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Abstract

The research topic in this dissertation is-a complete design flow for dual-band and
multi-band filter synthesis, and these synthesized filters are implemented using
microstrip parallel-coupled lines_structures. First of all, a novel fully analytical
multi-band coupling matrix synthesis technique is provided. By simple operations, the
well-known single-band coupling matrix synthesis_technique is then extended for the
multi-band filter design. The proposed technique guarantees the original single-band
equal-ripple property within each passbands following each single-band generalized
Chebyshev characteristic. Furthermore, the requested coupling matrix should be
transferred into the realistic coupling schemes for the practical implementation. In this
dissertation, single-path and dual-path coupling schemes are provided, and the
properties of each coupling scheme will be discussed. Moreover, the design parameters
of the parallel-coupled filter are related with the components of the coupling matrix, the
practical parallel-coupled filter for each path will be synthesized. For the dual-path
topology, the synthesized dual-band filter needs double-diplexing configuration to
connect two filters of two paths. In order to further reduce the size of dual-band filters,

the E-shaped resonator is proposed for its two-mode property and is useful for the
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development of miniaturized dual-band filters. By even- and odd-mode analysis of the
E-shaped resonator, the dual-path coupling scheme is chosen for the dual-band filter
design, and the practical design parameters of the dual-band filter will be extracted
based on the corresponding coupling matrix. And such synthesis procedure is fully
analytical and it provides an efficient design flow for the designer. Similarly, for the
tri-band and quad-band filter design, the tri-path and quad-path coupling schemes are
used for the coupling matrix synthesis. After grouping two adjacent passbands, the
tri-band response will be separated into one dual-band response and one single-band
response; and the quad-band response will be separated into two dual-band responses.
In each grouped dual-band and single-band response, the corresponding E-shaped filter
can be synthesized based on the .cotresponding coupling matrices. Finally, the
double-diplexing configuration. is used to connect two filters and then the tri-band or

quad-band filter synthesis will be completed.
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Chapter 1

Introduction

Microwave filter is an essential component in the wireless communication system. In
single-band filter design, the mechanisms in bandwidth variation, transmission zero
generation and adjustment, and the return loss determination, have been widely discussed
and studied.

As the wireless communication systems grow, the standards of each communication
system have been provided. The requirements of dual-band and multi-band applications
become popular. Connecting two.single-band filters is a simple way to generate the
dual-band characteristic. The main drawback, however;is the huge size of such dual-band
filter. To overcome the problem, SIR filter is proposed for its behavior of adjusting the
resonance of the 2" harmonic;, and the property-is then used to design the dual-band and
tri-band filters. It is very useful for those filters with'two wide-separated passbands. For the
filters with closely-adjacent passbands, a two-mode resonator becomes a good candidate
for its small size. There are many researcher give design curves and analytical analysis for
proposed configuration. In this dissertation, the analytical approach for determining the
design parameters of dual-band filters based on the coupling matrix is proposed. Moreover,
for the two-mode dual-band filter design, we propose a fully analytical synthesis procedure

based on the corresponding coupling matrix.

1.1 Research Motivation

Microwave dual-band and multi-band systems, such as GPS, GSM and WIMAX, are
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very popular and there are many applications in microwave components and systems. For
the aspect of the filter design, many researchers have proposed design procedures and
proper configuration. And many analytical approaches and design curves have been
provided.

In order to capture the filter characteristic precisely based on the filter specifications,
coupling matrix synthesis technique provides useful information in coupling coefficient
determination between resonators. Moreover, the coupling matrix shows its advantage in
hardware implementation. Extending the ability of coupling matrix into dual-band and
multi-band applications, there are no analytical synthesis methods.

To relate the design parameters for the dual-band and multi-band filter design with the
corresponding coupling coefficients, the coupling matrix should be established firstly.
Hence the first step in this dissertation is to develop the dual-band and multi-band coupling
matrix synthesis technique.. Once the corresponding. coupling coefficients between
resonators are determined, the next stepis to find the relationship to extract the design
parameters analytically.

In this dissertation, the application is based on the microstrip implementation. The
relationship between coupling coefficients and design parameters, hence, are based on
parallel-coupled line configuration. In this step, the parameters of the parallel-coupled line
configuration can be extracted analytically.

For the aspect of the application, the dual-band and multi-band filters with closely
adjacent passbands are used. For the communication standards, the closely adjacent
passbands are necessary. For example, the receiver for GPS has to decode the signal at two
frequencies, and they are L1 (1575.42 MHz) and L2 (1227.60 MHz). Here a dual-band
filter is necessary in such kind of receiver to filter the signal within two closely adjacent
passbands.

In this dissertation, the whole design flow is developed. The dual-band and



multi-band coupling matrix synthesis technique has been developed. Moreover the filter
with parallel-coupled line has been synthesized. The two-mode E-shaped resonator then is
analyzed and provided for the size reduction. Finally, tri-band and quad-band filter are

realized by the proposed semi-analytical design procedure.

1.2 Literature Survey

For the recent developments in dual-band filter design, there are three major
techniques. The first one is to connect two individual filters with common input/output
feeding networks. However, this technique will face the large size and large insertion loss
due to the usage of the large number of resonators. Moreover, directly connection of two
single-band filter will degrade the filter response and rough tuning is required. The second
technology is to cascade a wideband filter with-a bandstop filter. Such kind of dual-band
filters has very narrow separation between two adjacent passbands, and it also occupies
large area of the wireless communication system. The- third technology is to use the
multi-mode resonators to design'the dual-band filters. Due to the multi-mode property, the
small size and low insertion loss can'be achieved. Stepped-impedance resonator (SIR),
stub-loaded resonator, and those resonators with degenerate modes belong to the third
category. For this category, the drawbacks of the dual-band filters composites with the
dual-mode resonators are individually controlling of each passband and introducing finite
transmission zeros. To overcome these problems, many researcher keeps in studying and
providing novel schematics. Here a brief survey of recent three years (2009-2011) is
introduced.

To obtain both dual-band characteristic and the size reduction, many novel dual-band
schematics are proposed. Dual-mode ring resonators [1]-[2], stub-loaded resonators [3]-[9],
SIR [10]-[22], signal-interference structures [23]-[25] and composite right\left handed

(CRLH) resonators [26]-[29] are used to develop the dual-band filter based on their



intrinsic dual-band characteristics. Within these designs, to separately control each
passband, stub-loaded can used to change response of one passband and keep the response
within another passband unchanged [3]-[9]. To obtain the miniaturized dual-band filters,
SIR is the suitable candidate in those dual-mode resonators. But the intrinsic SIR has the
limitation in controllability in each passband and lacks an efficient way to introducing the
finite transmission zeros. In [10]-[13], [18], [22], they provide efficient way to control the
passband separately. To introduce the finite transmission zeros, source-load coupling is
used in [10], [16], [18]. Moreover, for the wide-bandwidth application, the modifications
have been developed in [17], [19]. And the further size reduction techniques have been be
extended in [16], [17]. The techniques in [23]-[25] provide the transversal topology to
create the dual-band characteristic. And the closed form is provided in [24]. CRLH in
[26]-[29] are provide to those applications which  require both the highly suppressed
response of higher harmonic and the miniaturize size:

Besides, many novel configuration for dual-band filters are proposed [30]-[51]. In
these designs, quarter-wavelength resonators [31], [39])are proposed for size reduction. and
some analytical analysis [42], [49], [50] are applied to some interesting configurations.
Resonators with slot are used to separate two degenerate modes [30], [37], and high Q
resonators are considered for the low insertion loss in filter designs [36], [46]. For some
specific responses, the suitable coupling schemes are considered [31], [35], [40], [41], [43],
[44], [45], [51].

Some dual-band filters need specific purpose, such as controllable dual-band
characteristic [29], [52]-[58], balun filter [59], balanced filter [60]-[65], ultra-wideband
(UWB) application [7], [66]-[68], and low insertion loss (i.e., high Q) applications
[69]-[72]. Pin diodes [52], [53] or varactor-diode capacitors [54], [57], [58] are used to
control if the filter operates at single-band or dual-band operation. Moreover, the bias

voltage can be used to achieve the wide stopband [57]. For balanced filter, the common
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mode suppression is a major problem and is eliminated using the proposed techniques in
[62]-[65]. To cover a wide-passband bandwidth, the techniques in [7], [66]-[68] have
provided some solutions. For the low insertion loss applications, substrate integrated
waveguide (SIW) resonator has a high quality factor [69]-[72]. To design such kind of
dual-band filter efficiently, the analytical synthesis is provide [71] and the corresponding
coupling matrix is used in helping the design [72].

In order to further reduce the circuit size, the multi-layer structure using
low-temperature co-fired ceramic substrate (LTCC) [7], [29],[66], [72]-[76] and single ring
structure are proposed [77]-[81].

To relate the requested dual-band characteristic to the real-world design, coupling
matrix has the advantage in the hardware implementation. The real-world designs based on
corresponding coupling matrix are more easily to be developed under the specific coupling
configuration [82]-[89]. Moreover, due to the exact synthesis for the transversal coupling
matrix based on the specifications, thetransversal topology has been studied in the
real-world dual-band filter design [87], [89].

After the brief review, the most efficient way to design the dual-band filter is to obtain
the corresponding coupling matrix first, and then relate the coupling coefficient with the
practical design parameters under the required coupling scheme. Hence the efficient
dual-band coupling matrix synthesis is required. Recent developments in coupling matrix
synthesis for single-band filter design are very attractive. Analytical methods for the
single-band filter synthesis [90]-[93] are proposed to generate a transversal coupling
matrix. For other specific coupling schemes, the coupling matrices are obtained using
matrix rotation or optimization [94], [95]. To design dual-band or multi-band filters, many
methods were proposed. Frequency transformation [96]-[98] was proposed to generate the
response function analytically for dual-band filters. It was developed with governing

equations of single-band filters. It was unrealizable, however, for multi-band filters.



Another method was based on parallel-coupled line model [99]; this was used to generate
the dual-band performances. This method was limited for dual-band filters, though, and
could not be used for multiband filters.

To obtain the multi-band performance, an equivalent lumped-element network
[100]-[102] was introduced. This network simplified the design procedure for dual-band or
multi-band filters via the iterative procedure. The problems, however, such as the need for
optimization for roots finding [100], [102] or inability to achieve equal-ripple [101], [102],
occurred while applying those equivalent networks.

In filter design, the coupling matrix technique is well-known with the advantage of
the hardware implementation. To take advantage of coupling matrices for dual-band or
multi-band filters, optimization methods [103]; [104] were proposed to generate the
coupling matrix numerically, via proper cost functions. Fully analytical coupling matrix
synthesis for dual-band or multi-band filters, however, has not been proposed yet. In this
dissertation, the novel multi-band coupling matrix synthesis will be proposed in Chapter 2.

For the aspect of the dual-band filter design, the corresponding polynomials of the
reflection and transfer functions are firstly modified into the dual-band characteristics, and
the dual-band coupling matrix is then synthesized based on those modified polynomials
[97], [105]. Considering the implementation of the dual-band filter, some coupling
schemes, for examples, cul-de-sac [98], inline topology [97], and extended box topology
[100], are generated via a series of similarity transformations [98], [106]. Some of those
topologies, however, are difficult to be realized in microstrip circuit form. Considering the
dual-band microstrip filter, dual-mode [107] and frequency-separated coupling scheme
[108] are proposed to realize the dual-band characteristics. The phenomenon in placing
transmission zeros related to corresponding coupling topologies, however, is not clear yet
such that the mechanism in transmission zeros generation of the dual-band filter is still

unobservable under proper coupling schemes. In the Chapter 3 of this dissertation, the

6



dual-path coupling scheme will be discussed for its ability in microstrip implementation.

For the purpose of size reduction, the two-mode dual-band filters have been an
attractive solution for dual-band applications. Moreover, two-mode resonators also have
the advantage of intrinsic dual-band characteristic and separated design parameters of each
passband [109]-[121]. To develop a two-mode dual-band resonator, different approaches
are provided. A resonator with perturbations is widely used to excite the two-mode
property of the resonator, and the dual-band filter is designed by carefully combining two
such two-mode resonators. For examples, a waveguide filter [109] and dual-band filters
using ring resonators [110]-[114] are constructed by two resonators operated at two
frequencies. To achieve specifications of each passband, the perturbations are added and
tuned. An alternative two-mode resonator is .the stub-loaded open-loop resonator
[115]-[117]. The stub is used to excite another mode of the resonator. Recently, two-mode
dual-band filters constructed by a single resonator are provided for further size reduction
[77], [118]-[121]. These two-mode dual-band filters have small size, and they have tuning
stubs or patches for tuning performances of eachpassband and transmission zeros.
However, there is still lack of analytical approach in two-mode dual-band filter design yet.

E-shaped resonator is validated in two-mode single-band filter design [122]-[124] and
it is a good candidate in dual-band filter design [125]. The even- and odd-mode analysis of
the E-shaped resonator is proposed in [122] and corresponding coupling scheme is
proposed in [124]. The analytical approach for two-mode dual-band filter synthesis using
E-shaped resonators is proposed in Chapter 4 for the closely adjacent passbands.

For the aspect of tri-band and quad-band filter design, the compact size is still a key
issue in microwave application. Lots of dual-mode resonators have been proposed for
multi-band filter design [126]-[131]. Those filter designs, however, have no analytical
procedure and the designer needs more efforts to obtain the multi-band performance. In

this dissertation, the semi-analytical procedure is proposed in Chapter 5.



1.3 Contribution

In this dissertation, we propose a novel fully analytical method for the synthesis of
multi-band transversal coupling matrix. The response function of the multi-band filter is
generated via the proper combination of single-band filtering functions, which can be
obtained using the technique in [90]. Based on our proposed method, the fully analytical
fractional expressions for two-port scattering parameters are generated. Moreover, under
proper combination the prescribed transmission zeros are available in multi-band filters,
while the different bandwidth of each passband.is also allowed. Once the fractional forms
for the scattering parameters of the dual-band or multi-band filtering function are obtained,
they are converted into the transversal coupling matrix using the method in [92]. Then,
using the technique in [94],-the transversal coupling matrix can be transferred into a
requested coupling scheme.

Considering the practical implementation of the response of each passband, the
dual-path coupling scheme is proposed for its property in illustrating the dual-band
characteristics via the frequency-separated paths. The mechanism of transmission zeros
and the separation between two adjacent passbands can be studied by coupling matrix.

For compact size in dual-band filter design with closely adjacent passbands, the
analytical approach for two-mode dual-band filter synthesis using E-shaped resonators is
proposed. Based on the proposed dual-band coupling matrix synthesis, the odd-mode of the
E-shaped resonator is firstly analyzed to determine the dimensions corresponding to match
the odd-mode filter parameters. Then the central open-stub of the E-shaped resonator can
be used to adjust the slop parameter of the even-mode to satisfy the requirements of the

even-mode filter. In addition, the out-of-phase property of two edges of an E-shaped



resonator is also discussed and used to improve the separation of two adjacent passbands.
By properly arranging the filter layout, the filter order can be increased and the requested
transmission zeros are available.

For the tri-band and quad-band filter design, a semi-analytical procedure is proposed.
Based on the specific coupling matrix, the corresponding design parameters are then
extracted analytically. Moreover, by grouping two adjacent passbands, the tri-band and
quad-band performances are then divided into two groups in each design. In each group,
the filter with dual-band performance can be synthesized analytically using E-shaped
resonator. Finally, to combine these two synthesized filters, double-diplexing configuration
[132] is used with some fine tunes, and then the tri-band and quad-band filter can be
obtained.

In this dissertation, the circuit simulation is completed using ADS [133] and the

full-wave simulator SONNET [134] provides reliable simulations for all proposed filters.

1.4 Organization

This dissertation is organized as follows. Chapter 1 describes the relative researches
and difficulty in the microwave dual-band and multi-band filter design. In Chapter 2, the
proposed analytical coupling matrix synthesis is described in detail. The different order,
different return loss, arbitrary transmission zeros, and multi-band characteristic are
available in this synthesis technique. Moreover, the behavior of generating the intrinsic
isolation between two adjacent passbands is also discussed. The synthesized polynomials
and coupling matrices are listed to give the reader more information in checking the
proposed technique.

Chapter 3 describes the single-path and dual-path topologies for the dual-band filter



design. The frequency-separation property can be observed in the dual-path topology, and
it is useful in frequency planning and filter implementation. Moreover, the mechanism of
introducing transmission zeros is similar to that in the single-band filter design, and it is
also discussed the in dual-band filter design. The dual-band filter with parallel-coupled
lines is then synthesized based on the user-specific coupling matrix in order to extract the
filter in each path. After connecting those two filters using double-diplexing configuration,
the dual-band filter with dual-path configuration is then generated.

