved. The reason is that the structure of the
cascading multiple EBG-embedded resonators and fork resonators is
difficult to flexibly tune the UWB lower band and upper band. In
a word this method may exist some disadvantages, i.e., difficult to
adjust the bandwidths individually, relatively large insert and return
loss, larger circuit size etc.. In this paper, a single tunable E-shaped
dual-model resonator is proposed and it may overcome these drawbacks
properly.
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Figure 9. Comparison of frequency response curves of UWB lower
band filter. (a) Simulated results. (b) Measured results.
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Figure 10. Comparison of frequency response curves of UWB upper
band filter. (a) Simulated results. (b) Measured results.
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Table 1. compares performance characteristics with the similar
study [18].

3dB
i Fractional Substrate Size
Reference bandwidths .
bandwidths | (e, h (mm)) | (mm X mm)
(GHz)
1.9-5.5 97 3 x 64.3
Ref. [18] % 44,16 *
and 5-10 and 67% and 4.8 x 32.3
.1-5.2 1 2
This work 3175 51% and 55% | 2.2, 0.508 520
and 6-10.6 and 5 x 8.4

Table 1 summarizes some more specifics features for comparison.

4. CONCLUSIONS

In this paper, a flexible design approach of the UWB lower band and
upper band filter in which the improved tunable E-shaped dual-mode
resonators are used is proposed. Two prototype filters have been
designed and fabricated. The simulated and measured results show
good agreement. Compared with the previous work the proposed
method has some advantages such as easier adjustment of bandwidths,
better passband performances and smaller size etc..
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