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Novel Second-Order Dual-Mode Dual-Band Filters
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Abstract—This paper presents a novel approach for designing
dual-mode dual-band bandpass filters using capacitance loaded
square loop resonators (CLSLR). The CLSLR features compact-
ness and spurious response suppression because of the loaded ca-
pacitance. A dual-band response is obtained via an extremely large
perturbation in a single resonator and second-order dual-mode
dual-band filters are realized by a new cascading principle. Cou-
pling coefficients between two resonators in both bands can be con-
trolled independently and external quality factors are also con-
trolled by a particularly-designed coplanar waveguide (CPW) feed
line. Three types of filters are designed to validate the analysis.
They are direct coupling dual-mode dual-band filter, source-load
coupling dual-mode dual-band filter with a better band-to-band
isolation and CPW-feed dual-mode dual-band filter with a wider
bandwidth. Measured results show good agreement with the de-
sign specifications.

Index Terms—Dual band, dual mode, microstrip filter, square
loop.

I. INTRODUCTION

HERE is a growing need for dual-band operation for RF

devices. Several dual-band BPFs that have features of
compactness, good passband, and out-of-band performances
have been developed via dual-mode resonators such as mi-
crostrip patches and square loops with perturbation [1]-[6].
However, most of the proposed dual-mode dual-band BPFs
are realized by two nested dual-mode resonators with different
sizes [1]-[3] or by multilayer structures [4]-[6].

Several dual-mode resonators have been proposed. In [7], a
new capacitively stepped impedance resonator is proposed, and
another capacitively loaded square loop resonator is proposed
in [8]. Using this kind of design, spurious response suppres-
sion and size reduction is realized. In [9] and [10], a cross-
slot is added to increase the current transmission path, and the
resonator is miniaturized. Conventional perturbation is used to
stimulate the degenerate modes [1]-[6], [11], [12], but the two
modes are within a single passband. In [4], [13], and [14], many
ways for cascading two resonators are introduced and bandpass
filters are proposed. However, the cascaded resonators are used
to form only one passband. Conventional gap-coupled feeding
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structure for dual-mode resonators obtains a weak coupling or
a high external quality factor (¢).) within a limited range.

Therefore, only narrowband filters can be designed. A novel
coplanar waveguide (CPW) feeding structure is introduced in
[1]. The feeding structure results in a wide range of external
quality factors and increases the design freedom.

First in this paper, a novel capacitance loaded square loop res-
onator (CLSLR) with spurious response suppression and size
reduction is proposed. A large inner patch perturbation is de-
signed to split the degenerate modes far away from each other so
as to form two passbands. This conception is the first to be pro-
posed. Two identical CLSLRs are cascaded by a method based
on the principle of mirror which makes it possible to control
the coupling strength between the two resonators in each pass-
band independently. A CPW feed structure is explored to obtain
a wider band filter. The external quality factors that are fit for
both bands are realized via particularly-designed feed line.

This paper is organized as follows. Section II characterizes
the proposed novel CLSLR. The way that two resonators are
cascaded is demonstrated in Section III. In Section IV, three
types of dual-mode dual-band filters are designed. They are di-
rect coupling Filter I, source-load coupling Filter II, and CPW-
feed Filter I1I. Finally, a conclusion is drawn in Section V.

II. CHARACTERISTICS OF CAPACITANCE LOADED SQUARE
LoOP RESONATOR

Fig. 1(a) depicts the proposed novel dual-mode resonator.
Compared with conventional square loop dual-mode resonator,
this CLSLR has four arrow-shaped patches that are attached to
the outer corners of the square loop. They can act as four ca-
pacitors. Because of the loaded capacitance, the CLSLR has
spurious response suppression [8]. In addition, the application
of the arrow-shaped capacitance significantly increases the cur-
rent transmission path at the outer corners of the loop resonator,
which effectively reduces the resonance frequency and the size
of the resonator. Besides, there is another important feature of
the special designed patch that will be described in Section I11.