In Chapter 4, the analytical synthesis procedure in designing two-mode dual-band
filter is proposed. E-shaped resonator is used to analyze for its even- and odd-mode
properties. The two-mode dual-band filter with E-shaped resonators is then synthesized
analytically based on the user-specific' coupling matrix with dual-path coupling scheme.
The guide line in using the back-to-back E-shaped topology is also provided for the
pre-defined coupling coefficient."Chapter 5 describes the tri-band and quad-band filter
design using the E-shaped résonator proposed in Chapter 4. The tri-path and quad-path
topologies are used to generate the corresponding coupling matrix. To generate the tri-band
and quad-band filter, the two dual-band filters are connected using double-diplexing
configuration.

In Chapter 6, we conclude the dissertation and draw suggestions for future works.
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Chapter 2

Fully-Analytical Multi-band Coupling Matrix Synthesis

2.1 Introduction

In this chapter, the procedure of multi-band coupling matrix synthesis is discussed in
detail. For single-band filter design, the coupling matrix synthesis is proposed in [90], and
it has the advantage in hardware implementation. For the multi-band filter design, the most
popular procedure is the analytical iterative method [102]. The iterative method, however,
may not only have the convergence problem under specific requirement, but also generate
some unwanted performances in multi-band filter design. The phenomenon will also be

discussed latter.

2.2 Analytical Multi-band Filtering Function Synthesis

To develop a novel and fully analytical multi-band coupling matrix synthesis
technique, here a modification is applied to the well-known single-band coupling matrix
synthesis and generalized this procedure into the multi-band filter design. The single-band
coupling matrix synthesis procedure is shown in Figure 2-1 and is described briefly in the
following. For a two-port lossless filter network with N inter-coupled resonators, the

transfer and reflection function can be expressed as a ratio of two N-th degree polynomials

“3E, (@) e
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where Q is the real frequency variable, the related complex frequency variable s = jQ , and
€ 1s a normalization constant related to the prescribed return loss level; all polynomials
have been normalized so that their highest degree coefficients are unity. S;;(€2) and $2(Q)
have a common denominator Ex(Q2), and the transmission zeros of the transfer function are
contained in the polynomial Py(Q2). Using (2-1) and the energy conservation for a lossless

network, S 11(Q)2 + Szl(Q)2 =1, $21(Q) can be represented as

2 1
$a(Q) = 1+£°C (Q) (2-2)
where
B (@)
Cy ()= 2, (0) (2-3)

CM(€2) 1s known as the filtering function of degree N. Here, the proposed filters have the
form of the generalized Chebyshev characteristic.

In the procedure in Figure 2-1, the filtering function Cy(QQ) governs the filter
performance. To extend the single-band performance to multi-band one, the property of

filtering function is described first. The filtering function satisfies the following conditions:

=1, |Q|=1
Cy(Q)5<1, |9 <1 (2-4)
>1, |Q>1

Here a 3" order filtering function is used as an example. Figure 2-2 shows the
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performance of the filtering function with and without a pair of transmission zeros. It can
be noted that the magnitude of the filtering function is less than 1 within the passband. The
magnitude of the filtering function increases, as the normalized frequency moves away
from the passband. Furthermore, if the transmission zeros appear, the magnitude of

filtering function grows dramatically.

INPUT: (1) Filter order(2) Return loss
(3) Prescribed transmission zeros

From the recursive technique - the fractional
forms of S, and S,, are:

S11(Q2) = F(Q)/E(Q), S,,(€2) = P(Q)/(¢ E(€2)),
The filtering function is defined as

Cn(Q) = F(Q)/ P(Q)

Transfer S-parameters into Y-parameters
$11(Q) = F(Q)/E(Q), S,,(2) = P()/(e E(QQ)),

Y11(€2) = m()/n(Q), Y, (2) = P(C)/ n(Q2),

A4

Y-parameters derived from the transversal
coupling matrix are Y,,;M and Y,,M. Let

Yy, :YllM * Yy :Yle

'

OUTPUT
Single-Band Transversal Coupling Matrix

Figure 2-1. The procedure of the single-band coupling matrix synthesis [90].

13



—— Without transmission zeros

--- With transmission zeros

i t n log(| Cy)
" |CN| In
I ..
-t [ 3 1
1\ ' ‘ .\ /-
L] - ’ . - \
i\ 1/
. " 1 1
\ l \ 1 1
.I [Cyl=1 i* ‘\ . ' >
— — > _ 1 '
Q=-1 Q=1 Q Q=-1 \:/ \:/ Q=1
(@) h (b) h

Figure 2-2. The response of the 3" order filtering function. (a) The linear scale. (b) The log

scale.

To combine two filtering functions: into a-composite filtering function and the
resulting composite filtering~function has to satisfy (2-4), the parallel addition of two
filtering functions is applied. The parallel addition of two filtering functions is defined as
the reciprocal of the composite filtering function equals to the sum of the reciprocal of two
filtering functions just like the total resistance of two parallel connected resistors. After the
operation, the filtering function with small value dominants the performance of the
composite filtering function. For the filtering function, it has small values within the
passband, and very large values while |QQ| > 1, which follows the property of Chebyshev
characteristic. Based on above property, while applying parallel addition of two filtering
functions with different central frequencies, the dual-band filtering function can be
obtained. In Figure 2-3, the solid line represents a dual-band filtering function, which
comes from summing up the reciprocal of two 2™ order filtering functions with different
central frequencies. In this figure, it is clear to show that the small value of two filtering

functions will dominate the value of the composite filtering function. Hence the operation
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of summing up the reciprocal of each filtering function is useful in the dual-band filtering

function synthesis.

——— Dual-band filtering function
=+ = Single-band filtering function #1
""" Single-band filtering function #2

log(|Cy )
A

Figure 2-3. The performance of the 4™ order dual-band filtering function.

Based on above description,, the composite filtering function can be obtained as

follows:

1 _ &&Cy (Q)Cy,(Q)
1 1 £Cy (Q)+5,Cy, (Q) (2-3)

where Cy;(QQ) and Cn2(QQ) are single-band filtering functions with shifted central
frequencies. The principal advantage of this technique is that the individual filtering
function Cy;(QQ) and Cn2(€2) can be obtained analytically by the efficient recursive
technique and frequency shift. Hence the polynomial of the composite filtering function

can be derived as
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@) 7o)
&F, (Q)  &F,,(Q)

F(Q)Fn (2)
&P (Q) Fy, (Q) +&P,(Q) F, (Q)
£y (Q)

P (Q)

(2-6)

=&,6,

where Fni(Q), Fn2(Q), Pyi(€2), and Pyx(Q2) are generated by frequency shifting of the

original filtering function through

FNi(Q)ZF];’i (Q_QSl)’
, (2-7)
By (Q):PNi (Q_Qsi)’

where i = 1 and 2, w; is the central frequency for the i-th passband, and F"’y;(€2) and P yi(Q2)
are all generated by recursive technology analytically [93]. In addition, the transmission
zeros can be generated using those Cy;(QQ) and Cy2(Q) corresponding to their central
frequency at each passband via (2-6).

In case of two passband with different bandwidth, these polynomials should be
modified. For the i-th filtering function with frequency shift Qg and the multi-band

lowpass domain bandwidth ¢;, the polynomial can be represented as
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5 (2-8)
PNi(Q): [g'(Q_Qsi)_pi,jJ’

where i = 1 and 2, and Py;(Q2) is the denominator and Fy;(€2) is the numerator of Cyi(€2), pi;
is the jth roots of Py,(Q2) and f;; is the jth roots of Fi(€2), and NP; and NF; are the number
of roots of Py(Q) and Fy/(Q). The multi-band lowpass domain bandwidths 6; and &, in
(2-8) will be explained in the next section.

The case can be extended to multi-band situation that suppose there are m passbands

for a multi-band filter and corresponding filtering function for each passband is Cuy,

Chna, ..., and Cyy, so that the composite filtering function can be obtained as
eCy (Q) = !
: ! + - Fooet !
£Cu(Q)  &,C,,(Q) £,Con (Q)

. . (2-9)
Z[PM (@) [ 1,7y (2)

where Py; is the numerator and Fl; is the denominator of Cy;. Here, each passband has
individual filter order and the number of transmission zeros. By carefully placing the
transmission zeros, the requested frequency response can be obtained under desired
specifications.

To update the numerators F(Q2), Px(Q2), and £ and evaluate the denominator Ex(Q2) of
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S and S»; in (2-1), the following equation is used:

(2-10)

where FyCoef and PyCoef are the leading coefficients of F(€2) and Py(Q).

In (2-10), the passivity of the rational function representations of the S-parameters is
not guaranteed. To enforce the passivity, those roots of Ex(€2) with positive real part in the
s domain (s = j Q) are modified by changing the sign-of the real parts, as shown in Figure
2-4. Finally, the transversal “coupling matrix based on the generated polynomials is

obtained using the method in [93].

4 jQ

X O Non Passive root

X & j X Passive root

\ /
< —)p O

A |

Figure 2-4. The passivity enforcement for polynomial En(Q).

To transfer the response to the bandpass domain, the following equation is used:
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Q:fe[i_QJ
fH_fL fc f

}%i_&) 1D
A f. )

where Q is the frequency in the multi-band low-pass domain, f is the frequency in the
bandpass domain, f¢, fi, and f; are the central frequency, the upper edge of the highest
passband, and the lower edge of the lowest passband in the bandpass domain, respectively,

and A is the fractional bandwidth.

2.3 Frequency Transformation

The previous procedure to synthesize the multi-band filtering function begins with the
filter information in the lowpass domain. The practical specifications, however, are almost
described in the bandpass domain. To relate with the information between two domains,
here the frequency transformation is provided. Figure 2-5 shows the variables in the
bandpass domain and the lowpass domain. In this figure, the relations between variables of

the i-th passband in the bandpass domain are shown below:

A :fiH_fiL

i f;
/; :\/finiL-

b

(2-12)

Based on (2-11) and (2-12), the following relations can be derived:
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AL AA(AS) S

Ju= 5 >

Je :\/fJLfms (2-12)

A = sz _fIL ,

fe

QZL(L_Q}
A fe

The requested specifications are return loss (RL), the central frequencies and fractional
bandwidths of both passbands in the bandpass domain. The so-called multi-band lowpass

domain bandwidth J; and &; in the Figure 2-5 can be obtained as

S, :QiH _QiL’ (2-13)

where i is the index of the i-th passband.

€= == =4 i N

Bandpass Domain
‘. ' 'p - ‘ (2-12)
L Sy(2), '
—-=sl 5 le - —
| ll'
QW
o —}&_AQ S
1L 1H Q
]

‘ Lowpass Domain [

Figure 2-5. The requested design variables in the bandpass domain and the lowpass domain.
RL is the prescribed return loss.
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The corresponding transmission zeros in lowpass domain can also be obtained using
(2-12). When inserting the transmission zeros in the single-band coupling matrix synthesis
procedure [90], the transmission zeros in the single-band lowpass domain should be

modified as

2

T2, g
;

(Q.,-.) (2-14)

where ¢; is the multi-band lowpass domain bandwidth of the i-th passband, Q1 is the j-th
transmission zero of the i-th passband in the lowpass domain, and Prz;j is the j-th

transmission zero of the i-th passband for inserting into the synthesis procedure in [90].

2.4 Computational Examples

In this section, three examples are used to-demonstrate the validation of the proposed
synthesis procedure in dual-band filter design. Moreover, prescribed transmission zeros are

discussed to be properly described in single-band filtering function.

2.4.1 Example 1: Symmetric Dual-band Bandpass Filter

In this example, the specifications of symmetrical dual-band bandpass filter are
provided. Two passbands both are with the filter has filter order 3 and return loss 20 dB.
The first passband has a central frequency at 2.32 GHz and 5% fractional bandwidth. The
second passband has a central frequency at 2.695 GHz and 5% fractional bandwidth. The

transmission zeros are 2.151 GHz, 2.5 GHz, and 2.905 GHz.

21



To apply (2-5) to design the dual-band filter, these specifications of frequency are
firstly transferred into the lowpass domain using (2-11), (2-12) and (2-13), and then the
corresponding polynomials are shifted and shrank using (2-8). The requested variables in
the synthesis procedure are listed in Table 2.1.

Table 2.1 shows the variables in the lowpass domain used in the proposed synthesis
procedure. The passband #1 has the central frequency at -0.75 rad/s and the transmission
zero at -1.5 rad/s, while the passband #2 has the central frequency at 0.75 rad/s and the
transmission zero at 1.5 rad/s. Applying the synthesis procedure in [93], all central
frequencies in each passband need to be shifted to 0 rad/s. Hence the frequency domain in
passband #1 needs to be shifted by +0.75 rad/s, that is, the central frequency is 0 rad/s
(-0.75 + 0.75) with transmission zero at—0.75 rad/s (-1.5 + 0.75), and the Q; is +0.75 rad/s
in (2-7). For the frequency domain in passband #2, it needs to be shifted by -0.75 rad/s, so
that the central frequency is 0.rad/s (0.75 — 0.75) with transmission zero at 0.75 rad/s (1.5 —
0.75), and the Qg is 0.75 rad/s in (2-7). The transmission zero Q7> listed in Table 2.1 is
the intrinsic transmission zero from the proposed synthesis procedure, which will be
discussed latter. The settings in the synthesis procedure are listed in Table 2.2 and the

resulting coupling matrix is listed in Table 2.3.

Table 2.1 The Requested Frequency Variables in Example 1.

Specifications Bandpass Domain Lowpass Domain
fi 2.32 GHz fe 2.5 GHz Q) (2-12) -0.5 rad/s
1 2.695 GHz fiL 226 GHz | Q,(2-12) 0.5 rad/s
A 5% i | 238GHz | Qe @-12) | -0.75 radss
A; 5% far 2.63 GHz | Qx(2-12) 0.75 rad/s
77 2151GHz | pu | 276 GHz | Qi (@-12) | 1.5 radss
17 2.5 GHz A 25 % Qrz2(2-12) 0 rad/s
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77; 2.905 GHz fe 2.5GHz | Qz(2-12) 1.5 rad/s

Table 2.2 The Requested Setting Variables in Synthesis Procedure in Example 1.

Bassband | RL | Filter Order Qc Qry 0(2-13) | Prz(2-14)
#1 20 3 -0.75rad/s | -1.5rad/s | 0.5rad/s -3 rad/s
#2 20 3 0.75 rad/s 1.5 rad/s 0.5 rad/s 3 rad/s

After applying the procedure in [90], the corresponding F'y;(€2), P'y;(QQ), F'y2(Q2), and
P'yy(Q) are obtained in Table 2.4. Applying (2-8), the synthesized polynomials are then
shifted and shank, and then Py(Q2) and Fp(QQ) of the dual-band filter are obtained. Finally,
applying (2-10) to update Pp(Q) and_Fy(£2). and obtain the Ex(QQ) and &. Finally, the
representation of dual-band filterin (2-1) can be completed. Table 2.4 shows the calculated
polynomials. To check the passivity, the synthesized Ey(€2) has roots as shown in Table
2.5. To enforce the passivity, the negative imaginary parts of those roots need to be
changed as positive.

The magnitude and phase of the composite filtering function and the S-parameters are
shown in Figure 2-6. The transmission zeros of the composite filtering function are slightly
shifted (2.121 GHz and 2.945 GHz in Figure 2-6(b)), and this can be noted in Figure 2-6(a).
The frequency shift comes from the combination of two filtering functions and can be
eliminated by careful designing these two filtering functions. Figure 2-6(b) shows the
corresponding S-parameters. In this figure an additional transmission zero 0 rad/s is
introduced. This is because the phase of Cy; and Cy; is 180 degree out-of-phase around 0
rad/s. Furthermore, the transversal coupling matrix is obtained based on the derived

polynomials and is shown in Table 2.3.
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Table 2.3 Transversal Coupling Matrix for the Example 1.

S 1 2 3 4 5 6 L
S 0.0 0.2432 -0.3811 0.2933 0.2933 -0.3811 0.2432 0.0
102432 1.1169 0.0 0.0 0.0 0.0 0.0 0.2432
2 | -0.3811 0.0 0.8712 0.0 0.0 0.0 0.0 0.3811
3 (0.2933 0.0 0.0 0.4212 0.0 0.0 0.0 0.2933
4102933 0.0 0.0 00 -0.4212 0.0 0.0 0.2933
5 [ -0.3811 0.0 0.0 0.0 0.0 -0.8712 0.0 0.3811
6 | 0.2432 0.0 0.0 0.0 0.0 0.0 -1.1169 0.2432
L 0.0 0.2432 03811 0.2933 0.2933 0.3811 0.2432 0.0

Table 2.4 The Polynomials in (2-8) in the Example 1.

