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Microstrip Realization of Generalized Chebyshev
Filters With Box-Like Coupling Schemes

Ching-Ku Liao, Pei-Ling Chi, and Chi-Yang Chang, Member, IEEE

Abstract—This paper presents generalized Chebyshev mi-
crostrip filters with box-like coupling schemes. The box-like
coupling schemes taken in this paper include a doublet, extended
doublet, and fourth-order box section. The box-like portion of
the coupling schemes is implemented by an E-shaped resonator.
Synthesis and realization procedures are described in detail.
The example filters show an excellent match to the theoretical
responses.

Index Terms—Bandpass filters, design, elliptic filters, resonator
filters, transmission zero.

1. INTRODUCTION

HE microstrip filters with a generalized Chebyshev
Tresponse attract considerable attention due to its light
weight, easy fabrication, and ability to generate finite transmis-
sion zeros for sharp skirts. In the literature, most of them are
based on cross-coupled schemes such as a cascade trisection
and cascade quadruplet. Some representative examples of
cross-coupled microstrip filters are available in [1].

Recently, with the progress of the synthesis technique, new
coupling schemes such as the “doublet,” “extended doublet,”
and “box section” are introduced [2]-[4]. As shown in Fig. 1,
these coupling schemes have a box-like center portion so we
refer to them in this paper as box-like coupling schemes. These
coupling schemes impact the filter design since they not only
provide new design possibilities, but also exhibit some unique
and attractive properties. They differ from the conventional cas-
cade trisection and cascade quadruplet mainly on two aspects.
First, there are two main paths for the signal from source to
load, while there is only one main path in the case of cascade
trisection and cascade quadruplet. Second, the configuration of
the doublet and box section exhibit the zero-shifting property,
which makes it possible to shift the transmission zero from one
side of the passband to the other side simply by changing the res-
onant frequencies of the resonator while keeping other coupling
coefficients unchanged. The zero-shifting property implies that
the similar physical layout can implement a filter with a trans-
mission zero at the lower stopband or at the upper stopband,
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Fig. 1. Basic box-like coupling schemes for generalized Chebyshev-response
filters discussed in this paper. (a) Doublet. (b) Extended doublet. (c) Box section.
(The gray area is realized by the proposed E-shaped resonator.)

which is not feasible on the conventional trisection configura-
tion. Besides, the third-order extended-doublet configuration, as
shown in Fig. 1(b), exhibits one pair of finite transmission zeros
as that of a cross-coupled quadruplet filter [5]. Pairs of finite
transmission zeros can be used to improve the selectivity of the
filter or flatten the in-band group delay. However, to the authors’
knowledge, only a few studies in the literature are focused on
realization of the coupling schemes shown in Fig. 1 with a mi-
crostrip line [6], [7].

An important property of the schemes in Fig. 1 is that one of
the coupling coefficients on the two main paths must be neg-
ative while others are positive. The simplest way to obtain the
required negative sign is to use higher order resonance [3], [7].
Unfortunately, higher order resonance leads to a spurious res-
onance in the lower stopband. Instead of using higher order
resonance, loop resonators are arranged carefully to satisfy the
required sign of coupling coefficients for the box-section con-
figuration [5]. However, a similar method cannot apply to the
doublet or extended doublet. To overcome these difficulties, an
E-shaped resonator, as shown in Fig. 2(a), is proposed in this
paper to implement the required coupling signs.

The E-shaped resonator can achieve the required magnitude
and sign of the coupling schemes shown in Fig. 1. As shown
in Fig. 2(a), the E-shaped resonator comprises a hairpin res-
onator and an open stub on its center plane. This symmetric
structure can support two modes, i.e., an even mode and odd
mode. Thus, the source and load are coupled to both modes
of the E-shaped resonator. That is, even though only one phys-
ical path exists between source and load, there are two electrical
paths between them. Consequently, the layout in Fig. 2(a) can be
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Fig. 2. Doublet filter. (a) Proposed layout (gray area indicate the E-shaped res-
onator). (b) Corresponding coupling scheme.

modeled by the coupling scheme, a doublet, shown in Fig. 2(b).
The doublet filter illustrates how a E-shaped resonator directly
couples to external feeding network. Furthermore, based on the
proposed E-shaped resonator, filters with an extended-doublet
and a box-section configuration can be realized as well. The
E-shaped resonator can use either its even mode or odd mode to
couple an extra resonator. Thus, the extended-doublet configu-
ration in Fig. 1(b) is achievable. Besides, the E-shaped resonator
can couple to external resonators with two of its modes simul-
taneously and forms the box-section configuration in Fig. 1(c).
The feasibility of realization of the basic coupling schemes in
Fig. 1 with the proposed E-shaped resonator makes it possible
to realize a class of coupled microstrip filters in a unified ap-
proach.