The composite transmission line model of the CLSLR is
shown in Fig. 1(b). It is composed of two branches in parallel,
the upper one and the lower one. The loaded capacitance
attached to each outer corner of the loop is equivalent to Crp,
and the perturbation patch is equivalent to C'p. The charac-
teristic impedance of the transmission line in each side of
the square loop is Z, and its electronic length is 26,. C, is
the input and output coupling capacitance. In order to main-
tain the symmetry of the circuit, Cp 4+ Cp is changed to
(Cp+ Cr)/2+ (Cp + Cr)/2 in the upper branch, and Cr is
changed to C7 /2 + Cr /2 in the lower branch.

0018-9480/$31.00 © 2012 IEEE
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Fig. 1. (a) Configuration of the proposed capacitance loaded square loop res-
onator (CLSLR). (b) Composite transmission line model.

The circuit model in Fig. 1(b) can be analyzed using
even—odd-mode analysis. The even-mode circuit is achieved
by adding a magnetic wall along the symmetrical plane which
can be seen as an open circuit. Since the equivalent circuit is in
a shunt configuration, its input admittance Yj;,_even from Portl
is derived as follows:

Yin_even = Y1 _even + Y2_even (la)
where
/ it
o = G W) <1b>
CotCry .+,
Y ovon = §9C1 + i Ezf . 7ol #Zt;tjf g 09
Yy o = w2y (CTT) + tan f (1d)

J Zy [1 —wly (CTT) tan 90] '

The odd-mode circuit is achieved by adding an electric wall
along the symmetrical plane which can be seen as a short circuit.
Its input admittance Y;,_,qq from Portl is derived as (2a)—(2d):

Yin_oad = Y1_odd + Y2 0dd (2a)
where
Y! . Zg+jtand
Vi odq = o t=edd?0 T2 (2b)
Zo(1 + 7Y/ 4qa%0 tan 6g)
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Fig. 2. Simulated S-parameters of the proposed CLSLR. Out-of-band perfor-
mance is plotted in inset from 1 to 5 GHz.

The square loop will resonate when its input admittance
equals to zero, which is expressed as Yin_even = 0 for even
mode and Y;, oqqa = 0 for odd mode.

It should be mentioned that (1a)—(1d) and (2a)—(2d) show
that the perturbation C'p affects the even-mode resonance fre-
quency but has no relationship with the odd-mode one. Fig. 3(b)
shows the resonance frequencies of the even mode and odd
mode against perturbation size d. The reason that the odd-mode
resonance frequency has a minor change is that the length of the
transmission line adjacent to the perturbation patch is disturbed
when the perturbation size changes.

Simulation of the CLSLR is done by the commercial simu-
lator Zeland IE3D, and the result is presented in Fig. 2. It shows
that the first and second spurious respond are suppressed under
20 dB.

It is known that two degenerate modes with a 90° phase offset
are stimulated when a perturbation is added in the symmet-
rical plane of a loop resonator. Conventionally, the perturbation
size is relatively small so that the two modes couple with each
other through the perturbation to form one passband. What if the
size of the perturbation increases to an extremely large value?
Fig. 3(a) shows simulated S21 with different perturbation size.
Fig. 3(b) shows the resonance frequencies of even mode and
odd mode against the perturbation size d. The odd mode (here-
inafter low mode) changes within a small range, but the even
mode (hereinafter, high mode) changes rapidly. If the perturba-
tion size is large enough to split the two modes far away from
each other to form two passbands that we need, a second-order
dual-mode dual-band bandpass filter will be achieved via cas-
cading two resonators. This conception is rarely proposed be-
fore.

III. COUPLING PROPERTIES OF DUAL-MODE
DUAL-BAND FILTER

The key point in designing dual-band filters is to meet cou-
pling coefficients of both passbands, especially for dual-mode
filters. A method for controlling coupling strength of the two
pairs of modes completely and independently is proposed in this
paper.

Resonance frequencies of two degenerate modes in a res-
onator have a 90° phase offset, which is the same as their elec-
tronic fields or current distributions. Fig. 4 shows the average
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Fig. 3. (a) Simulated S-parameter with different perturbation size (d = 2.5
mm, d = 7.5 mm, d = 10 mm, and d = 12.5 mm). (b) Resonance frequencies
of odd mode and even mode against perturbation size d.