&= 18.7449

Q3 +0.0429 Q2 -0.0464 Q - 0.0013

Q+0.75

\. 290m° + 1.7054 Q + 0.4098

P\
' Q+15

&,=-18.7449

0429 Q2 -0.0464 Q + 0.0013

Q-0.75

Q3 -2.29290% + 1.7054 Q - 0.4098

Q-1.5

Fp(Q)= Fni(QQ) FnxQ)

Q% 1.8465Q%+1.0290 Q2 —0.1680

Py(Q)= Prni(Q) &2 FnaA(€2)

+ PNz(Q) &l FNI(Q)

29.7255 Q3 — 80.5389Q




& =£15 -351.372
FMQ) Q°—1.8465Q"* +1.0290 Q- 0.1680
PM(Q) Q°-2.7094 Q
€ -11.8206
After (2-10) EMQ) Q°-1.8465Q%-j0.0846 Q° +1.029 QO
(non-passive) +30.2292 Q- 0.168
Q°-j1.1616 Q°-2.52121 Q* +
EnM©) . 3 ) .
, j1.7398 Q7 + 1.57656 Q% - j0.4863 Q
(passive) 0.168

Table 2.5 Roots of Non-passive and Passive Ex(2).

Roots of Ex(Q2) (non-passive) Roots of Ep(Q) (passive)

1.0702 -;0.1037
-1.0702 - 0.1037

1.0702 + j0.1037

_1.0702 + j0.1037
0.8214 +.0.2904 0.8214 + j0.2904
-0.8214 +70.2904 20,8214 + j0.2904

0.3957 - j0.1867
-0.3957 - j0.1867

0.3957 +;0.1867
-0.3957 +;0.1867
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Figure 2-6. (a) Filtering functions for two single-band filters of same order 3 (Cy; has the
transmission zeros at -1.5 and central frequency =0.75 rad/s and Cy; has the transmission
zeros at 1.5 and central frequency 0.75 rad/s), and the composite dual-band filtering
function (CN; // CN:). The in-band return loss level is 20 dB in each case. (b)
Corresponding S;; and S>; for the symmetric dual-band filter in lowpass and bandpass

domains.

To modify the transmission zeros in each bassband to achieve the specifications, that

18, transmission zeros are 2.151 GHz, 2.5 GHz, and 2.905 GHz.

2.4.2 Example 2: Asymmetric Dual-band Bandpass Filters

For an asymmetrical dual-band bandpass filter, the frequency response is not
symmetric about the central frequency. Two filtering functions used to illustrate the

dual-band characteristic have following specifications. Passband #1 is the third-order
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function, which has central frequency at 1.8 GHz with transmission zeros at 1.613 GHz
and 2 GHz, and the fractional bandwidth is 9.1%. Passband #2 is the fifth-order function,
and it has the central frequency at 2.24 GHz with transmission zeros at 2 GHz and 2.495
GHz, and the fractional bandwidth is 7.28%. Return loss is 20 dB for both passbands. The
requested frequency variables can be obtained using the proposed procedure and are listed
in Table 2.6. Table 2.7 shows the requested setting variables, and the synthesized
polynomials are listed in Table 2.8. The corresponding responses are shown in Figure 2-7

and the transversal coupling matrix is listed in Table 2.9.

0
A0 ja
20 b1
-30 _77\7F, A | -
40 |-

50 j
60 F-——

—— CN1//CN2 A% i
-4 ****** i i —— - ——— -80

-2 -1 0 1 2 -2 -1 0 1 2
LOWPASS PROTOTYPE FREQUENCY (rad/sec) LOWPASS PROTOTYPE FREQUENCY (rad/sec)

(a) (b)

log(ICyl)

1S441:1S,41 (dB)

Figure 2-7. (a) Filtering functions for two single-band filters of different order 3 (Cy; has
the transmission zeros at -1.433 rad/s and 0.004 rad/s and central frequency -0.696 rad/s,
and its multi-band lowpass domain bandwidth 6; is 0.607 rad/s.) and order 5 (Cy; has the
transmission zeros at 0.004 rad/s and 1.482 rad/s and central frequency 0.756 rad/s, and its
multi-band lowpass domain bandwidth ¢, is 0.486 rad/s), and the composite dual-band
filtering function (CN; // CN>). The in-band return loss level is 20 dB in each case. (b)

Corresponding S;; and S>; for the symmetric dual-band filter in lowpass domains.

Table 2.6 The Requested Frequency Variables in Example 2.

Specifications Bandpass Domain Lowpass Domain
f) 1.8 GHz fc 2 GHz Q; (2-12) -0.393 rad/s
f 224 GHz |fiL 1.72 GHz | Q,(2-12) 0.514 rad/s
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A 9.1% fin 1.88 GHz | Q¢ (2-12) | -0.696 rad/s
A; 7.28 % for 2.16 GHz | Q¢ (2-12) 0.756 rad/s
TZ, 1.613 GHz | fin 2.32 GHz | Q171 (2-12) | -1.433 rad/s
TZ, 2 GHz A 30.2% Q17 (2-12) | 0.004 rad/s
TZ; 2.495 GHz | fc 2 GHz Q173 (2-12) | 1.482 rad/s

Table 2.7 The Requested Setting Variables in Synthesis Procedure in Example 2.

Filter
Bassband | RL Qc Qr, 0(2-13) | Prz(2-14)
Order
-1.433 rad/s -2.43 rad/s
#1 20 3 -0.696 rad/s 0.607 rad/s
0.004 rad/s 2.31 rad/s
0.004'rad/s -3.09 rad/s
#2 20 5 0.756.rad/s 0.486 rad/s
1.482 rad/s 2.99 rad/s

Table 2.8 The Polynomials in(2-8) in-the Example 2.

Passband #1 &1=-2.1098
F'ni(Q) O’ —0.0038Q° — 0.0712Q + 0.0002
Before Freq. Shift
P'vi(Q) 0% +0.0371Q - 0.5155
Frni(Q) O +2.08420% + 1.3767CQ2 + 0.2859
After Freq. Shift
Prni(Q) O + 1.4291Q - 0.0053
Passband #2 &=-982.038
Q) O’ - 0.0016Q* - 0.074602° + 0.0011Q
Before Freq. Shift
Po(Q) O +0.0278Q — 0.5460
, Q° —3.7848Q)" + 5.6553Q2° — 4.1679Q)°
After Freq. Shift | F,(Q)
+1.5144Q - 0.2170
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Prny(Q) O — 1.4855Q + 0.0055

FMQ)= Fni(Q) Frx(Q)

FrQ) Q° - 1.7006Q" - 0.8561Q° + 2.6940C)°
—0.4685Q" — 1.1816Q + 0.4409Q)*
+0.1343Q — 0.0620
Pr(Q)= Pyi(Q) & Fna(Q) + Pra(Q) &1 Fai(Q)
—982.038Q)" + 2313.40)° — 243.587Q)°
—3867.550" + 4403.23Q° — 1922.36Q)°
+315.313Q0 — 1.1484
&=, 6628.44
Q% — 1.7006Q" — 0.8561Q° + 2.6940Q°
FMQ) —0.4685Q" — 1.1816Q)° + 0.44090)*
+0.1343Q - 0.0620
Q7 —2.3557Q° + 0.24800Q0° + 3.938302*
PMQ) — 448370 +1.95750% - 0.3211Q
+0.0017

£ —6.74968

OF +(-1.7006 - j1.1821)QY’
+(-1.5438 +j2.1130)Q°
+(3.9706 + j0.4535)Q°
+(-0.7528 - j2.6417)Q)*
+(-1.8490 + j1.1961)Q°
+(0.8828 +0.2649)0)°

+(0.0496 - j0.2259)Q
+(-0.0570 + j0.02439)

Py(Q)

En(Q)




Table 2.9 Transversal Coupling Matrix for the Example 2 without Transmission Zeros

Adjustment.

S 1 2 3 4 5 6 7 8 L
0.0 -0.2686 0.4522 -0.2492 -0.1545 0.2322 -0.2586 0.2723 -0.1829 0.0
-0.2686 1.1440 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2686
0.4522 0.0 0.7590 0.0 0.0 0.0 0.0 0.0 0.0 0.4522
-0.2492 0.0 0.0 0.3003 0.0 0.0 0.0 0.0 0.0 0.2492
-0.1545 0.0 0.0 0.0 -0.4700 0.0 0.0 0.0 0.0 0.1545
0.2322 0.0 0.0 0.0 0.0 -0.5761 0.0 0.0 0.0 0.2322
-0.2586 0.0 0.0 0.0 0.0 00 -0.7902 0.0 0.0 0.2586
0.2723 0.0 0.0 0.0 0.0 0.0 0.0 -1.0004 0.0 0.2723
-0.1829 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -1.0672 0.1829
0.0 0.2686 0.4522 0.2492 0.1545 0.2322 0.2586 0.2723 0.1829 0.0

C o0 9 & L A W N~ W

It is noted, however, that the «transmission zero on the upper stopband of the
composite filtering function is seriously influenced by the filtering function Cy;. Because
the filtering function Cy; has a lower order, the function value at the out-of-band is smaller
than that of Cy,. To compute the composite filtering function using (2-9), the filtering
function with smaller value will dominate the response of the composite filtering function.
Hence, the transmission zeros on the upper stopband of the composite filtering function
shifts inward with respect to the transmission zeros of Cy,. This can be overcome by
pre-adjusting the zero of Cy, to a higher frequency or by the method described in the
following paragraph.

The alternative method to overcome the zero-shifting problem is to take advantage of
the generalized Chebyshev characteristic, that is, for an N-th order filtering function, the
number of transmission zeros can be smaller than or equal to N. It implies no infinite
transmission zeros. Figure 2-8 shows an example, where TZs in the figure denotes the
abbreviation of transmission zeros.

In this case, these two filtering functions with same order 4 have transmission zeros at

(-6 and 0) rad/s and (-6, 0, and 6) rad/s, and have the central frequency at -3 rad/s,
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respectively. The filtering function with three transmission zeros has no infinite
transmission zeros, so the stopband rejection is worse due to no infinite transmission zeros.
The stopband rejection, however, can still be kept under an acceptable level. As shown in
Figure 2-8, the filtering function with three transmission zeros has the logarithm value

close to 2.5 even the frequency up to 60 rad/s, which is -30 dB in S>;,.

S \ \ I i 0 \ \ | \ \ \
| | | [ —— 2 Finite TZs A0t N\ — ]
/1 S N A ) H P 3 Finite TZs H [ \ \ ! ‘ | ‘
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-1 | 'Ni"’i'“ 1° 4 1 =
-100

60 40 -20 0 20 40 60 40 20 0 20 40 60
LOWPASS PROTOTYPE FREQUENCY (rad/sec) LOWPASS PROTOTYPE FREQUENCY (rad/sec)
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»
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Figure 2-8. (a) Two third-order filtering functions. Solid line: filtering function has two
finite transmission zeros at -6 and. O‘rad/s, and the central frequency is -3 rad/s on the
normalized lowpass domain. Dashed line: filtering function with 3 finite transmission zeros
at -6, 0 and 6 rad/s, and the central frequency is -3 rad/s on the original lowpass domain.

The in-band return loss is 20 dB in each case. (b) The corresponding S;; and S;.

Use the above property, the example for asymmetric dual-band filter is modified. One
third-order filtering function Cy; has transmission zeros at -1.433, 0.0037, and 1.4134 rad/s,
and it has the central frequency at -0.696 rad/s with the milti-band lowpass domain
bandwidth o; of 0.6066 rad/s. The other one is the fifth-order filtering function Cy;, and it
has the central frequency at 0.7566 rad/s and the transmission zeros at 0.0037 and 1.4818
rad/s with the milti-band lowpass domain bandwidth &, of 0.4857 rad/s. In this case, the
transmission zeros at 1.4134 rad/s of Cy; precisely locates the transmission zero on the

upper stopband for the composite filtering function. Table 2.10 shows the corresponding
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coupling matrix and the performances are shown in Figure 2-9. Compared with the results
in Figure 2-7, the upper stopband transmission zeros can be precisely located.

The S-parameters of the synthesized dual-band filter on the bandpass domain are
shown in Figure 2-10. The transmission zeros are 1.613 GHz, 2 GHz, and 2.46 GHz, which

are slightly shifted from the specifications (1.613 GHz, 2 GHz, and 2.495GHz).

Table 2.10 Transversal Coupling Matrix for the Example 2 with Transmission Zeros

Adjustment.

S 1 2 3 4 5 6 7 8 L
0.0 -0.2790 0.4538 -0.2370 -0.1524 0.2341 -0.2598 0.2686 -0.1918 0.0353
-0.2790 1.1509 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2774
0.4538 0.0 0.7218 0.0 0.0 0.0 0.0 0.0 0.0 0.4527
-0.2370 0.0 0.0 0.3036 0.0 0.0 0.0 0.0 0.0 0.2361
-0.1524 0.0 0.0 0.0 -0.4704 0.0 0.0 0.0 0.0 0.1516
0.2341 0.0 0.0 0.0 0.0 -05758 0.0 0.0 0.0 0.2335
-0.2598 0.0 0.0 0.0 0.0 00 -0.7896 0.0 0.0 0.2592
0.2686 0.0 0.0 0.0 0.0 0.0 0.0 -09988 0.0 0.2679
-0.1918 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -1.0693 0.1885

0.0353 0.2774 0.4527 0.2361 0.1516 0.2335 0.2592 0.2679 0.1885 0.0

oo 9 o L AW N~ W

1S11:1Sx4] (dB)

Y 11 777777 r,,,_CN1”CN2
-2 -1 0 1 2
LOWPASS PROTOTYPE FREQUENCY (rad/sec) LOWPASS PROTOTYPE FREQUENCY (rad/sec)
(a) (b)

Figure 2-9 Filtering functions for two single-band filters of different order 3 (Cy; has the
transmission zeros at -1.433, 0.0037, and 1.4134 rad/s and central frequency -0.696 rad/s
and its milti-band lowpass domain bandwidth ¢; is 0.6066 rad/s.) and order 5 (Cyz has the
transmission zeros at 0.0037 rad/s and 1.4818 rad/s and central frequency 0.7566 rad/s with
its multi-band lowpass domain bandwidth 6 is 0.4857 rad/s), and the composite dual-band
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filtering function (CN; // CN,). The in-band return loss is 20 dB in each case. (b)

Corresponding S;; and S»; for the symmetric dual-band filter in lowpass domains.

S4111S,41 (dB)

20 22
FREQUENCY (GHz)

Figure 2-10 The S-parameters for the synthesized dual-band filter in Example 2.

2.4.3 Example 3: Multiband Bandpass Filters

In this example, a four-band filter is provided. There are four filtering functions in the
example: 1) third-order filtering function Cy; with transmission zeros at -1.2 and -0.6 rad/s
and the central frequency at -0.9 rad/s; 2) fourth-order Cy; with transmission zeros at -1.3,
-0.65, and 0.01 rad/s and the central frequency at -0.3 rad/s; 3) fifth-order Cy; with
transmission zeros at -1.3, -0.6, -0.01, 0.63, and 1.3 rad/s and the central frequency at 0.3
rad/s. and 4) third-order Cy, with transmission zeros at 1.35 and 0.6 rad/s and the central
frequency at 0.9 rad/s. In every passbands, the multi-band lowpass domain bandwidth J are
all 0.2 rad/s. Figure 2-11 shows the frequency response and the corresponding polynomials

are listed in Table 2.11.
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Figure 2-11 (a) Filtering functions for four single-band filters of degree 3 (Cy; has
transmissions zeros at -1.2 and -0.6 rad/s and the central frequency at -0.9 rad/s), degree 4
(Cyz has transmissions zeros at -1.3, -0.65, and 0.01 rad/s and the central frequency at -0.3
rad/s), degree 5 (Cy; has transmissions zeros at -1.3, -0.6, -0.01, 0.63 and 1.3 rad/s and the
central frequency at 0.3 rad/s), and degree 3 (Cy4 has transmissions zeros at 1.35 and 0.9
rad/s and the central frequency at 0.6 rad/s); and the composite quad-band filter (Cy; // Cy;
/I Cn3 I Cnyg ). The in-band return lossis 20 dB in each case. (b) The corresponding S;; and
S,; for the quad-band filter.

Table 2.11 The Polynomials in (2-8) in the Example 3.