II. CIRCUIT MODELING

A. Filters in the Doublet Configuration

The E-shaped resonator filter in Fig. 2(a) was originally re-
ported in [8]. In [8], the E-shaped resonator was not modeled
as a two-mode resonator. Instead, the circuit was modeled as
two quarter-wavelength resonators with a tapped open stub in
the center plane. The open stub is considered as a K-inverter
between two quarter-wavelength resonators to control the cou-
pling strength, and as a quarter-wave open stub to generate a
transmission zero at the desired frequency. However, the filter
cannot be designed with a prescribed quasi-elliptic response
since there is no suitable prototype corresponding to the circuit
model in [8].

In this paper, a doublet, as shown in Fig. 2(b), is used to
model the circuit in Fig. 2(a). In Fig. 2(b), resonator 1 rep-
resents the odd-mode resonance, where the center plane of
the E-shaped resonator is an electric wall (E-plane). On the
other hand, resonator 2 represents even-mode resonance, where
the center plane of the E-shaped resonator is a magnetic wall
(H-plane). With the notation shown in Fig. 2(b), the corre-
sponding coupling matrix M can be written down as [3]

0 Msg Msy O
MSI M11 0 MlL
M = . 1
Msy 0 M Moy b
0 My, Msg, 0

There are some interesting properties of the doublet filter
in Fig. 2(a). First, since the E-shaped resonator exhibits sym-
metry, the relationship Mg; = —Miy and Mgy = Msp
holds. Second, |Mgs1| > |Ms»| is always true for this structure
since the coupling strength between the odd mode and external
feeding network is always larger than that of the even mode.

To get more insight of how to control a transmission zero
of a doublet filter in this configuration, an explicit expression
relating the coupling elements and the transmission zero €2 is
provided in a low-pass prototype as follows:

My M3, — My MZ,)

|
(Mg‘l - Mgz)

@)

Note that the mapping between normalized frequency w’ and
actual frequency f isw’ = (f/fo — fo — fo/F)AS/fo, where
fo and Af are center frequency and bandwidth of a filter, re-
spectively.

Based on the (2), observations are summarized as follows.

1) The transmission zero is always located at finite frequency
since Mg # Mgo. In other words, the structure exhibits
finite transmission zero inherently.

2) The transmission zero can be moved from the upper stop-
band to lower stopband, or vice versa, by changing the sign
of My1 and Mss simultaneously. This property makes it
possible to generate upper stopband or lower stopband fi-
nite transmission zero with similar structure.

3) If My; > 0and May < 0, Q2 would be greater than zero. In
a more explicit expression, M1; and Mso can be related to
the resonant frequencies of odd mode f,qq and even mode
feven» respectively by the following equations:

fodd = fo <1 - %) 3)
feven :fO <1 - MZ#XOAJC) (4)

where fo and A f are the center frequency and bandwidth
of a filter, respectively; i.e., if foaa < fo and feven > fo,
the transmission zero would be on the upper stopband.

4) If M11 < 0 and Msy > 0, Q would be smaller than zero;
ie, if foaa > fo and feven > fo, the transmission zero
would be on the lower stopband.