(a) (b)

Fig.4. Average current distribution of CLSLR with a large enough perturbation
sized = 12.5 mm. (a) Low-mode resonance frequency of 1.735 GHz. (b) High-
mode resonance frequency of 2.28 GHz.

current distribution of CLSLR with an extremely large pertur-
bation size. The average currents of the low mode and the high
mode are distributed along the two vertical diagonals, respec-
tively, especially at the corners. If two resonators are cascaded,
the corners where the currents of the high modes/low modes are
distributed should be close to each other.

Dual-mode resonators are cascaded in many ways because
of the various locations of perturbation and feed line. However,
there is no effective way that can control the coupling strength
of low modes and high modes between two resonators, respec-
tively. The mirror principle will be used to cascade two CLSLRs
in this paper for a dual-mode dual-band filter.

A sketch map of the principle is shown in Fig. 5 to illustrate
how the two resonators are cascaded. Main currents of high
modes in the two resonators are distributed at corner (1) and

Coupling of high modes

low modes

mirror

Fig. 5. Sketch map of the mirror principle. (Solid arrow shows the main elec-
tronic field of high mode. Dashed arrow shows the main electronic field of low
mode.)

corner (2), respectively, and the main currents of the low modes
are distributed at corner (3) and corner (3. Then, the two pairs of
modes can couple through the gap between the two resonators,
respectively. Because of the open space between corner (1)and
corner (3 or corner (2) and corner (9, the two pairs of modes are
able to couple effectively and do not disturb each other. This is
another important feature of the special designed patches that
attached to the outer corners of the square loop.

This principle will be validated by the model shown in
Fig. 6(a). Fig. 6(b) shows the topology of the dual-mode
dual-band filter. In order to decrease the effect of input—output
on the coupling coefficients between the two resonators, a weak
input—output feed is used in this filter. Because the distance
between the two resonators will affects the high-mode and
low-mode coupling coefficients at the same time, g must be
adjusted to a suitable distance and then remains unchanged for
a fixed low-mode coupling coefficient. Then, a transmission
line segment (hereinafter coupled line) is added along corner
(Mand corner (2. It is utilized to control high-mode coupling
coefficient by adjusting L.

Fig. 7 shows the simulation result when g = 0.5 mm. Fig. 7(a)
visually displays the changes of coupling strength when L =
0.5, 2.5, and 5 mm, while Fig. 7(b) depicts how the low-mode
and high-mode coupling coefficients vary with the length of
L. The change of L will not affect the low-mode coupling co-
efficient, but it can affect the high-mode coefficient. It proves
that there is no interaction between the low-mode coupling and
high-mode coupling if the two CLSLRs are cascaded in this
way. Therefore, the coupling strength of the two pairs of modes
can be controlled independently.

Vice versa, adjust ¢ to a suitable distance and keep it un-
changed for a fixed high modes coupling coefficient and add a
coupled line along corner (3) and corner (4) to control low-mode
coupling coefficient by adjusting L. However, the difficulty is
that the location of the coupled line has been taken by the ex-
ternal feed line, but it can be overcome by the CPW feed, which
will be used in the next section.

IV. DESIGN OF DUAL-MODE DUAL-BAND FILTERS

This section will show three design examples of second-
order dual-mode dual-band filters based on the above method.
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Fig. 6. (a) Configuration of two cascaded CLLDRs. (b) Topology of the dual-
mode dual-band filter.
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Fig. 7. (a) Simulated S21 parameter of cascaded CLSLRs with different L
(L = 0.5, 1.5, and 5 mm). (b) Calculated coupling coefficients of high modes
and low modes against L.

A. Direct Coupling Dual-Mode Dual-Band Filter I

Design specifications of the filter are shown in Table I. A
lot of work has been done on filter synthesis in [15]. Coupling
matrix is used in designing filters.