Passband #1 &= -34.1407
F'vi(Q) O’ - 0.000181986Q* — 0.007645020
Before Freq. Shift
P'vi(Q) Q% +0.03Q — 0.0899978
Frni(Q) O +2.69980% + 2.42203Q + 0.721973
After Freq. Shift
Pyi(Q) Q% + 1.803Q + 0.722702
Passband #2 &=-829.275
, 0" +0.00303038Q° - 0.0101236
Fna(Q)
Beftoe Firag, SR —0.0000232139Q + 0.0000131248
Q) O’ +1.04Q% — 0.0685Q — 0.1085
Q% +1.20303Q° + 0.532604Q% + 0.102721Q
Fra(Q)
After Freq. Shift +0.00727686
Prny(Q) O’ +1.9407 + 0.8255Q — 0.00845
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Passband #3 22365.6
Q° +0.00474399Q* — 0.0126341Q°
Fys(Q) — 0.0000480372Q% + 0.0000322607

Before Freq. Shift

+0.0000000623302

Q° +14.80% - 1.1923Q° — 1.572250°

P's(Q
wlE) +0.137238Q + 0.147312
O — 1.49526Q" + 0.881673Q° — 0.256116C°
Fn3(€2)
, +0.0366375Q — 0.00206439
After Freq. Shift 5 2 3 5
O’ —0.020" - 2.0683Q° + 0.03002Q
Pn3(€2)
+0.639327Q + 0.0063882
Passband #4 —52.061
, Q0 +0.00590551Q% - 0.00758687Q)
F'ng(Q)
Before Freq. Shift — 0.0000300976
Pi(Q) 0% -0.15Q0-0.135
Fn(Q) O’ —2.69409' Q% +2.41178Q — 0.717418
After Freq. Shift
Prni€Q) Q’ - 1:195Q + 0.81

Quad-band (2-9) & (2-10)

Before

Normalization

Fr(Q)

Fx(Q)= Fni(€QQ) Fana(Q) Fa3(Q) Fyy(Q)

0" - 0.286502Q' - 2.82599Q" + 0.8124230"
+2.95280" — 0.850408Q"° — 1.40287¢)°
+0.403472Q° + 0.308245Q7 — 0.0880221Q°
—0.0326276€° + 0.00921339Q* + 0.001592760°
—0.0004437150 — 2.830920 + 7.7809¢—006

PrQ)

PN(€Q) = Pyi(Q2) &2 Fn2€2) &3 Fn3(Q2) &4 Fng(Q2)
+ PaaAQ) &1 Frr(Q) &5 Fas(Q) &4 Fae(Q)
+ Pas(Q) &1 Far(Q) & Fas(Q) &4 Frae(Q)
+ PudQ) £ Fal(Q) &2 Fux(Q) &5 Fas(Q)

—1.47395¢+006Q" + 1.63681e+009Q"
— 8.29053e+008Q" — 3.58948¢+009Q2 "
+ 1.62202e+009Q"" + 2.012e+009Q"°
—9.01956e+008Q° — 4.92454¢+008Q2"
+2.30427¢+008Q" + 6.79075e+007Q°
—3.91472e+007Q° — 3.44255¢+006Q*
+ 4.24542e+006Q2°— 5.99681Q° + 26618.6)
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+1.634.24

&= -3.29659¢+010
E1E2E3E4

0" - 0.28602Q" - 2.825990" + 0.8124230"*
+2.95280"" - 0.850408Q' - 1.402870)°
+0.403472Q% + 0.3082450Q) - 0.0880221Q°
-0.03262760° + 0.00921339Q* + 0.001592760°
- 0.00044371507 - 2.83092¢-005Q + 7.7809¢-006
0 -1110.490" + 562.47Q" + 2435270
-1100.450" - 1365.04Q" + 611.931Q°
+334.104Q° — 156.333Q7 - 46.0717Q°
+26.5593Q° +2.33559Q)" - 2.880290)°
+0.4068520% - 0.0180593CQ2 - 0.00110875

Fr(Q)

Py(€)

22365.6

Q" +(-0.286504 - j0.875341)Q™
+(-3.20787 +j0.250893)Q"
(2-10) & (2-11) +(0.92138 +2.17138)Q"
+(3.69605 - j0.627009)Q"!
+(-1.06614 - j1.89376)Q"°
+(-1.89737 +0.550201)C2°
+(0.548417 + j0.714914)Q°
+(0.446072 - j0.208215)Q)
+(-0.128607 - j0.117792)Q°
+(-0.0476098 +j0.034215)Q°
+(0.0136772 +0.00789931)Q*
+(0.00206581 - j0.00228744)Q2°
+(-0.000587022 - j0.000157547)Q)
+ (-2.68674e-005 + j4.72142¢-005)Q2
+(7.77739¢-006 - j2.38745¢-007)

After

Normalization

Ex(Q)

In this case, the lower order filtering functions (i.e., Cy; and Cyy) are used to adjust
the transmission zeros to specific locations, while the other filtering functions are used to
be slightly tuned for the specific locations of transmission zeros. Table 2.12 shows the

corresponding coupling matrix. The matrix elements not listed in Table 2.12 are all zero.
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Table 2.12 Transversal Coupling Matrix for the Example 3

Mg, | -0.1695 | Mg, | 02604 | My, |-0.1560 | My, | 0.1212
Mgs | -0.1876 | Mg, | 0.1874 | Mg, | -0.1195 | Mss | -0.0983
Mgy | 01501 | Mg, |-0.1632 | M, | 01591 | M, | -0.1085
Ms,; | 01508 | Mg, | 02565 | Ms,s | -0.1818 | M,, | 0.1695
M,, | 02604 | M;, | 0.1560 | M,, | 01212 | M, | 0.1876
My, | 01874 | M,, | 01195 | My, | 00983 | M,, | 0.1501
My, | 01632 | M,, | 01591 | M,, | 0.1085 | M, | 0.1508
My, | 02565 | M, | 01818 | M,, | 10576 | M,, | 09416
M;, | 07761 | M,, | 04298 | M,;; | 03688 | My, | 02458
M,, | 01736 | Mgy | -0.1802 | My, | -02174 | My, | -0.3014
My, | 03875 | My, | -04242 | My, | -0.7758 | M,,,, | -0.9307
Mys,s | -1.0624

2.5 Comparison with Other Method

In the coupling matrix .synthesis of the dual-band or multi-band filter, the most
popular and efficient analytical method is the analytical iterative method [102]. This
method has features of user-defined number of passbands, number of transmission zeros,
return loss level, range of each passband and stopband, and prescribed imaginary or
complex transmission zeros. By efficient iterative procedure, the transmission zeros are
extracted, and some fine tunes are needed if prescribed real transmission zeros are
requested. The equal-ripple levels in different passbands are not necessarily identical but
can be achieved by run-and-try process. The difference of return loss levels in different
passbands, however, becomes large with consideration of different filter orders in different
passbands.

Comparing the proposed method to the analytical iterative method, the above features
of the iterative method are also the features of the proposed method. Moreover, the

equal-ripple levels in different passbands are preserved. Here an example is given to show
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the different passbands between these two methods. The specifications are listed in Table
2.13, and the requested return loss is 20 dB in both passbands for this example. The

frequency responses obtained by these two methods are shown in Figure 2-12.

Table 2.13 The Specifications for the Method Comparison

Passband # of poles Stopband # of zeros | Prescribed zeros
-1.0 t0 -0.6661 3 -0 to-1.3 1
-0.45 t0 0.37 2 none
0.6661 to 1.0 4 1.4 10 oo 1

1S441,1S,41 (dB)

Propose Method
|| ———Analytical Iterative Method [13]

-100 .
-2 -1 0 1 2

LOWPASS PROTOTYPE FREQUENCY (rad/sec)

Figure 2-12 Frequency responses of the dual-band filter composed of the third- and
fifth-order filtering functions. Solid line: the proposed method. Dashed line: the analytical
iterative method.

In Figure 2-12, the settings in the proposed method are 1) a third order filter with
normalized central frequency at -0.8333 rad/s with normalized transmission zeros at -1.333,
-0.4167, and 1.4833 rad/s, and 2) a fifth order filter with normalized central frequency at
0.8333 rad/s with normalized transmission zeros at 1.5 rad/s. The responses of the
passband with third-order are similar from two methods. For the passband with fourth

order, due to the equal-ripple preservation in the proposed method, the return loss is kept to
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be 20 dB, while the return loss is 50 dB from the iterative method. Hence, the second
passband form the iterative method has wider bandwidth than that form the proposed
method if the 20 dB return loss is used. Hence, for the filter composed of filtering
functions with different orders, the proposed method holds the equal-ripple property.

To check the transmission zeros form two methods, due to the parallel addition in the
proposed method, the number of transmission zeros will increase. The transmission zeros
are -1.3528, -0.3528, 0.3232, and 1.4496 rad/s in the iterative method, while they are
-1.333, -0.4151, 0.3099, 0.7936 * ;j0.5468, and 1.4694 * j0.047 rad/s in the proposed
method. Although the additional complex prescribed transmission zeros 0.7936 * j0.5468
rad/s can be added in the iterative method to pull back the return loss form 50 dB to 30 dB,
but it is difficult to know the prescribed zeros in‘order to pull back the return loss.

For the filter composed of filtering functions with same filter order, the iterative
method has the advantage in the specification assignment. The only thing the designer
needs to do is to assign the ranges of each passband and each stopband, number of poles
and zeros and the return loss level,.so that the cortesponding polynomials are generated.
For the proposed method, the designer needs to assign the locations of transmission zeros
first in order to design the characteristic of the multi-band filter. These two methods,
however, both can analytically generate the coupling matrix for the multi-band filter. For
the filter composed of filtering functions with different filter orders, the proposed method

provides an alternative way to synthesis the multi-band filter with the equal-ripple

property.

2.6 Other Properties in the Proposed Method

The synthesis of the dual-band and multi-band filters is shown to be valid by using the
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proposed method. In the end of this chapter, three other properties are discussed.

2.6.1 Passbands with Different Return Loss

In the proposed method, the different return loss is available in each passband. For
example, the settings for a dual-band filter are as follows: 1) a third-order filter with
normalized central frequency at -0.7143 rad/s with transmission zeros at -1.5714 and
2.1429 rad/s. Its multi-band lowpass domain bandwidth J; is 0.5724 rad/s, and its return
loss is 20 dB. 2) A fifth-order filter with the normalized central frequency at 0.7143 rad/s
with transmission zeros at 2.1429 rad/s. Its multi-band lowpass domain bandwidth ¢, is
0.5718 rad/s, and its return loss is 40 dB. The corresponding polynomials are listed in
Table 2.15 and the transversal coupling matrix is shown in Table 2.14. The performances
are shown in Figure 2-13. This example demonstrates the validity of synthesizing the
dual-band filter with different return loss level in each passband. It is also valid in

multi-band filter synthesis.

Table 2.14 The Transversal Coupling Matrix for the dual-band filter in Figure 2-13

S 1 2 3 4 5 6 7 8 L
S 0 -0.2815 0.4250 -0.3085 -0.2301 0.3541 -0.3524 0.3969 -0.3159 0
1]-0.2815 1.1610 0 0 0 0 0 0 0 0.2815
2 | 0.4250 0 0.9028 0 0 0 0 0 0 0.4250
3 |-0.3085 0 0 0.3962 0 0 0 0 0 0.3085
4 1-0.2301 0 0 0 -0.2225 0 0 0 0 0.23013
5| 0.3541 0 0 0 0 -0.4125 0 0 0 0.3541
6 | -0.3524 0 0 0 0 0 -0.8048 0 0 0.3524
7 | 0.3969 0 0 0 0 0 0 -1.1795 0 0.3969
8 [ -0.3159 0 0 0 0 0 0 0 -1.2634 0.3159
L 0 0.2815 0.4250 0.3085 0.2301 0.3541 0.3524 0.3969 0.3159 0
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Figure 2-13 Filtering functions for two single-band filters of order 3 with return loss 20 dB
(Cy; has the transmission zeros at -1.5714 and 2.1429 rad/s and the central frequency
-0.7143 rad/s with the multi-band lowpass domain bandwidth &; of 0.5724 rad/s) and order
5 with return loss 40 dB (Cy; has the transmission zero at 2.1429 rad/s the and the central
frequency 0.7143 rad/s with the multi-band lowpass domain bandwidth ¢, of 0.5718 rad/s),
and the composite dual-band filtering function (CN; // CN,). (b) Corresponding S;; and S,
for the symmetric dual-band filter in lowpass domains.

Table 2.15 The Polynomials for the Dual-band Filter in Figure 2-13.

Passband #1 &1=-40.688
Q> +0.03482510Q% — 0.0614816Q
F'ni(Q)
Before Freq. Shift —0.00143858
P'ni(Q) 07— 2.0001Q - 2.44891
Fni(Q) QO + 21777307 + 1.51894Q + 0.336867
After Freq. Shift
Pni(Q) O?—0.5715Q - 3.36735
Passband #2 &=-118.459
Q° - 0.028903Q* - 0.101965Q°
F'na(Q) +0.002362280% + 0.00207508Q
Before FI'Cq. Shift —2.41362e-005
"2 @) Q-1.4286
Q° —3.60040* + 5.08285Q° — 3.512150°
Fr) 18640
After Freq, Shift +1.1864Q - 0.156616
Pro(w) Q—2.1429
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Dual-band (2-8) & (2-10)

FMQ)= Fni(Q) Frx(Q)

8 7 6
FrQ) Q® —1.4226807 — 1.238890)
+2.424980° — 0.045625Q* — 1.195460Q°
+0.277884Q% + 0.161769Q — 0.0527589

After (2-8) PN(Q): PN](Q) & FNZ(Q) + PNZ(Q) Iy FN](Q)

7 6 5

PAQ) -118.450Q7 + 494.197Q° — 446.959Q

-716.71Q% + 1647.78Q° — 1174.02Q)?
+581.374Q — 33.1014

& =£152 4819.84
Q¥ —1.42268Q7 — 1.23889Q2°
+2.424980° + 0.0456254Q*
FMQ)

— 1.19546Q° + 0.2778840)?
+0.161769Q — 0.0527589
Q7 —4.1719Q° + 3.77313Q°

PMQ) +6.0503Q" - 13.9102Q° + 9.910820Q
—4.90783Q + 0.279435
& -40.688

After (2-10)

OF +(~1.42268 — j1.83172)Y
+(=2.91618 +2.24099)Q2°
+(4.14107 +j2.81826)Q2°
+(1.6612 — j3.65468)Q*
+(~2.84106 — j0.62744)Q)°
+(0.140788 + j1.18397)Q?
+(0.323642 — j0.0861916)Q
+(~0.0386639 — j0.0365482)

EMQ)

2.6.2 Closely Adjacent Passbands

For the problem of closely adjacent passbands, the equal ripple characteristic might be
affected due to parallel addition. However, even two passbands are close to each other and
almost become one large passband, the return loss level is still lower than the specification.

Here we give two examples.
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For the first example, the passband #1 has the normalized central frequency at -0.4872
rad/s with the multi-band lowpass domain bandwidth 6; of 1 rad/s, and the passband #2 has
the normalized central frequency at 0.4847 rad/s with the multi-band lowpass domain &, of
1 rad/s. The filter order is 3 and return loss is 20 dB in each passband. The corresponding
polynomials are listed in Table 2.16 and the performance is shown in Figure 2-14 (a). In
the figure, it can be noted that although the equal ripple characteristic has been affected
slightly, the return loss is still larger than 20 dB within each passband.

For the second example, the different filter orders and return loss levels are used in
each passband. The passband #1 has the normalized central frequency at -0.4872 rad/s, and
its filter order is 3. The return loss is 20 dB. The passband #2 has the normalized central
frequency at 0.4872 rad/s, and the«filter order is 5 and return loss is 30 dB. The
corresponding polynomials are ‘listed in Table 2.16 and the performances are shown in
Figure 2-14 (b). In the figure, it can be noted that the return loss is larger than 20 dB for

passband #1 and 30 dB for passband #2.

Table 2.16 The Synthesized Polynomials in Two Examples with Closely Adjacent
Passbands
Q°-0.000102564Q° — 1.10651Q"*
FrQ) +8.24019¢-005Q° + 0.2078990)*
—3.63632e-006Q2 — 0.00038175
Q- 2564.1Q° - 0.0657462Q% — 1319.98Q)
+0.00439994

Py(QY)

£ -3821.66
Example #1

0Q° + (-0.000102564 — j2.16546)°
+(-3.45111 +0.000288766)2*
+(0.00046724 + j3.12654)Q°
+(1.6354 — j0.000299605)C°
+(-6.30921e-005 — j0.346969)Q
+(~0.00038175 + j1.21151e-006)

ExMQ)

Example #2 FMQ) QOF —0.974462Q" — 1.00056Q° + 1.07821Q°
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+0.086371Q% — 0.206775Q° + 0.0224816Q°
+0.00137135Q + 7.33732¢-007
Q° - 2566.05Q° + 6247.09Q" — 5778.09Q°

Pr(Q
ME) +950.120% — 453.146Q — 10.5585
£ 764331
OF +(~0.974462 — j2.5058)CY

+(—4.14008 +/2.28432)Q°
+(3.74292 + j4.25861)Q2°
+(2.67563 — j3.63963)Q*

ENQ)

+(=2.11472 — j0.849448)()°
+(=0.095197 + j0.589892)2?
+(0.0607588 + j0.00368407)Q2
+(0.00136195 — j0.00023099)

-20 -20

-40 -40

1S141:1S,41 (dB)
1S11:1Sx4] (dB)

-60 -60

-80 -80

LOWPASS PROTOTYPE FREQUENCY (rad/sec) ~LOWPASS PROTOTYPE FREQUENCY (rad/sec)

(a) (b)
Figure 2-14 The S-parameters for the filters with two close adjacent passbands with

polynomials in Table 2.16. (a) Equal ripple level, and (b) different ripple level.