To get the related electrical parameters indicated in Fig. 2(a),
one can take the following procedures. First, synthesize a cou-
pling matrix M corresponding to the prescribed response by
methods provided in [7]. Then consider parameters concerning
the odd mode only by removing the open stub on the center
plane. Once the open stub is removed, the circuit becomes a
first-order hairpin filter. The first-order hairpin filter can be syn-
thesized by the conventional method [8] with the center fre-
quency set to be the resonant frequency of odd mode, which
can be expressed as foaqa = fo(1 — M11 X Af/2fy). At this
step, one can specify the values of ¥¢, 71, and ¥; and obtain
the values of Z,,. and Z,, by an analytical method [8]. Second,
put the open stub back. The two parameters of the open stub,
i.e., Zy and 92, can be adjusted to achieve the desired reso-
nant frequency and the needed external coupling strength of the
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Fig. 3. Responses generated from the coupling matrix and from electrical net-
work shown in Fig. 2(a) with synthesis parameters.

even mode. Here, the resonant frequency of the even mode is
fovon = fO(l — Moo x Af/2f0)

To illustrate the procedure, an example is taken of a second-
order generalized Chebyshev filter with a passband return loss of
20 dB and a single transmission zero at a normalized frequency
Q = 3. The corresponding coupling coefficients are Mg, =
1.1110, Mge = 0.6170, M1; = 1.4545, and M2y = —1.6260.
For filter with center frequency fo = 2.4 GHz and fractional
bandwidth FBW = 0.05, the ideal response is depicted in Fig. 3
as solid lines. After getting the coupling matrix, ¢ could first
be specified. Here, we set Y¢c = 60°, Z; = 50 2, and ¥, =
60° and obtain Z,. = 75.2552 2 and Z,, = 38.1022 2 for
a uniform impedance resonator with characteristic impedance
Z. = 50 at frequency foqq = 2.3127 GHz. Next, put the open
stub back and adjust the values of Z5 and ¥, by the optimization
method to let the response of the circuit match with the ideal
response calculated from the M matrix. The optimized values of
Z5 and 1, are 62 (2 and 86.8°, respectively, at frequency feven =
2.4976 GHz. According to the obtained electrical parameters
in Fig. 2(a), the corresponding response is shown in Fig. 3 as
circled lines. The frequency response contributed only by the
odd mode is also depicted in Fig. 3 as dashed lines to let us
understand the procedures clearer.

B. Extended-Doublet Filters

Based on the doublet filters developed in Section II-A, the
emphasis here is put on how to extend the design to extended-
doublet filters [4]. There are two possible arrangements suitable
to form extended-doublet filters. One possible arrangement is
indicated in Fig. 4, where the extended doublet filter consists of
a doublet filter plus a grown resonator. The grown resonator is
a half-wavelength resonator with both ends open. In this case,
the grown resonator would mainly couple to the odd mode of
the E-shaped resonator. For the even mode of the E-shaped res-
onator, it acts as a nonresonant element, which slightly perturbs
the resonant frequency of the even mode. Another possible de-
sign is shown in Fig. 5 where both ends of the grown resonator
are shorted to ground. In this case, the grown resonator mainly
couples to the even mode of the E-shaped resonator and acts as a
nonresonant element to the odd mode of the E-shaped resonator.

+ 4
. . 0 Even mode
\‘\S ) L)

T‘ " @ 0dd mode

Fig. 4. Layout of extended-doublet filter and its corresponding coupling
scheme. The design is for flat group-delay response.

Odd Mode

Even Mode

Fig. 5. Layout of extended-doublet filter and corresponding coupling scheme.
The design is for skirt selectivity response.

To clarify the coupling relationship between each resonator, the
coupling routes are accompanied with layouts in Figs. 4 and 5.

The extended-doublet filter has a pair of finite transmission
zeros [4]. For the design in Fig. 4, the pair of transmission zeros
is on the imaginary-frequency axis. On the other hand, to gen-
erate a pair of real-frequency transmission zeros, the design in
Fig. 5 must be adopted. The difference between the two de-
signs can be understood from the governing equation of finite
transmission zeros. Since the proposed extended doublet filters
are symmetric structures, the relations |Mgi| = |M;ir| and
|Mga| = |Msyp| always hold. Thus, the governing equation of
finite transmission zero can be expressed as

Q2 _ M g’ lM 223 ) (5)

Mg, — M3,

As discussed in the design of the doublet, the coupling co-
efficient of source to odd mode is stronger than that of source
to even mode. Thus, for the design in Fig. 4, |[Mg2| > |Ms1],
which leads to 22 < 0. On the contrary, for the design in Fig. 5,
|Mss| < |Ms1|, which results in 22 > 0. In conclusion, the
design in Fig. 4 can be used to generate delay-flattening trans-
mission zeros, while the design in Fig. 5 can be used to generate
a pair of attenuation poles.