The [N + 2] ideal coupling matrix M of the first passband
and second passband is derived as (3a). The actual coupling
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TABLE I
DESIGN SPECIFICATIONS OF FILTER
Jo/ MHz | BW /MHz | Retumn Loss [FBW
Band 1 1800 40 10 dB 2.22%
Band 11 | 2360 40 10 dB 1.70%
w4
[P
IA Ll
—
|

w3

%
W
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Fig. 8. Configuration of the proposed direct coupling second-order dual-mode
dual-band Filter I. Dimensions of Filter I are a = 15 mm, b = 10.3 mm, ¢ =
25mm,d = 125 mm,e =  mm, g = 0.9 mm, w = 2.7 mm, wl = 0.4 mm,
w2 = 0.l mm, w3 = 8.8 mm, w4 =34 mm (s, = 2.5 h =1 mm).
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Fig. 9. (a) Photograph of the fabricated Filter I. (b) Simulated and measured
results of Filter L.

coefficients and external (. can be computed from matrix M
using equations as (3b).

|' 0 Mgy 0 0 -|
B Mys 0 My 0

My = My [ 0 My O MZLJ
0 0 Mg 0

0 08575 0 0

08575 0  1.0201 0

= (3a)
0 1.0200 0  0.8575
0 0 08575 0
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Fig. 10. (a) Configuration of Filter II. The dimensions are wb = 10.2 mm, w6 = 1.3 mm. Other dimensions are the same as Filter I. (b) Topology of Filter II.
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Fig. 11. (a) Photograph of the fabricated Filter II. (b) Simulated and measured
results of Filter II.

mi; = FDBW . Mij

Q. !

= FBW MZ, G0

Then, the coupling coefficients and .. of the two passbands
are mia = mo1 = 0.0224, (), = 61.30 for passband one, and
mi2 = mo1 = 0.0173, Q. = 80.20 for passband two.

The configuration and dimensions of the proposed second-
order dual-mode dual-band bandpass Filter I are shown in Fig. 8.
The length of g must first be confirmed for the coupling coef-
ficient 0.0224 of the first band and then a coupled line must be
added to adjust the coupling coefficient of the second band. Co-
incidentally, the coupling coefficient of the second passband fits
well without the coupled line. Fig. 9(a) shows the photograph
of the fabricated dual-mode dual-band filter, and the simulated
and measured results are illustrated in Fig. 9(b), which shows

TABLE 11
DESIGN SPECIFICATIONS OF FILTER II1
Jo/MHz | BW /MHz | Retum Loss |FBW
Band1 | 2000 150 15 dB 7.5%
Band I | 2760 150 15 dB  [5.43%

that the design specification is well satisfied. The measured re-
sult of the fabricated filter has a good agreement with the sim-
ulation response. The measured band-to-band isolation is better
than 25 dB at 2.1 GHz.

B. Source-Load Coupling Dual-Mode Dual-Band Filter I1

Direct coupling bandpass filters have a relatively poor out-of-
band rejection without transmission zeros. A source-load cou-
pling dual-mode dual-band filter is designed for a better out-of-
band rejection and band-to-band isolation.

Filter II has the same design specifications as Filter I, and
its configuration and topology are shown in Fig. 10. Fig. 11(a)
shows the photograph of the fabricated Filter II, and the sim-
ulated and measured results are illustrated in Fig. 11(b). Two
transmission zeros are brought in between the first and second
band at 1.98 and 2.15 GHz, and one is brought in at 1.7 GHz in
the simulation. The measured transmission zeros are at 1.7, 2.05,
and 2.15 GHz. The measured band-to-band isolation is better
than 50 dB at 2.1 GHz.

C. CPW-Feed Dual-Mode Dual-Band Filter III

Filters that are fed by gap-coupling like Filter I and Filter II
have a weak coupling strength or high external quality factor
(Q.) within a limited range usually no lower about 50 [1]. How-
ever, the CPW-feed can effectively decrease the value of Q). and
increase the design freedom.