From these two examples, the proposed method is shown to be valid to synthesize one

single-band filter from two closely adjacent passbands, even if the return loss levels are

different in each passband.
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2.6.3 Intrinsic Transmission Zero

For the extra transmission zeros in Figure 2-6, when two filtering functions both have
odd order, there will be an intrinsic transmission zero between two passbands after the
parallel addition. But if there are two filtering functions, and they are both with even filter
order, then the separation is not good enough after the parallel addition. Here we give an
example. The passband #1 has Chebyshev characteristic with the normalized central
frequency at -0.8 rad/s with the multi-band lowpass domain bandwidth J; of 0.4 rad/s, and
it is the 3™ order filtering function. The passband #2 has Chebyshev characteristic with the
normalized central frequency at 0.8 rad/s with the multi-band lowpass domain ¢, of 0.4
rad/s, and it is the 5™ order filtering function. The response is shown in Figure 2-15 (a). It
is noted that there is no transmission zeros in each filtering function. After the parallel

addition, one transmission zero is'generated with the well isolation between two passbands.

1S4411S,41 (dB)
1S111:1S4] (dB)

LOWPASS PROTOTYPE FREQUENCY (rad/sec) LOWPASS PROTOTYPE FREQUENCY (rad/sec)

(a) (b)

Figure 2-15 (a) Two odd-order filtering functions have been combined as a dual-mode
filtering function with an extra transmission zeros, while two even-order filtering functions
have been combined as a dual-mode filtering function has worse isolation between two
passbands.

Another example is given for two filtering functions with even filter order. The filter

45



orders are modified as 2 and 4, and the other settings are same as those in the above
example. The response is shown in Figure 2-15 (b). In this example, the isolation between
two passbands is worse.

For the passband with one odd-order filtering function and one even-order filtering
function, the odd-order one should be assigned as the upper passband in order to introduce
the intrinsic transmission zero. To obtain the dual-band characteristic with odd-order
filtering function as the lower passband and the even-order filtering function as the upper
passband, no intrinsic transmission zero is introduced. To overcome the problem, the Q =
—Q is applied to the filtering function, which has the odd-order upper passband and
even-order lower passband, to synthesize the dual-band characteristic, to generate an

intrinsic transmission zero. The phenomenon can be observed in Figure 2-16.

0 | |
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| |
—~ ~ -20 = =t
m [an] | |
= = | |
S = \ \
2) o AP | T
= —= \ \
pa ay | 4
2 R e [ T
| | ——— Original ||
|| — Q=-0 |
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LOWPASS PROTOTYPE FREQUENCY (rad/sec) LOWPASS PROTOTYPE FREQUENCY (rad/sec)
(a) (b)

Figure 2-16 Two passbands with different order. (a) The odd-order upper passband and
even-order lower passband are combined as the filtering function has an intrinsic
transmission zero. (b) The even-order upper passband and odd-order lower passband are
combined as the filtering function has no intrinsic transmission zero using the proposed
method. But with Q = —Q) operation in the settings of (a), the extra intrinsic transmission

zero can be introduced.
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2.7 Conclusion

In this chapter, the novel analytical method to synthesize a dual-band or multi-band
filtering function has been successfully developed. Based on the synthesized composite
filtering function, the transversal coupling matrix can be obtained. Moreover, the
arbitrarily located transmission zeros, arbitrary return losses within each passband, and
various bandwidth of each passband are available in this method. Compared with the most
popular method, analytical iterative method, the proposed method in this chapter provides

the equal-ripple potential to give the practical insight in the filter design.
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Chapter 3

Dual-band Filter Design Using Parallel-Coupled Line

3.1 Introduction

The coupling scheme corresponds to a physical placement of resonators in the filter
design. By carefully adjusting the coupling strengths between resonators, the performance
of the filter can be determined. For the single-band filter design, the coupling schemes are
widely studied for the specific electrical responses. For examples, the tri-section topology
is proposed for generating one transmission zero above or below the passband, and the
quadruplet topology is used to generate two transmission zeros above and below the
passband.

The coupling matrix provides an advantage of hardware implementation. Based on the
advantage, the coupling matrix of the transversal topology needs to be transformed into
some specific coupling schemes for practical realization of a filter. For the dual-band filter
design, some coupling schemes, which are cul-de-sac [98], inline topology [97], and
extended box topology [100], are generated via a series of similarity transformations,
matrix rotation or optimization [98], [105]. Some of those topologies, however, are
difficult to be realized by microstrip lines.

Considering the dual-band microstrip filter, dual-mode and frequency-separated
coupling scheme is proposed to realized the dual-band filter characteristics. The
phenomenon in placing transmission zeros related to corresponding coupling topology,
however, is not clear yet such that the mechanism in transmission zeros generation of the

dual-band filter is still unobservable under proper coupling scheme.
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In this chapter, single-path and dual-path topologies are provided for the microstrip
dual-band filter design. The single-path coupling scheme has rare physical insight and
needs run-and-try process to check if the coupling scheme is valid for the requested
specifications. For the dual-path coupling scheme, it is able to illustrate the dual-path
characteristics via frequency-separated path. Furthermore, the mechanism of transmission
zeros and the separation between two adjacent passbands, furthermore, will be studied via

the coupling matrix.

3.2 Single-path Coupling Scheme

The single-path coupling scheme for;a dual<band filter has a direct coupling path with
some cross-coupling paths. To capture the phenomenon of the prescribed transmission
zeros, the well-known cross=coupling ‘topologies, such as tri-section and quadruplet
coupling schemes, are used to_ the run-and-try process. To apply the trisection and
quadruplet coupling schemes to the dual-band filter design in the single-path coupling
scheme, finite transmission zeros will be placed to separate two passbands. Following is an
example. A dual-band filter is designed to have two second-order filtering functions; one
has a normalized transmission zero at 0 rad/s and the normalized central frequency at 0.75
rad/s with the multi-band lowpass domain bandwidth J; of 0.5 rad/s, while the other one
has a normalized transmission zero at 0 rad/s and the normalized central frequency at -0.75
rad/s with the multi-band lowpass domain bandwidth &, of 0.5 rad/s. The return loss in
each passband is 20 dB. The synthesized filtering functions and corresponding
S-parameters are shown in Figure 3-1.

The transversal coupling matrix is shown in Table 3.1. Due to two transmission zeros

from each passband are used to contribute the separation of two passbands, the quadruplet

49



topology is used. In order to convert the transversal coupling matrix for the single-path
coupling scheme with quadruplet coupling scheme, the optimization proposed in [94] is
used. The coupling scheme is shown in Figure 3-2 and the corresponding coupling matrix

is listed in Table 3.2.

o
= z
=z —_—
o} S
= —
2 T
| 7]
i
j\ j\ \F —— CN1//CN2
-4 i I ( E—
-2 -1 0 1 2
LOWPASS PROTOTYPE FREQUENCY (rad/sec) LOWPASS PROTOTYI(DII)E)FREQUENCY (rad/sec)
(a)

Figure 3-1 (a) Filtering functions for two single-band filters of degree 2 (Cy; has the
transmission zero at 0 rad/s and the central frequency at -0.75 ras/s with the multi-band
lowpass domain bandwidth o;0of 0.5.rad/s,-and Cy; has the transmission zero at 0 rad/s and
the central frequency at 0.75 rad/s with the multi-band lowpass domain bandwidth 6, of 0.5
rad/s), and the composite dual-band filter (Cy; //-Cnz). The in-band return loss is 20 dB in
each case. (b) The corresponding S;; and'S>; for the dual-band filter.

Table 3.1 The Transversal Coupling Matrix for the Dual-band Filter in Figure 3-1.

S 1 2 3 4 L
S 0.0 0.5315 -0.3046 0.3046 -0.5315 0.0
1| 05315 1.2338 0.0 0.0 0.0 0.5315
2 1-0.3046 0.0 0.4053 0.0 0.0 0.3046
3 | 0.3046 0.0 0.0 -0.4053 0.0 0.3046
4 |-0.5315 0.0 0.0 0.0  -1.2338 0.5315
L 0.0 0.5315 0.3046 0.3046 0.5315 0.0
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Table 3.2 The Coupling Matrix for the Dual-band Filter in Figure 3-1 with Coupling

Scheme in Figure 3-2.

S 1 2 3 4 L
0.0 0.5624 0.0 0.6590 0.0 0.0
0.5624 0.0 0.4590 0.0 0.0 0.0
0.0 0.4590 0.0 0.5379 0.0 0.0
0.6590 0.0 0.5379 0.0 1.0893 0.0
0.0 0.0 0.0 1.0893 0.0 0.8663
0.0 0.0 0.0 0.0 0.8663 0.0

R W N~ W

Q Source/Load

‘ Resonator

Figure 3-2 The single-path coupling scheme for the dual-band filter in Figure 3-1.

The single-path coupling scheme, however, is “not always can be analyzed
systematically using the information of transmission zeros. In most cases, the
cross-coupling path needs to be run-and-try,-and it even has no proper topology while the

positions of transmission zeros are asymmetric to the passbands.

3.3 Dual-path Coupling Scheme

For the dual-band filter design, the single-path coupling scheme do not have an
obvious relationship with the dual-band filter characteristics. To relate each passband with
the coupling topology, the dual-path coupling scheme is considered. For example, there are
two filtering functions; one is the 3" order filtering function, which has the normalized

transmission zero at -1.8 rad/s and the normalized central frequency at -0.8 rad/s with the
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multi-band lowpass domain bandwidth J; of 0.4 rad/s, while the other is the 3™ order
filtering function, which has the normalized transmission zeros at 1.8 rad/s and the
normalized central frequency at 0.8 rad/s with the multi-band lowpass domain bandwidth
0, of 0.4 rad/s. The synthesized filtering functions and the corresponding S-parameters are
shown in Figure 3-3. The transversal coupling matrix in this example is listed in Table 3.3.
The transmission zero for the separation of two passbands is created as demonstrated
in the discussion in Section 2.4.1. In this case there are three finite transmission zeros
within the entire normalized low-pass domain there are -1.8, 0, and 1.8 rad/s. To illustrate
the dual-band characteristic and let each path govern one passband, the trisection portion of
each path is used to provide one transmission zero on the stopband. Figure 3-4 shows the
coupling scheme, and the corresponding coupling matrix is rotated by following steps [4].
The values of diagonal elements of the transversal matrix are categorized into two groups,
which are positive values and megative values, and then the original matrix can be
separated into two parts with values shown in Table 3.4. Based on these two sub-matrices,
the rotation sequence in Table 3.5 are applied and then the matrix for the coupling scheme

shown in Figure 3-4 are extracted with values listed in Table 3.6.

7 | | \ \ | 0
0 Y1 R A S .
5 - — — 7L77777777777777‘:7 EE—
—~ 33—t iy :_7?*‘117 —+———— g S i
Z 2 L LN AT L S = -40 -y
= 1k NN ] & B0 -
o) [ [ | @
Sop—t ] o=
el e e | e S I (S i e
2F—t——1 i P -80 Y-
iy N = N2 -
\ | | —— CN1//CN2 -90 |
4 -100
-3 -2 -1 0 1 2 3 -3
LOWPASS PROTOTYPE FREQUENCY (rad/sec) LOWPASS PROTOTYPE FREQUENCY (rad/sec)
(a) (b)

Figure 3-3 (a) Filtering functions for two single-band filters of degree 3 (Cy; has the
transmission zero at -1.8 rad/s and the central frequency at -0.8 rad/s with the multi-band

lowpass domain bandwidth J; of 0.4 rad/s, and Cy; has the transmission zero at 1.8 rad/s
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and the central frequency at 0.8 rad/s with the multi-band lowpass domain bandwidth &, of
0.4 rad/s), and the composite filter (Cy;// Cy;). The in-band return loss is 20 dB in each
case. (b) The corresponding S;; and S»; for the dual-band filter.

Table 3.3 The Transversal Coupling Matrix for the Dual-band Filter in Figure 3-3

s 1 2 3 4 5 6 L
00 02295 -0.3419 0.2534 [QUPREIRRUEISCRNIPRIEN 0.0
02295 10975 00 00 00 00 00 02295
03419 00 0853 00 00 00 00 | 03419
02534 00 00 05272 00 00 00 | 02534
(T 05272 00 00 02534
(OO 00 08653 00  0.3419
OO 00 00 -1.0975 0.2295
00 02295 03419 02534 PECPEEEPSCRMRSITE 00 |

C BB EREEE O D — W

Q Source/Load

‘ Resonator
|

Figure 3-4 The dual-path coupling scheme for the dual-band filter in Figure 3-3.

Table 3.4 (a) The Transversal Coupling Matrix for the Upper Path (M1).
(b) The Transversal Coupling Matrix for the Lower Path (M2).

S 1 2 3 L S 4 5 6 L
S 0.0 0.2295 -0.3419 0.2534 0.0 S 0.0 0.2534 -0.3419 0.2295 0.0
1| 0.2295 1.0975 0.0 0.0 0.2295 4 | 0.2534 -0.5272 0.0 0.0 0.2534
2 |-0.3419 0.0 0.8653 0.0 0.3419 5 1-0.3419 0.0 -0.8653 0.0 0.3419
3102534 00 0.0 05272 02534 | | 6 | 02295 0.0 0.0  -1.0975 0.2295
L| 00 0225 03419 0253 0.0 L| 00 02534 03419 02295 0.0
(a) (b)
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Table 3.5 Rotation Sequence for Reduction of the Transversal Matrix to the Requested

Matrix with Topology in Figure 3-4

Gr = -tan'l (CMkl/an)

Transform  Element )
Pivot

Number to be o k / m n c
t  Annihilated 5]

Ml

1 Mlg; In row 1 [2, 3] S 3 S 2 -1

2 Mils; --- [1, 2] S 2 S 1 -1

3 Ml ,y In column 4  [2, 3] 2 4 3 4 +1

4 Ml In column 3 [1, 2] 1 3 2 3 +1
M2

1 M2gs In row 1 (4, 5] S 5 S 4 -1

2 M2 --- [456] S 6 S 4 -1

M2y In row 2 [5, 6] 4 6 4 5 -1

Table 3.6 The Coupling Matrix for the Dual-band Filter in Figure 3-3
with the Dual-path Coupling Scheme shown in Figure 3-4.

S 1 2 3 4 5 6 L

S 0.0 0.4739 -0.0958 0.0 0.4835 0.0 (UN0) 0.0
1| 04739 0.9033 0.1880 0.0 0.0 0.0 0.0 0.0
2 |-0.0958 0.1880 0.8653 0.2047 0.0 0.0 0.0 0.0

3 0.0 0.0 0.2047 0.8247 0.0 0.0 0.0 0.4835
4 0.0 0.0 (XU -0.8247 0.2047 0.0 0.0
5 0.0 0.0 0.0 0.2047 -0.7619 0.1880 0.0958
6 0.0 0.0 0.0 0.0 0.1880 -0.9033 0.4739
L

00 00 00 04835 JEOEENNCEIINPYECE 00 |

It can be noted that the values of diagonal elements in the extracted matrix are also
categorized into two groups, which are positive values and negative values, and
corresponds to the resonant frequency of each resonator. Hence, the upper path governs the
lower passband, and the trisection portion of the upper path provides a transmission zero

on the lower stopband (i.e., -1.8 rad/s). Similarly, the lower path governs the upper
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passband and the trisection portion of the lower path generates a transmission zero on the
upper stopband (i.e., 1.8 rad/s). By using such a dual-path coupling scheme, the
transmission zeros on the upper and lower stopband can be generated by the trisection
portion, while the additional transmission zero used to separate two passbands is generated

by out-of-phase property of Cy; and Cyy.

3.4 Transmission Zeros Determination in Single-path and

Dual-path Coupling Schemes

The coupling matrix is related. to the responses of reflection and transfer function Sy;

and §,; via the following equations [46]:

S, 21+ 2| A |8y =22 AT ]
A = QU]+ [M]-j[R],

N+2,1”

(3-1)

where N is the order of filter, Q is the angular frequency in the low-pass domain, [Uy] is
similar to the (N+2)-by-(N+2) identity matrix except [Uoli.1 = [Uolys2, a2 = 0, [M] is the
(N+2)-by-(N+2) coupling matrix, and [R] is the diagonal matrix with [R] = diag{1,0,...,0,
1}.

To determine the locations of transmission zeros from the coupling matrix in arbitrary
coupling topology, it is equivalent to find the roots of S»;. In order to find the roots of

[A™N+2.1, the technique in [136] is used,
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[ _1] _ cofactor(A, ,,)

N+2l Det(A) (3-2)

Hence the transmission zeros are consequently the zeros of the cofactor of [A]; nr2. Now
we present three examples of dual-band filters with single-path and dual-path coupling
schemes, and show the mechanism in introducing transmission zeros under signle-path and

dual-path topology.

3.4.1 Single-path Dual-band Filter Characteristic

In the first example, the dual-band filfer ‘consists of two 4™ order filters with central
frequency at -0.75 and 0.75 .rad/s and' transmission .zeros at +0.1118, £1.3126, and
+712.2234 rad/s, which j is the imaginary number. The multi-band lowpass domain
bandwidth ¢ for both passband is 0.5 rad/s. The corresponding coupling matrix is listed in

Table 3.7 and the performance is.shown in Figure 3-5.