To illustrate the procedure of design, a generalized Cheby-
shev filter with passband return loss of 20 dB and a pair of trans-
mission zeros at {2 = £2 is taken as an example. The design of
an extended doublet starts from the synthesis of the coupling
matrix, which can be done using the technique in [9]. The syn-
thesized coupling matrix is shown in Fig. 6(a). Using the infor-
mation of Mg, and Mgo, one can construct the doublet by the
method provided in Section II-A. Excluding M3 and M3, in
the coupling matrix, one can calculate the response contributed
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Fig. 6. Extended-doublet filter with in-band return loss RL = 20 dB, normal-
ized transmission zeros at {2 = 2. (a) Its coupling matrix. (b) Responses of
extended doublet filter and responses contributed by doublet only.

from the doublet only. For instance, if the center frequency and
fractional bandwidth of the designed filter are 2.4 GHz and 5%,
respectively, the responses of the doublet are shown as dotted
lines in Fig. 6(b). After getting the initial design of the doublet,
add the grown resonator. Since Q2 > 0 in this case, the layout
in Fig. 5 must be adopted. Ideally, the response of the extended
doublet would be the solid lines shown in Fig. 6. The physical
implementation of this design will be presented in Section III to
confirm the validity.

C. Box-Section Filters

The fourth-order filter in the “box-section” configuration was
first proposed in [2] and realized by coaxial resonators. With the
zero-shifting property, it is possible to use the similar filter struc-
ture to realize the finite transmission zero either on the upper or
lower stopband. The box-section filter is suitable for the com-
plementary filters of a transmit/receive duplexer [7] since it has
an asymmetric response with high selectivity on one side of the
passband. The microstrip box-section filter was first reported in
[6] with open square loop resonators. Since the box-section cou-
pling diagram is symmetric where Mgy = My, M1 = — Moy,
Mys = Msy, and My, = My, should be held in the coupling
route shown in Fig. 7(a). Therefore, it is preferable to layout
the filter symmetrically because a symmetrical-layout filter can
inherently obtain symmetrical coupling coefficients. The asym-
metrical layout causes the filters in [6] to be difficult to keep the
coupling coefficients symmetric. Another microstrip box-sec-
tion filter was proposed in [7]. Although the layout of the filters
in [7] is symmetric, it suffers from a spurious response in the
filter’s lower stopband due to one of the filter’s resonators being
a higher order mode resonator. In this paper, the layout depicted
in Fig. 7(b) solves the problems mentioned. The E-shaped res-
onator is symmetric and is free from lower stopband spurious

» 0 ° Resonator

.
(L) o 0dd Mode

6 Even Mode

The dual mode
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Fig. 7. Box-section filter. (a) Filter’s coupling scheme. (b) Proposed layout.

resonances. Due to the symmetry, only half of the electrical pa-
rameters are shown in Fig. 7(b). As explained in the doublet
filter, the circuit layout in Fig. 7(b) satisfies the required sign of
couplings.

To illustrate how to obtain the corresponding electrical pa-
rameters in Fig. 7(b) from a prescribed response, examples are
taken as follows. The first example is a fourth-order general-
ized Chebyshev filter with a passband return loss of 20 dB,
and a single transmission zero at {2 = —2.57, which gives a
lobe level of —48 dB on the lower side of the passband. The
corresponding coupling matrix M is shown in Fig. 8(a). After
the low-pass-to-bandpass transformation, the ideal bandpass re-
sponse of this filter with a center frequency of 2.4 GHz and frac-
tional bandwidth of 5% is shown in Fig. 8(b).