Design specifications of the CPW-feed filter are shown in
Table II. The ideal coupling matrix of the first passband and
second passband is derived as follows:

0 1.0371 0 0
1.0371 0 1.286 0

My =M, = 0 1.286 0 1o3r1 |- @
0 0 1.0371 0

The coupling coefficients and (). of the two passbands can be
derived from (3b): m12 = maoy = 0.0965, Q). = 12 for pass-
band one, and mi1y = mo; = 0.0699,0Q. = 17 for passband
two.
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Fig. 12. Configuration of the CPW-feed structure. (a) Top view (b) Bottom
view. The dimensions are I; = 2.4 mm,{, = 12.5mm, L = 1.2 mm,[; = 4.8
mm, /s = 3 mm, [ = 0.5 mm, ¢ = 1.5 mm. Other dimensions of CLSLR are
the same as Filter 1.
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Fig. 13. () factors of the two passbands against the length of /4.

The external quality factors in this dual-band filter are 12 and
17. Since the gap-coupling feed cannot satisfy them, the CPW-
feed structure will be used. It is important to control both the
external quality factors of the two passbands. Filters in the form
of nested resonators have been proposed before [2], [3], and
both external quality factors can be controlled by CPW-feed.

However, no solutions have been given in the case of a single
resonator. A method is proposed in this paper to control both
external quality factors in the case of a single resonator.

The CPW-feed structure is shown in Fig. 12. There are two
branches in the end of the feed line. It has been analyzed in
Section III that the main currents of the high mode and low mode
are distributed in different corners, so the area of the left branch
and right branch has a different effect on the external quality
factors of the two passbands. In order to show how the two
branches affect the external quality factors, the area of the right
branch is fixed, and the area of the left branch will be changed.
To be simple, Fig. 13 just shows the external quality factors
against the width of /4, while /3 keeps constant and equals to
ls = 3.5 mm. It is obvious that the external quality factor of
the second passband changes quickly with different /., while
the external quality factor of the first passband almost keeps un-
changed. If /3 and [, are adjusted simultaneously, a wider range
of () will be achieved. Therefore, if the area of the two branches
is proper, the needed external quality factors of the two pass-
bands will be obtained.

(a) (b)

Fig. 14. Configuration of the CPW-feed dual-mode dual-band Filter III. (a)
Top view (b) Bottom view. The dimensions are ¢ = 1.5 mm, {; = 2.4 mm,
I3 = 125 mm,!l3 = 5.3 mm,/; = 1.5 mm,!; = 3.8 mm, /s = 3 mm,
l7 = 0.5 mm, L = 1.2 mm. Other dimensions of CLSLR are the same as Filter

(b)

Fig. 15. Photographs of the fabricated CPW-feed dual-mode dual-band Filter
III. (a) Top view. (b) Bottom view.
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Fig. 16. Simulated and measured results of Filter III.

TABLE I
COMPARISON OF THE THREE FILTERS
Band I Band 11 .
[ /GHz |FBw |7,/GH: |[FBw | ot
Filter I 1.8 222%| 2.36 |1.70%| 25dB
Filter IT 1.8 2.22%| 2.36 |1.70%| S0dB
Filter L1 2 7.5%]| 276 [|5.43%] 20dB

The configuration of the CPW-feed dual-mode dual-band
Filter III is shown in Fig. 14. The photographs of the fabricated
filter are shown Fig. 15, and the simulated and measured results
are illustrated in Fig. 16, which shows that the design specifica-
tion is well satisfied. The measured result of the fabricated filter
has a good agreement with the simulation response. The mea-
sured band-to-band isolation is better than 20 dB at 2.4 GHz.
The comparison of the three filters is presented in Table III.

V. CONCLUSION

In this paper, a novel dual-mode resonator is proposed, and
a new approach has been presented to design dual-mode dual-
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band filters via cascading two resonators. The coupling coef-
ficients and external quality factors in both bands can be con-
trolled independently. Three dual-mode dual-band filters are de-
sign for validating the analysis. The source-load coupling filter
has a better out-of-band rejection and band-to-band isolation
compared with the direct coupling filter. The CPW-feed filter
has a wider band and a greater design freedom. Better perfor-
mances may be realized by multi-order filters. The measured
results agree well with the simulation.
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