Table 3.7 The Coupling Matrix of the Single-path Dual-band Filter

S 1 2 3 4 5 6 7 8 L
0.0 0.6849 0.0 -02442 0.0 0.0 0.0 0.0 0.0 0.0
0.6849 0.0 0.9474 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.9474 0.0 0.3120 0.0 0.0 0.0 0.0 0.0 0.0
-0.2442 0.0 0.3120 0.0 0.6952 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.6952 0.0 0.3670 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.3670 0.0 0.8023 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.8023 0.0 0.3811 0.0 0.4198
0.0 0.0 0.0 0.0 0.0 0.0 0.3811 0.0 0.5614 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5614 0.0 0.5937
0.0 0.0 0.0 0.0 0.0 0.0 0.4198 0.0 0.5937 0.0

O 0o 9 & L A W N — W
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Figure 3-5 The performance of the single-path dual-band filter and the corresponding
dual-path coupling scheme based on the coupling matrix in Table 3.7.

To understand the mechanism of the transmission zeros. Here the cross coupling paths
are removed to see and estimate the transmission zeros. In Figure 3-6 (a), the cross
coupling path S-3 is removed, then the outer transmission zeros are disappeared; while
removing the path 6-L, the inner transmission zeros will be disappeared, as shown in

Figure 3-6 (b). Applying (3-2) to evaluate the transmission zeros, the formulation is as

follows:
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Mg, Q M,
M, Q M,
Mg, M,, Q M,
M, M,
M,, Q M, =0
My, QMg
Mg QMg
M, Q
Mg Mg (3-3)
= 'M34M45M56('M12M23Ms1 + MlzzMss - MSSQZ)(M67M78M8L + MﬁL ('ng + Qz)):()
le — M122 _ M,M,, Mg, ,
- Mg,
2 » MMMy
& =My ——

6L

From the above solutions, if the matrix is_symmetric, then the transmission zeros are
symmetric to 0 rad/s. While removing path S-3 (i.e:, Ms3 = 0), the transmission zeros of

+1.3126 rad/s are disappeared; and transmission zeros #0.1118 rad/s will be disappeared

when the path 6-L is removed:

0 ——T7——= 0 —T—=
m /| Vo | 0 o0l Il Lo I
S -20F—- S WS SO L N <) -20 T it
- // } O\Sou‘ke/lload } \ — /I } O source/Load } |
K // .\(?espna;‘;r \\ & | w 5 . Resonator = ‘ \\
N / L \ »n 40 F—- H Rt
s -40 P @) — N | = 150000 O |
= PO i e N = 1
o S Bl I s [T
-60 f——- 1 — }477 == Sau— . ——— sy N
\ A i -80 ' \ 1
-2 -1 0 1 2 -2 -1 0 1 2
Frequency (rad/sec) Frequency (rad/sec)
(a) (b)

Figure 3-6 The performances for the single-path dual-band filter with removing of cross
couplings (a) removing path S-3 and (b) removing path 6-L.

3.4.2 Symmetric Dual-path Dual-band Filter Characteristic
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In the second example, the dual-band filter consists of two 4™ order filters with central
frequencies at -0.75 and 0.75 rad/s in two passbands, and transmission zeros at +£0.1078,
+1.4657, and +j0.9613 rad/s. The corresponding coupling matrix is listed in Table 3.8.

It is worthy to be noted that the diagonal terms of the coupling matrix are classified
into two groups to present the central frequencies of two passbands, i.e., resonators
numbered from 1 to 4 (passband with central frequency 0.75 rad/s), and resonators
numbered from 5 to 8 (passband with central frequency -0.75 rad/s). The corresponding
performance is shown in Figure 3-7, and the dual-path coupling scheme is shown in the
subplot. For the dual-path topology, each path has a cross-coupled quadruplet, so that there
are two transmission zeros symmetric to the central frequency of each passband. Once the
cross couplings of these quadruplets are removed, the transmission zeros vanish, and it can

be observed by the dashed line in Figure 3-7.

Table 3.8 The Coupling Matrix of the Symmetric Dual-path Dual-band Filter

S 1 2 3 4 L
0.0 0.5110 0.0 -0.0433 0.0 0.0
0.5110 -0.7914 0.2328 0.0 0.0 0.0
0.0 0.2328 -0.7405 0.1622 0.0 0.0

00433 00 01622 07464 02191 00 00 00 00 00
00 00 00 02191 07911 00 00 00 00 05128
00 00 00 00 02191 0.0 00 00

00 00 00 00 0.7464 01622 0.0  -0.0433
(U ORI 00  0.1622 07405 02328 0.0

ORI 00 00 02328 07914 05110
00 _ 00 00 00 05128 [ENEEEYVECEENYISEIOE 00 |

mll c°© 2 o U NI R )

Due to the frequency-separated property, the mechanism of generation of
corresponding transmission zeros can be observed in each passband. In Figure 3-8 (a), the

quadruplet cross-coupling within the upper path introduces two transmission zeros
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symmetric to the central frequency at 0.75 rad/s, which is the resonant frequency of
resonators numbered from 1 to 4. Similarly the cross-coupled quadruplet within the lower
path provided two zeros symmetrical to -0.75 rad/s, as shown in Figure 3-8 (b). Once the
quadruplet cross coupling is removed from each path, the transmission zeros vanish.
Furthermore, to identify the locations of transmission zeros in each path, (3-2) is applied to

the following matrices [A]" and [A]°":

I =J MS,I 0 Ms,3 0 0 W
Mg, Q+M, M, 0 0 0
[A]" - 0 M, Q+M,, M,, 0 0 ,
MS,3 O M2,3 Q+M3,3 M3,4 0 (3'4)
0 0 0 M,, Q+M,, M,,
0 0 0 0 M,, =J |
- M, 0 0 0 0 |
Moo QaM o My 0 0 0
[A]Iow _ 0 Ms,s Q+ M6,6 M6,7 0 M6,L ’
0 0 Mg, Q+M,, M, 0 (3-5)
0 0 0 M, Q+Mg, M,
0 0 M, 0 My, -J |

low :

where [A]" is the matrix of the upper path and [A]°" is the matrix of the lower path.
Consequently, the transmission zeros are 1.4897 and 0.0536 rad/s of the upper path,
and they are -1.4897 and -0.0536 rad/s of the lower path. Moreover, it is noted that the
transmission zeros can be obtained similarly in the dual-path topology without
cross-coupled quadruplets, and they are £/1.8360 and +/0.2883 rad/s. It means even no
cross-coupled quadruplet, dual-path topology also provides complex transmission zeros, so

that the inherent separation between two adjacent passbands exists, as shown in Figure 3-7.
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Figure 3-7 The performance of the symmetric dual-band filter and the corresponding

dual-path coupling scheme based on the coupling matrix in Table 3.8.
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Figure 3-8 The performances of the (a) upper path and (b) lower path in the symmetric
dual-band filter.

3.4.2 Asymmetric Dual-path Dual-band Characteristic

In the third example, the asymmetric dual-path dual-band filter consists of a 3" and a
4™ order filters with central frequencies at 0.7778 and -0.7778 rad/s in the lowpass domain

with the multi-band lowpass domain bandwidth 6 of 0.4444 rad/s for both passbands. It
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contains six transmission zeros, which are -1.4305, -0.2078, 0.0948, 1.4802, and -0.7663 +
70.5029 rad/s. The corresponding coupling matrix is listed in Table 3.9.

In Figure 3-9, one group of resonators, namely resonators 1 to 3, governs the central
frequency at 0.7778 rad/s, while the other group of resonators 4 to 7 governs the central
frequency at -0.7778 rad/s. The value of entry M5, however is small enough to be ignored

without influence on the dual-band characteristic.

Table 3.9 The Coupling Matrix of the Asymmetric Dual-band Filter.

s 1 2 3
00 05005 0.0 -0.0597
05005 -08187 02353 00 00 00 00 00 00
00 02353 -07752 02086 00 00 00 00 00
00597 00 0208 -08179 00 /00 00 00 05033
YO YO I 05164 02002 00 00 00
(T =T 02002 07782 01572 00 00
RO RN 00 01572 07786 0.1983 0.0
TRV 00 00  0.0983 08165 04876
00 00 00 05033 EEOONSENTRSNTENPTIN 00 |

el 2 O U~ [NUSIEN SRR

It is worthy to be noted that one quadruplet cross coupling introduces four
transmission zeros. To make clear the mechanism in generating of transmission zeros, the
analysis is applied as followings. Figure 3-10 (a) shows the performance in the upper path,
and it is obvious that the transmission zeros come from the quadruplet cross coupling, To
identify the transmission zeros of the lower path, the cross-coupled path is retained. This
extra path consists of the quadruplet cross coupling within the upper path and the resonator
3, which is shown in the subplot of Figure 3-10 (b). Moreover, the transmission zeros can
be determined via (3-2), and they are 0.1133 and 1.4806 rad/s of the upper path, while
-0.2613, -1.4191, and -0.7546 + j0.4837 rad/s of the lower path. Furthermore, even no

cross coupling, the dual-path topology inherently maintains the isolation between two
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passbands, as shown in Figure 3-9.
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Figure 3-9 The performance of the asymmetric. dual-band filter and the corresponding
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Figure 3-10 The performances of the (a) upper path and (b) lower path in the asymmetric
dual-band filter.
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3.5 Analytical Approach for Dual-band Filter Design Using

Parallel-Coupled Lines

The previous section shows the specific coupling scheme for the microstrip
implementation. Here the relations between the coupling coefficients and the parameters of
the microstrip lines are discussed. To introduce the slope parameter of the resonator, the
value of Js of the parallel-coupled line model can be obtained using the following

equations [137]:

Jj,j+1 :Mj,j+lA\/bjbj+19j:19"'9’1_19 (3-6)

where A is the fractional bandwidth. Once the values of J inverters are obtained, the even-
and odd-mode characteristic impedance-for-non-quarter-wavelength parallel-coupled line

[138] can be calculated by

Z. 1+(JZ,)cos0+(JZ,)

Z, 1-(JZ,)’ cot* 6
z, 1-(JZ,)cos0+(JZ,) (3-7)
Z, 1-(JZ, )2 cot’d

Based on (3-6) and (3-7), the parameters of the microstrip parallel-coupled lines can
be obtained. Here an example for the dual-band filter is provided to show the validation.
The filter design for the dual-band GPS at 1227 MHz and 1575 MHz is used to show the

closely adjacent passbands. In the design, each passband has 10% fractional bandwidth.

64



Use (2-13), the central frequency of the dual-band filter is 1390 MHz with fractional

bandwidth 35%. To transfer the information into the lowpass domain, the passband #1 has

the normalized central frequency at -0.713 rad/s and the passband # 2 has the normalized

central frequency at 0.713 rad/s. Both filter orders are 3 and the return loss are 15 dB. The

dual-path coupling scheme is used in this example, as shown in Figure 3-11. The

corresponding performance is shown in Figure 3-11 and the coupling scheme is listed in

Table 3.10.
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|
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— |
m |
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“__; -40 ___/ﬂ_ ‘Resonator _|_____IL____}_\ N
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T 1
60 i 1 i 1 i
-2 -1 0 1 2

Frequency (rad/s)

Figure 3-11 The performance and coupling scheme of the dual-band filter design for GPS

system.

Table 3.10 The Coupling Matrix of the Dual-band Filter for GPS System Design.

s I 2 3 4 5 6 L
s| 00 05054 00 00 NUEIEERENIENTEN 0.0
105054 -0.7588 02490 00 00 00 00 00
2| 00 0249 -07152 02490 00 00 00 00
3| 00 00 0249 -07588 00 00 00 05054
4 (YOG 0.7557 02491 00 00
5 (TN 02491 0.7153 02491 0.0
6 00 00 00 [EENEEEYEIEVAYENIEIE
L] 00 00 00 05054 EEONSSEENEES 00
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Based on the coupling matrix, now the parameters of the parallel-coupled lines can be
obtained in (3-6) and (3-7). Let f; = 1575 MHz and f> = 1227 MHz. For the microstrip
implementation of the upper path of the dual-path coupling scheme, the schematic is
shown in Figure 3-12. For the passband at f;, the corresponding path is S-1-2-3-L.
Choosing 6s; = 65, = 03 = 03, = 6, = 6, = 0= 60° (i.e., the length of each resonator is 180°,
so that the slope parameter b = n/2/Z,), the calculated parameters of the parallel-coupled
lines are listed in Table 3.11. The similar procedure is applied to the lower path, and the
schematic is shown in Figure 3-13 and parameters are listed in Table 3.12. In Table 3.10,
the asymmetric property of the passband comes from the different diagonal terms, so that

the length of the coupled line should be slightly tuned.
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Figure 3-12 The schematic of the parallel-coupled line for the upper path of the dual-path

coupling scheme.

Table 3.11 The Calculated Parameters for the Parallel-Coupled Line of the Upper Path.

fi=1575 MHz
My, M, M3 M3
J 0.0075 0.0014 0.0014 0.0075

Zoe () 82.5198 57.8927 57.8927 82.5198
Zoo (€2) 37.1236 40.0080 40.0080 37.1236

66



05,@ T,

INol 18

0,@ f 0,@f
(zoe,S4’Zoo,S4) <4_>2 L»
| s VA 5@ f 5@ f,
° ( 0e.45’ oo 45) <—>I
0, @ f
6,@ f oL@ 1,
Zo (Zoe,se'zoo,se) ‘6@ 2 < >
61 Fo{ |
Z° (Zoe,GL’Zoo,SL)

ouT

Figure 3-13 The schematic of the parallel-coupled line for the upper path of the dual-path
coupling scheme.

Table 3.12 The Calculated Parameters for the Parallel-Coupled Line of the Lower Path

f,=1227 MHz
My, Mys M Moy,
J 0.0075 0.0014 0.0014 0.0075
Zoe () 82.5108 57.8963 57.8963 82.5108
Zoo (Q) 37.1245 40.0060 40.0060 37.1245

o )

Z T

s Y

2] 2]

o o

LA = 0F+——m—m—— = =
—— TL Model —— TL Model () shurce/Load

| — — Coupling Matrix — — Coupling Matrix . Rfsonamf
_80 1 1 1 _80 1 1 1
1.0 1.2 14 1.6 1.8 1.0 1.2 14 1.6 1.8
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 3-14 The performances for the parallel-coupled line model and coupling matrix of
lower and upper paths.

Table 3.13 The Tuned Lengths of the Parallel-Coupled Line in Figure 3-12 and Figure

3-13

fi=1575 MHz £=1227 MHz

eSl

55°

Os4

57°
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012 65° 045 65°
023 65° 056 65°
OsL 55° BoL 57°
0, 58° 04 59°
0, 49° 05 50°
03 58° 05 59°

After tuning the lengths, the performances for the upper and lower path are shown in
Figure 3-14 with the tuned lengths listed in Table 3.13. To combine two filters into a
dual-band filter, the double-diplexing configuration is used, as shown in Figure 3-15. The
fo in the figure is the central frequency of the dual-band filter. In [132], the imaginary part
of the input admittance for the path S=1-2-3-L (which is passband at f,) is zero at f>, while
the imaginary part of the input admittance for the path S-4-5-6-L is zero at f;. Applying
this procedure to the dual-band filter for the GPS system and fine tuning the lengths of
each filter, the final lengths are listed-in Table 3.14. The performances are shown in Figure

3-16.

81 @ fO 61 @ fO
— P
xoio_ f7 _oic\x\\
OZO\O—O— —o—o/OZ_o
O_O\Oio_ f M

> -
02@f0 02@f0

Figure 3-15 The double-diplexing configuration proposed by [132]
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Table 3.14 The Final Lengths of the Dual-band Filter for GPS System.

f1=1575 MHz f>=1227 MHz fo=1390 MHz
Os1 58.5° Os4 57.5° 0; 150°
012 68° 045 64° 0, 97°
023 68° Os6 64°

0;L 58.5° O6L 57.5°

0, 54° 04 57.5°

0, 45° 05 50°

03 54° 06 57.5°

Figure 3-16 The bandpass performances of the dual-band filter for the GPS system.

1S11], [S21] (dB)

— TL Model
— — Coupling Matrix

1.2 1.4

Frequency (GHz)

1.8

3.6 Microstrip Implementation for Single-path and Dual-path

Dual-band filters

The synthesis procedure has been illustrated completely. In this section, the microstrip
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implementations for the filters described in the previous section will be used to

demonstrate the validation of the proposed filter synthesis.

3.6.1 The Single-path Dual-band Filter

Table 3.2 lists the coupling matrix with the coupling scheme shown in Figure 3-2.
The central frequencies of the two passbands in the practical design are 2.3 and 2.7 GHz,
while the fractional bandwidth is 5% in each passband. For the practical implementation, a
0.508-mm-thick Rogers RO4003 substrate with a relative dielectric constant 3.58 and a
loss tangent of 0.0021 is used. Based on the design procedure in [139] for choosing the
length of the quadruplet cross-coupling, the layout of the proposed microstrip filter is
shown in Figure 3-17. The dimensions-are listed in Table-3.15.