The design procedures are described as follows. First, remove
the open stub in the E-shaped resonator in Fig. 7(b), which is
equivalent to discarding the even mode [resonator 3 in Fig. 7(a)]
of the E-shaped resonator. After removing the open stub, the
circuit becomes a third-order hairpin-like filter. The coupling
matrix M of this hairpin-like filter is identical to the coupling
matrix M in Fig. 8(a), except M3s; and M;3 are zero. The ideal
response of this hairpin-like filter can be calculated from the
M, matrix, as denoted by circled lines in Fig. 8(b). To get the
electrical parameters associated with the asynchronously tuned
third-order hairpin-like filter, a synchronous tuned third-order
hairpin filter provides the initial design and is synthesized first.
The synchronous tuned hairpin filter has the coupling matrix
M, which is identical to My, except M;; = 0. When synthe-
sizing the synchronously tuned hairpin filter, we set 91 = 90°,
PYco = 60°, Z1 = 50 Q, and Zy = 50 Q at f = fy, and the
characteristic impedance of each resonator to 50 (2. With these
settings, the electrical parameters of the synchronously tuned
hairpin filter are calculated and shown in Table I(a), which pro-
vides the initial values for the asynchronous-tuned hairpin-like
filter. An optimization routine is then involved. The goal of the
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Fig. 8. Fourth-order box-section filter. (a) Its coupling matrix. (b) Responses of
the box-section filter and ideal responses of the asynchronous tuned third-order
hairpin-like filter calculated by M matrix.

TABLE I
ELECTRICAL PARAMETERS CORRESPONDING TO BOX-SECTION FILTERS SHOWN
IN FIG. 7(b). HERE, ¥ ¢; = 90°, ¥cp = 60°, Z; = 50 Q, AND Z, = 50 Q.
ALL OF THE ELECTRICAL LENGTHS CORRESPOND TO THE CENTER FREQUENCY
OF THE FILTER. DESIGN 1: IN-BAND RETURN Loss RL = 20 dB, 2 = —2.57,
AND FBW = 5% DESIGN 2: IN-BAND RETURN Loss RL. = 20 dB,
Q = 2.57, AND FBW = 5%

Initial values | Design #1 | Design #2
Z,,, (ohm) 68.6941 68.6967 68.6169
Z ,,, (ohm) 39.7079 39.7204 39.7758
Z,,, (ohm) 53.5286 54.2217 52.5632
Z,,, (ohm) 46.9091 47.5517 46.0413
191 (degrees) 30 30.2141 29.7113
192 (degrees) 60 58.1787 61.635
Z, (ohm) NaN 19.1823 20.2808
¥, (degrees) NaN 95.9949 84.3721

optimization routine is to find a set of electrical parameters,
which can make the response match with the response of the
ideal asynchronously tuned hairpin-like filter calculated from
the M, matrix. The optimized parameters are shown in Table I
for comparison. Note that the optimized values of associated
parameters are nearly identical to the initial values; therefore,
the optimization routine can converge within a few times. Fi-
nally, put the open stub back and optimize the parameters Zs
and 93 to make the response match with the response of the de-
sired box-section filter’s response, as denoted by solid lines in
Fig. 8(b). The optimized values of Z3 and 5 are given in Table I
as well.

Instead of a low-pass prototype filter with a transmission zero
at ) = —2.57 in the first example, the second example locates
the transmission zero at a normalized frequency 2} = 2.57

0
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Fig. 9. Responses of the box-section filters. (a) Responses obtained by elec-
trical parameters of design #1 in Table I and its coupling matrix, respectively.
(b) Responses obtained by electrical parameters of design #2 in Table I and its
coupling matrix, respectively.

and keeps all other parameters unchanged. According to the
synthesis procedures in [2], the inter-resonator couplings are
unchanged, but self-couplings [principal diagonal matrix ele-
ments, My1, Mas, . .., etc., of the coupling matrix in Fig. 8(a)]
must change sign. Following the same procedures in the pre-
vious design, one can get the electrical parameters given in
Table 1. In Table I, the column of design #1 corresponds to a
low-pass prototype filter transmission zero at {2 = —2.57 and
the column of design #2 corresponds to a low-pass prototype
filter transmission zero at 2 = —2.57. The responses obtained
from the electrical parameters are listed in Table I and responses
calculated from the M matrix in Fig. 8(a) are both plotted in
Fig. 9 for comparison.