In Table 3.2, the element of cross coupling Ms 3 is 0.6590, which is even larger than
the direct couple My ; (0.5624).along the main path. Hence the cross couple will be treated
similarly as the direct coupled path-between-source and resonator 3. Such a strong
cross-coupling strength Mg ; contributes the separation of two passbands. In the practical
design, the length of each coupled line section is initially set to be a quarter-wave length at

2.5 GHz. It is then simulated by ADS to obtain the final practical length.

i
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-« L —» -~ >
. S 5 Loy [ 4G \P}HQ ﬂ% ! *ﬁw
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Wle—— L “tea b — [ s, At T W
—ll—
Gy

Figure 3-17 The circuit layout for the filter with the coupling matrix listed in Table 3.2
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Table 3.15 Dimensions for the Layout Shown in Figure 3-17. (Unit: mm)

\
\

|

Figure 3-18 The practical mi filter with the coupling matrix

listed in Table 3.2
—~
[a0]
S |
N ‘
S |
2] 1 1
- \ \
2} 1 1
I | ©2
g
-60 Measurement 77‘77777‘77 6 02 5 215 30
——~ Simulation * * ) Freguer]cz !Gsz ]

05 10 15 2.0 25 3.0 3.5 40 45
Frequency (GHz)

Figure 3-19 The responses for the single-path dual-band filter in Figure 3-18.

Figure 3-18 shows the photograph for the single-path dual-band filter and the

measured S-parameters are shown in Figure 3-19. In the figure, the measured results agree
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well with the simulated one.

3.6.2 The Symmetric Dual-path Dual-band Filter

Table 3.6 lists the coupling matrix with the coupling scheme shown in Figure 3-4. The
central frequencies of the two passbands in the practical design are 2.2 and 2.7 GHz, while
the fractional bandwidth is 5% in each passband. For the practical implementation, a
0.6350mm-thick Rogers RT/Duroid 6010 substrate, with a relative dielectric constant 10.2
and a loss tangent of 0.0021, is used to implement such a dual-band filter. The design
parameters can be obtained using (3-6) and (3-7). The layout of the dual-band microstrip
filter is shown in Figure 3-20 with the dimensions are listed in Table 3.16.

In this example, the transmission zeros within the stopbands are known to be
governed by the trisection portion of coupling scheme M, and M;s; in Figure 3-4. The
values of the corresponding elements are -0.0958 and.0.0958 in Table 3.6, which are
smaller than the element value “along..the main path. This makes sense because the
locations of transmission zeros are far from the corresponding passbands. In Figure 3-20,
the lengths of the two coupling lines L;s (0.685 mm) and Ly (0.7112 mm) are obviously
shorter than other coupled lines in the main path. The gaps G; and G, are also wider than
the gaps of the main coupling path. Because of the dual-path schematic, a transmission
zero to separate two passbands exists inherently. The dual-path coupling scheme also
provides another advantage, which is the initial length of each coupled line that can be
obtained at each resonant frequency due to each path governs one passband. After

simulated by ADS, the final practical dimensions will be obtained.
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Figure 3-20 The layout for the dual-path dual-band filter with the coupling matrix listed in
Table 3.6.

Table 3.16 Dimensions for the Layout Shown in Figure 3-20. (Unit: mm)

\
75150 | 60710 | 65090 | G810 | 103 |-53470 | 86570 | 69090
\

Figure 3-21 The photograph of implemented microstrip symmetric dual-band filter with
the coupling matrix listed in Table 3.6.
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Figure 3-22 The responses for the symmetric dual-path dual-band filter in Figure 3-21.

Figure 3-21 shows the photograph for the symmetric dual-path dual-band filter and
the measured S-parameters are.shown-in Figure 3-22. In the figure, the measured results

agree well with the simulated.one.

3.6.3 The Asymmetric Dual-path Dual-band Filter

Table 3.9 lists the coupling matrix with the coupling scheme shown in Figure 3-9.
The central frequencies of the two passbands in the practical design are 2.26 and 2.7 GHz,
while the fractional bandwidth is 5% in each passband. For the practical implementation, a
0.508-mm-thick Rogers RO4003 substrate, with a relative dielectric constant 3.58 and a
loss tangent of 0.0021, is used to implement such a dual-band filter. The design parameters
can be obtained using (3-6) and (3-7). The layout of the dual-band microstrip filter is
shown in Figure 3-23 with the dimensions are listed in Table 3.17. The circuit photograph
is shown in Figure 3-24 and Figure 3-25 shows the measured results, which agree well

with the simulated performance.
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Figure 3-23 The layout for the asymmetric dual-path dual-band filter with the coupling
matrix listed in Table 3.9.

Table 3.17 Dimensions for the Layout Shown'in Figure 3-23. (Unit: mm)

W, w, W; W, Ws W w; W
1.2500 1.2500 0.9250 0.2000 0.6000 0.7000 0.2000 1.2500
Wo Wio L, L; L; Ly Ls Ls
0.6000 1.0250 | 20.0500 }+12.1000 | 19.6500 | 15.1000 | 18.6500 | 19.5000
Ly Lg Lo Lip Sy S> S3 Sy
20.1250 | 17.4750 | 19.9500 | 18.0250 | 0.2750 0.6500 1.2500 1.0750
Ss Ss S7 S So S1o Wa D,
0.2000 0.2000 1.2250 0.7500 1.1750 0.2000 0.2000 | 10.2250
D> Dj; Dy Ds Dg D; Dyg G,
46.6500 | 16.4500 | 0.7750 0.6000 | 12.5750 | 57.3500 | 6.5000 0.2250
G, W, U, U, Us U, Wy B,
0.2000 0.2000 | 23.4500 | 6.3250 49600 | 23.6000 | 0.2250 1.6500
B; B; B, W, C C W, Fi
1.7000 1.7000 1.6500 | 1.67500 | 10.0500 | 10.0500 | 1.1000 2.5000
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Figure 3-24 The photograph of implemented microstrip asymmetric dual-band filter with
the coupling matrix listed in Table 3.9.
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Figure 3-25 The responses for the asymmetric dual-path dual-band filter in Figure 3-24.

Furthermore, to observe the mechanism of the cross-coupling in each passband, the
current density under two passbands is simulated. In Figure 3-26 (a), the current mainly
flows through the upper path and the cross-coupled quadruplet at 2.69 GHz. At 2.263 GHz,
the current flows through not only the lower path, but also the cross-coupled quadruplet

within the upper path and the resonator 3, as shown in Figure 3-26 (b). It agrees with the

discussion in Sec. 3.4.2.
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Figure 3-26 Simulated current density of the filter in Figure 3-24 (a) at 2.69 GHz, and (b)
at 2.263 GHz.

3.7 Conclusion

In this chapter, we introduce the relations between the coupling coefficients and
parameters of the parallel-coupled line. For the convenient of the implementation, the
single-path and dual-path coupling schemes are proposed. Within these two topologies, the
dual-path coupling scheme shows the advantage of the physical insights, and the
transmission zeros can be assigned to each passband using the well-known mechanisms in
the single-band filter design. By adding the additional quadruplet or trisection coupling
scheme in the coupling paths, the dual-band filter with finite transmission zeros is design

and implemented. The measured results have shown good agreement with simulated results.
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Based on the synthesis procedure in Chapter 2, the proposed dual-band filters have shown

properties of the flexible response, good performance, and quick design procedure.
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Chapter 4

Two-mode Dual-band Filter Design Using E-shaped Resonators

4.1 Introduction

Two-mode resonators are attractive for its advantage of the size reduction in the filter
design. Based on the property of two-mode, the interaction between these two modes of the
resonator can be completely separated for the physical consideration. Many articles have
been provided to design the dual-band filter with two-mode resonators. However, the fully
analytical design has not been proposed yet.

E-shaped resonator is validated in dual-mode single-band filter design [122]-[124]
and is a good candidate in dual-band filter design [125]. The even- and odd-mode analysis
of the E-shaped resonator is proposed in [122] and corresponding coupling scheme is
proposed in [124]. In this chapter, the-analytical approach for two-mode dual-band filter
synthesis using E-shaped resonators is proposed. Based on the dual-band coupling matrix
synthesis proposed in Chapter 2, the odd-mode of the E-shaped resonators is firstly
analyzed to determine the dimensions corresponding to the odd-mode portion of the filter.
Then, the central open-stub of the E-shaped resonator can be used to adjust the slope
parameter of the even-mode to fit the requirement of the even-mode filter parameters. In
addition, the out-of-phase property of the coupled edge of the E-shaped resonator is also
discussed and used to improve the separation of two adjacent passbands. By properly
arranging the filter layout, the filter order can be increased and the requested transmission

zeros are available. The details are discussed in the following sections.
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4.2 E-shaped Resonator

Figure 4-1 (a) shows the layout of the E-shaped resonator. Due to the electrically
symmetric of the layout, the even- and odd-mode analysis can be applied, as shown in
Figure 4-1 (b) and (c). Considering the boundary conditions of the electric field, that is,
magnitude of electric field is maximum at the open end and is zero at the short end, the
electric field distributions for even and odd modes of the E-shaped resonator are illustrated
in Figure 4-2. In the figure, L, = Ly; + Ly, so that the A, is larger than A.. Consequently,
the self-resonant frequency of the even mode is higher than that of the odd mode. Based on
the property, the self-resonant frequency of the even mode can be adjusted by tuning the
length of the central stub of the E-shaped resonator(i.e., L.) while the self-resonant
frequency of the odd-mode is Kept unchanged.

Due to the property of the separately adjusting the resonant frequency of these two
modes, the dual-band filter iS now analyzed using even-odd mode analysis and the

analytical synthesized procedure is provided based on the synthesized coupling matrix.

La La

——>

Ly
""" |

—— —— — — ——— |__

|J:_|——___J

1

Loy

by

I === 1

! |

(a) (b)

Figure 4-1 The schematic of the E-shaped resonator. (a). Layout. (b) Odd-mode. (c)

Even-mode.
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Figure 4-2 The E-field distribution for the (a) odd-mode and (b) even mode of the
E-shaped resonator.

4.3 Analytical Approach in Two-mode Dual-band Filter Design

Using E-shaped Resonators

Due to the even- and odd-mode of the resonators are at different resonant frequency,
they are independent of the effects between each other at their operated frequency. Using
these two modes to design a dual-band filter, ‘each passband will be governed by its
corresponding mode. Therefore, the proposed two-mode dual-band filter can be described
by the coupling scheme shown in Figure 4-3. The two-mode mechanism is controlled by
even- and odd-modes. The contributions from even- and odd-modes can be separated by
two different coupling paths, and the dual-band performance of the two modes are then
extracted using the coupling matrix synthesis. Each mode governs the performances of one
passband. Here the back-to-back E-shaped resonator is used to construct the two-mode
dual-band filter. Figure 4-4 (a) shows the layout for the proposed two-mode dual-band
filter. Removing the central open stubs from the layout, as shown in Figure 4-4 (b), the
odd-mode response can be analytically synthesized from the corresponding odd-mode

portion of the coupling matrix. And then, the effects from the even-mode will be
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introduced by adding the open stubs, which dimensions are also determined in an

analytical approach. In the following, we will introduce these analytical procedures to

synthesize the two-mode dual-band filters.

Odd-Mode

Even-Mode
@ source/load () Resonator

Figure 4-3 The coupling scheme for the two-mode dual-band filter design.

S S
IN o] IN o]
| E | | |
| ﬂ | | |
[ ] [ ]
[ ] [ ]
° °
o [ —
v |
N-1 o N
OUT for odd-order o] OUT for odd-ordero{—___]
L L

OUT for even-order OUT for even-order

(a) (b)

Figure 4-4 (a) The proposed two-mode dual-band filter. (b) The layout for the odd-mode

portion of the two-mode dual-band filter. The number shows the resonator index.
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4.3.1 Analytical Approach for the Odd-mode Analysis

For the odd-mode analysis, the central open-stub in each E-shaped resonator has no
effect. Therefore, it can be removed when designing the odd-mode filter. Figure 4-5 shows
a generalized representation of a bandpass filter with resonators and J inverters. To
evaluate the values of Js, (3-6) is applied. Once the values of the J inverters are obtained,
the even- and odd-mode characteristic impedance for parallel-coupled line can be
calculated by (3-7). For the anti-parallel coupled line [141], the formulation is shown in

(4-1). Note that the electrical length if the anti-parallel coupled line should not equal 90°.

— 1+(JZO)tan¢9
Zy 1=(JZ,)cot 0’
Z. = 1=(JZ,)tano (4-1)
Z, 1=(JZ,)coto

Ga Jo B1(CO) Ji BZ((D) J2s Bn((D) Jnn+ E Ga
é i — 1  }..== —

Figure 4-5 A generalized band-pass filter circuit using admittance inverters.

4.3.2 Analytical Approach for the Even-mode Analysis

Now adding the central open-stub to the E-shaped resonator as shown in Figure 4-6 to
design the even-mode-filter, note that the only adjustable parameters are the impedance
and the electrical length of the central open-stub. These parameters must be adjusted to
match the even-mode resonant frequency and the slope parameter to fit the requirement of

J%.1;. Based on the extracted Z,,, ;.;; and Z,,,.;; for the coupled lines, the J°;.;; is obtained
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by (3-7). By the known J°;.;; and M°;.; ;, the slope parameter can be obtained by (3-6).

To calculate the slope parameter from the equivalent circuit, Figure 4-7 shows the

corresponding half circuit for even-mode analysis. In Figure 4-7, the slope parameter for

even-mode half circuit can be obtained by (4-2)

2Z,—Z,tan 6, tan 0,
* jZ,tan 6, + j2Z  tan 6’

Y= Z,tan 6, +2Z tan 6, _ s,

27,7, —Z; tan 6, tan 6, - (4-2)
pe = 2 dB .
2\do
where o, is the even-mode resonant frequency.
In Figure 4-7, the even-mode resonant condition is
Z,tan @
Yi=0=>2Z,=—-" 2 _
in N 2tan 01 (4 3)
J-1 J
60°@ 0|} i 0,@ 0| | Z 60° @ Mo
30° @ @ 30°@ O
e —
Zoe,j—1,j/Zoo,j—1,j l_ _l_ _l
- A o -9
1 VY ZeejjpilZoojjrt E.:": E'a":

L] .
. r

Figure 4-6 The circuit schematic of the E-shaped resonator.
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Figure 4-7 (a) The even-mode analysis for the E-shaped resonator in Figure 4-6. (b) The

equivalent circuit for the even-mode analysis.

By rearranging (4-2) we have

5 _ 2% sec’ 6, +27 tan @, tan 6,b°
> 4b°Z, — 26, sec’ 6, ' (4-4)

To solve (4-3) and (4-4), the variables Zg and &, can be determined. Because the Z,,
and Z,,based on M’;;.; are already fixed when designing the odd-mode filter, once the Zg
and 6, are obtained, the corresponding coupling coefficient for even-mode M*;;, is fixed

accordingly. This phenomenon restricts the achievable filter parameters for the even-mode.
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To identify the available dual-band characteristics, the M;;+; of the extracted layout needs

to be estimated. Figure 4-8 shows the circuit that is used to identify the coupling

coefficient between two E-shaped resonators operating at even-mode.

Ao

Ck

eS@(/Oe
-

(ZosislZoosse1]| 30° @ O

65@0)9

————p

27Zs

oo

Ck

Figure 4-8 The circuit is proposed to identify the coupling coefficient between two

E-shaped resonators operating at even-mode:

The S>; can be derived based on the ABCD matrix of the circuit shown in Figure 4-8.

The poles of S»; are dominated by element C’ of the sub-4ABCD matrix shown in Figure 4-8

due to the weak coupling (i.e., a very small value of capacitor Cx). To find the roots of C’,

the details is derived as follows. Firstly, the well-known equation for determining the

coupling coefficient is

Let

2 2

H L

MI,ZA 2 2
Ju+/i

(4-5)
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_uth

S 5 (4-6)
The above equations can be represented as
2f¢ 1+k
S Fr i el @)

Based on the coupling coefficient, two resonant frequencies can be obtained.
Furthermore, the resonant frequencies can be also derived from the circuit in Figure 4-8.

To use the cascade ABCD matrix, the ABCD matrix of the whole circuit can be represented

as
A'+‘C .A + B'~ ¢ 2+.D
A B _ JCUCK ]COCK (C()CK ) ]C()CK
C D| C' ' (4-8)
c' D'+
i JoC, ]
Based on the ABCD matrix, the S,; can be represented as
2

S21

T A+B/Z,+CZ,+ D

= ' -(4-9)
A'(1+.IJ+C' Zy,+— 2 _ 12 +B+D'[1+.1j
joCyZ, joCy (0C) 2, ) Z joCyZ,

The resonances are the roots of the denominator of S,;. For the weak coupling test, here the
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capacitance of Cx is chosen as a very small value, say 0.0001 pF, Hence the 1/(wC)” has
relatively larger value than other terms, so the roots of C’ is close to the roots of the
denominator of S»;.