III. DESIGN EXAMPLES AND EXPERIMENTAL RESULTS

The extended-doublet filter discussed in Section II-B with its
ideal response. shown in Fig. 6, and the design #1 of box-section
filter discussed in Section II-C with its ideal response, shown
in Fig. 9(a), are fabricated to verify the designs. Although all
of the electrical parameters obtained in Section II can be trans-
formed to physical parameters, it does not include the junction
effect. Therefore, a commercial electromagnetic (EM) simulator
Sonnet [11] is adopted to take all the EM effects into consider-
ation. To efficiently tune the physical dimensions of the filter
to achieve the prescribed response, the diagnosis and tuning
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Fig. 10. Fabricated extended-doublet filter. (a) Layout (unit: mils). (b) Simu-
lated and measured response.

methods proposed in [12] are taken. Fig. 10 shows the phys-
ical dimensions and the corresponding responses for the ex-
tended-doublet filter where an RO6010 substrate with a dielec-
tric constant of 10.8 and thickness of 50 mil is used. Fig. 11
depicts the physical dimensions and corresponding responses
for the box-section filter where an RO4003 substrate with a di-
electric constant of 3.63 and a thickness of 20 mil is used. The
measured in-band insertion loss of the filters in Figs. 10 and 11
are 1.4 and 2.7 dB, respectively. In Fig. 10(b), the experimental
results show a larger passband than the simulated ones. The de-
viation mainly results from the fabrication error. In Fig. 11(b),
the measured response is shifted about 30 MHz. Further inves-
tigation showed that the dielectric constant of the substrate is
closer to 3.4 rather than 3.63. The wideband measurement re-
sults of the fabricated box-section filter are shown in Fig. 11(c).

IV. DISCUSSION

In Section II, we have discussed how to get the electrical pa-
rameters of a filter network in a doublet, an extended-doublet,
and a box-section configuration from the corresponding cou-
pling matrices. With the understanding of the correspondence
between the coupling matrix and physical structure, the layout
is not limited to those provided in this paper. A filter can be
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Fig. 11. Fabricated box-section filter. (a) Layout (unit: mil). (b) Simulated and
measured response. (¢) Measured wideband response.

Fig. 12. Possible filter layout that can be modeled as a doublet configuration.

modeled by the box-like coupling scheme, as long as it contains
a two-mode resonator that is physically symmetric and supports
two resonant modes. For instance, the filters in Fig. 12 can also
be modeled as a doublet filter since it is symmetric and has two
resonant modes. However, for the filter in Fig. 12, it is not easy
to get the initial physical dimensions. On the contrary, the ini-
tial dimensions of the layouts proposed in this paper can easily
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be obtained. Besides, using the E-shaped resonator and the de-
sign procedures provided in this paper, all electrical parame-
ters of a filter with box-like coupling schemes can be easily
obtained. These parameters can be applied to filters with the
same low-pass prototype and fractional bandwidth, but a dif-
ferent center frequency and a different substrate. Having clear
initial dimensions of a filter can save quite a lot of time in the
design when comparing to the conventional design procedures
of cross-coupled filters, e.g., the filters in [5]. In the design of
a conventional cross-coupled filter, once the substrate, shape of
the resonator, or center frequency of a filter is changed, one must
redo the design from the very beginning of the procedures.

The sensitivity analysis of the box-like coupling routes can be
performed by the method proposed in [13]. The most sensitive
part of the proposed structures is the coupling section between
the E-shaped resonator and the source/load or other resonators
because the coupling section controls the coupling strengths of
two modes of the E-shaped resonator to an external circuit si-
multaneously.

V. CONCLUSION

The three box-like coupling schemes, namely, the doublet,
extended doublet, and box section, have been illustrated. How
an E-shaped resonator constructs the box-like portion of the
coupling schemes has been explained. The couplings between
an E-shaped resonator, external feeding network, and other
single-mode resonators have also been modeled. The corre-
spondence between an electrical network and coupling matrix
has been established, which make it possible to get the initial
dimensions of a filter from the information of a coupling matrix.
Besides, with the aid of a proper coupling matrix served as a
surrogate model, a systematic way of tuning a filter has been
applied, which saves a lot of time for optimizing the response
of a filter. The proposed filters have provided an effective way
to design a class of filters exhibiting a generalized Chebyshev
response to meet the stringent specification in modern commu-
nication systems.
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