To find the expression C’, the analysis procedure in [141] can be applied to obtained
the A;n, Bin, Cin, and D;, by terminating two terminals of the coupled line with transmission
lines, which have & length and characteristic impedance 2Zs. Finally, C’ can be

represented as
C'=jA,Y,sin0,cos0, - Y, B, sin’ 6, +C, cos’ 0, + jY,D, sin,cos@,.  (4-10)

In (4-10), where

A, =(a, r+b,)(=c,x=d,)+b,c, 1,
B, ==(a, x+b, (a1 +b,,)+b,b,,
C, =(cixtd, )(—crox—dp)+c o x’,
D, =—(c ¥ +d; Wapx+by)—c,b, 7.

and

a,=a, =d, =d,, =cos(9a/2),

a,=a, =d,=d, =0,
b11=b22=0.5j(Z +Z,,)sin(6,/2),
,=05j(Z,,-Z,)sin(6,/2),
—022—05](1/2 +1/Z,,)sin(6,/2),
¢, =¢,=05j(1/2,-1/Z,)sin(6,/2).

From the above equation, it can be noted that C’ is a real coefficient equations and it
is a second order equation with variable y = -2Zscotés. Hence the roots of C’ can be
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obtained using the quadratic formula.
Based on (4-10), the roots of the denominator of S,; can be obtained by root finding
for C’ under the weak coupling test. The exact value of the roots can be also obtained by

(4-7). Due to the solutions from (4-7) are equal to the roots of C’, the derived equation is

obtained as follows:

ay’ + Py +y =0, where

1 1 1 1 1
a=— + SCS,C,+—C>S; + C;:S?,
Z Z 1122 22 1%2 21
0 oe,j,j+1 00,j,j+1 0 oe,j,j+100,j,j+1
1 Zoo i j+ Zoe i j+ 2
ﬁ :Z—(Z oS/t + J) 1]S12S2C2 —?CIZSZCZ
0 oe,j,j+1 00,j,j+1 0
+1(z +Z,, ;) S58,C, - Lo, 1 esc
P oe,j,j+1 00 +1 25110
ZO Y 7 Zoe,j,j+l Zno,_j,j+l (4'1 1)
1 Zae i, J+ Zoo i, Jj+
- _Z_(Zoea./ﬁ./“rl + 2, VBIGS,G #- 5 S1S] + CIC,,
0 0
(7 0, \
S, =sin 2“ ,C, =cos— 5 38, =sin@,,C, =cosb, .

Solving the equation, two resonant frequencies, which are f; and f;, can be extracted,

and they are corresponding to two peaks of S»;. Then the coupling coefficient is

e Ju= 1}
k/ j+H = Js /+1A fZ +;2 : (4-12)

L

where fy is the root with larger value than f;.
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4.3.3 Impact of the Constrained Even-Mode k° on the Filter

Performance

Because the even-mode coupling coefficient of the back-to-back E-shaped resonator
is fixed during designing the odd-mode filter, the available even-mode filter parameters
have limitations and will be discussed in the following. Here two cases are analyzed. The
first one is to change the bandwidth ratio with frequency ratio as a parameter but the
odd-mode bandwidth is fixed as 10%. The second condition is with a fixed frequency ratio
but the bandwidth ratio is varied. Using (4-12), the impact on the return loss of the
even-mode passband due to the relative error.of coupling coefficient (Ak®) can be observed
through following examples. Here three topologies are used, as shown in Figure 4-9.
Figure 4-10 shows the theoretical results of the two-mode dual-band filter with different
central frequency ratio but the'odd-mode bandwidth is fixed to be 10% and the bandwidth
ratio is also fixed to be 1.3. Figure 4-11 shows the calculated Ak° of the proposed analytical
design of back-to-back E-shaped resonator versus bandwidth ratio with frequency ratio as a
parameter where the odd-mode bandwidth keeps being 10%. On the other hand, Figure
4-12 shows the theoretical return loss of the same coupling scheme. In this case, however,
the central frequency ratio is fixed to be 0.75 with different fractional bandwidth. Again,

Figure 4-13 shows the Ak versus bandwidth ratio.
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O Source/Load

(a) (b) (©

Figure 4-9 Three topologies used for estimating £°. (a) The coupling scheme for the
coupling matrix in Table 4.1. (b) The coupling scheme for the Example 1 in the following
section. (¢) The coupling scheme for the Example 2 in the following section.

1S11] (dB)

1.6 1.8 2.0 2.2 2.4 2.6
Frequency (GHz)

Figure 4-10 S;; with various even-mode frequencies. (a) Coupling scheme shown in Figure
4-9 (a) with 15 dB return loss. (b) Coupling scheme shown in Figure 4-9 (b) with 20 dB
return loss. (¢) Coupling scheme shown in Figure 4-9 (c) with 15 dB return loss. (Circle: f,

= 0.8f.. Triangle: f, = 0.75f,, X: f, = 0.7f.). All cases are under the 10% fractional
bandwidth on odd-mode and A**Y/A™" = 1.3.

91



AK®=(K® KEVKE oot (%)

15
10

-10
-15

I =07,

gk - f = 0.75f
| ——-__._——<%,_<:::___:: ..... fo = 08fe
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11 12 13 14 15 16 17

Aodd / Aeven

Figure 4-11 The difference between the exact and the estimated coupling coefficients with

various fractional bandwidth on even-mode and different frequency ratios of two

passbands. (Triangle: Coupling scheme shown in Figure 4-9 (a) with 15 dB return loss.

Circle: Coupling scheme shown in Figure 4-9 (b) with 20 dB return loss. Square: Coupling

scheme shown in Figure 4-9 (c) ‘with 15 dB return loss). All cases are under the 10%

fractional bandwidth on odd-mode.

1S11] (dB)

1.6 1.8 2.0 2.2 2.4
Frequency (GHz)

Figure 4-12 S;; with various fractional bandwidths on odd-mode. (a) Coupling scheme

shown in Figure 4-9 (a) with 15 dB return loss. (b) Coupling scheme shown in Figure 4-9
(b) with 20 dB return loss. (¢) Coupling scheme shown in Figure 4-9 (¢) with 15 dB return
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loss. (Circle: A = 5%. Triangle: A®™ = 10%). All cases are under f, = 0.75f, and A°/
A" =1.3.

10
L — A°=5%
vl ———= A**=10%
s o5
q){(b
¥ Oof
mxﬂ)
T
X
<
-10 ] ] ] ] ]
11 12 13 14 15 16 17

Aodd / Aeven

Figure 4-13 The difference between the exact.and estimated coupling coefficients with
various fractional bandwidth on both odd- and even-modes. (Triangle: Coupling scheme
shown in Figure 4-9 (a) with 15 dB return loss. Circle: Coupling scheme shown in Figure
4-9 (b) with 20 dB return loss: Square: Coupling scheme shown in Figure 4-9 (¢) with 15
dB return loss). All cases are under f, = 0.75f;.

Figure 4-11 gives designers a guideline-to- choose the frequency ratio under the
specific coupling scheme. Here A°* /A" = 1.3 is used as an example to explain how to
choose the frequency ratio. For the case which has the coupling scheme in Figure 4-9 (b)
with 20 dB return loss (circle symbol), it shows Ak® is about +11% under f, = 0.7/, (solid
line), Ak® is about +0.5% under f, = 0.75f, (dashed line), and Ak® is about -7% under f, =
0.8f. (dotted line). Compared with the results shown in Figure 4-10 (b), the S-parameters
under f, = 0.7f, with +11% relative error is close to the dotted line with X symbols, the
S-parameters under f, = 0.75f. with +5% relative error is close to the solid line with
triangle symbols, and the S-parameters under £, = 0.8f, with -7% relative error is close to
the dashed line with circle symbols.

From the discussion above, while the coupling scheme in Figure 4-9 (b) with 20 dB
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return loss chosen with A°™ /A®*" = 1.3, the frequency ratio f, = 0.75/, is the better choice
for the small relative error. For the example shown in Figure 4-18, the A°* /A" = 1.3 and
fo = 0.718f., such that the relative error of coupling coefficient is within 0~10% as shown
in Figure 4-11. The same analysis can be applied to Figure 4-13. For other specific
coupling scheme, the figure of relative errors has to be firstly analyzed to provide the

guideline in two-mode dual-band filter design.

4.3.4 Analytical Calculation Example: Fourth-order Two-mode

Dual-band Bandpass Filter

To demonstrate the proposed analytical approach for two-mode dual-band bandpass
filter design, a forth-order two-mode dual-band filter is used as an example. The filter
parameters for the dual-band synthesis are as follows: The first passband central frequency
is firstly shifted from 0 to -0.764 rad/s at the lowpass domain and the multi-band lowpass
domain bandwidth is 0.4587 rad/s.”Simularly, the second passband central frequency is
shifted from 0 to 0.8211 rad/s and the multi-band lowpass domain bandwidth is 0.3489
rad/s. Both filters are the second-order filters with return loss of 15 dB. After parallel
addition of two filtering functions, the corresponding coupling matrix is obtained in Table
4.1 with coupling scheme shown in Figure 4-9. The four-pole dual-band filter is then
transformed to the bandpass domain with central frequency at 2 GHz and the fractional
bandwidth bandwidth 40%. It means the frequencies for odd- and even-mode are 1.707 and
2.376 GHz, with odd-mode bandwidth 1.3 times larger than that of even-mode. The circuit
schematic of the two-mode dual-band filter is illustrated in Figure 4-14. To evaluate the
parameters for odd-mode firstly, the central open-stubs are removed and the corresponding

layout is shown in Figure 4-15. The values of the J inverters are then calculated by (3-6)
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and Z.. and Z,, of the coupled line are obtained by (3-7) and (4-1) and shown in Table 4.2
with E; = E; = 2E; = 60°. The Z.. and Z,, for the My ;° and M,° ; are calculated by (3-7),
and Z,. and Z,, for the M,°,° are calculated by (4-1). The odd-mode performances are
simulated with ADS and shown in Figure 4-16, where the performances from the extracted

circuits agree well with that from the coupling matrix.

Table 4.1 Coupling Matrix for the Two-mode Dual-band Filter

S 1° 2° 1€ 2¢ L
S 0.0 0.4973 0.0 0.4404 0.0 0.0
1° 04973 0.8043 0.2872 0.0 0.0 0.0
2°0 0.0 0.2872  0.8043 0.0 0.0 -0.4973
0.0 VXV -0.8614 0.2202 0.0
0.0 0.0 0.2202 -0.8614 0.4404

L| 00 00 -04973 JENPHE o0 |

E1@ Mo E2@ Wo E1@ Mo
IN*<—> ¢ p <> ouT (IN.=———>

o —196 ol__Jo ol 1 E2@ Mo
Zoe,S,1/Zoo,S,1 Zoe,2,L/Zoo,2,L Zoe,S,1/Zoo,S,1 - >

Zoe,Z,L/Zoo,Z,L
E1@ Mo E2@ 0o [C_—__JoouT

Circuit A Circuit B

Figure 4-14 Two proposed layouts of back-to-back E-shaped resonators.
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o oLz

- B
o Y- —
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Figure 4-15 The corresponding layout for the odd-mode part of the filter

Table 4.2 The Calculated Impedances for the Odd-mode Analysis

Ms,° M’ MY,
J 0.0079 0.0018 0.0079
e 84.9270 62.3482 84.9270
s 36.9231 40:9896 36.9231

)
)
N
24
%) S :

L 11 ‘| —— Circuit A

X0r Circuit B

.60 ' : '

1.6 1.8 2.0 2.2 2.4

Figure 4-16 The performances for the odd-mode part of the filter in Figure 4-15.

Frequency (GHz)

Furthermore, it is worth to point out that the two output ports in circuit A and circuit
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B receive signals with the same amplitude but 180 degree out-of-phase, as shown in Figure
4-16 and Figure 4- 17. It can be illustrated using the odd-mode analysis. Due to the
odd-mode, the electrical fields ate two ends of the resonator have same magnitude but they
are 180-degree out-of-phase. This phase inversion has no influence on a single mode filter
but can provide an extra transmission zero for two-mode filter. Now, the odd mode filter

design is completed.

__181.0

180.5

180.0

179.5 |

Phase Difference (degree

1790 1 1 1 1 1
1.6 1.8 2.0 2.2 24 2.6

Frequency (GHz)

Figure 4- 17 The 180-degree out-of-phase between two output ports in Figure 4-15.

To introduce the even-mode, we add the central open-stubs. Use (4-3) and (4-4), Zs4
=Zss5=20.3602 Q and E, = E5 = 49.025°. Using (4-11) and (4-12), the estimated £°;; is
0.0829, such that the approximated M°,,° is 0.2072. (Here the ideal M/, is 0.2202.) The

simulation results are obtained using ADS and shown in Figure 4-18.
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Figure 4-18 The performance of the two-mode dual-band filter of the circuit A in Figure
4-14

It should be pointed out that as the sign of elements M°; and M, ,° in Table 4.1 is
changed, i.e., -0.4973, a transmission zero appears between two passbands and provides a
good rejection of these two passbands. As we have mentioned, different circuit prototypes
of back-to-back E-shaped resonators provide -180 ‘degree phase difference, and it
corresponds to the sign change in the.coupling coefficient. Hence when choosing the
circuit B in Figure 4-14 without changing the layout dimensions, the new response is
shown in Figure 4-19. It provides an easy physical mechanism to change the sign of the
coupling coefficient. In this case, with moving the output port location, the stopband
rejection can be enhanced.

In this example, the A°*Y/A™*" = 1.3 and /° = 0.718/°, such that the relative error of the
coupling coefficient is within 0~10% as shown in Figure 4-11. Hence in Figure 4-10 we
predict the return loss level of the second passband will be larger than 20 dB, and it agrees

with the result shown in Figure 4-19.
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Figure 4-19 The performance of the two-mode dual-band filter of the circuit B in Figure
4-14.

4.4 Examples for Practical Filter Implementation

The two-mode dual-band-filters with E-shaped resonators have been synthesized
analytically using the proposed approach. Furthermore, the additional transmission zeros
on the stopbands can be analyzed using the coupling matrix synthesis, and they are
introduced in the following examples. For the practical implementation, a 0.635-mm-thick
Rogers RT/Duroid 6010 substrate, with a relative dielectric constant 10.2 and a loss

tangent of 0.0021, is used to implement following filters.

4.4.1 Example 1: Fourth-order Two-mode Dual-band Bandpass

Filter with 4 Transmission Zeros

In this example, the performance of the fourth-order two-mode-dual-band bandpass
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filter is determined by the analytical coupling matrix synthesis procedure in Chapter 2. The
relative error of coupling coefficient can be obtained by the lines with triangle symbol in
Figure 4-11. In this example we choose APY/A®" = 1 3 and £, = 0.707f., so that the relative
error is 0~10%. Based on the above relation, we choose f, = 1.688 GHz and f, = 2.385
GHz. The settings for the synthesis procedure are as follows: The first passband central
frequency is firstly shifted from 0 to -0.8219 rad/s with two shifted transmission zeros at
-1.55 and -0.095 rad/s and the multi-band lowpass domain bandwidth is 0.43 rad/s in the
lowpass domain. Similarly, the second passband central frequency is shifted from 0 to
0.863 rad/s with two shifted transmission zeros at 0.15 and 1.6 rad/s and the multi-band
lowpass domain bandwidth is 0.36 rad/s in the lowpadd domain. Both filters are the
second-order filters with return loss: 14.5 dB: After parallel addition of two filtering
functions, the lowpass domain response of the dual-band filter is shown in Figure 4-20 and
the coupling scheme is shown 1n Figure 4-9 (b). The corresponding coupling matrix is
listed in Table 4.3. The four-pole dual-band filter is then transformed to the bandpass

domain with central frequency of 2 GHz and bandwidth of 40%.

1S11],1S21| (dB)

Source/Load| —— S,

Resonator |——-— S,,

0 1 2
LOWPASS PROTOTYPE FREQUENCY (rad/sec)

Figure 4-20 The lowpass response and the coupling scheme for example 1.
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Table 4.3 The Coupling Matrix for the Filter in Example 1.

S 1° 2° 1° 2¢ L

S 0.0 0.4973 0.0 0.4244 (VRN -0.2427
1°1 04973 0.8331 0.3007 0.0 0.0 0.0

2°1 0.0 0.3007 0.8439 0.0 0.0 0.4304
0.0 VXV -0.8739 0.2309 0.0

0.0 0.0 0.2309 -0.8846 0.3831

03831 [JIXIH

L [-0.2427 0.0 0.4304 0.0

To implement this filter using the proposed method, here the source-load coupling is
firstly neglected and it will be discussed latter. The first phase is odd-mode analysis. The
odd-mode portion governs the lower passband and the odd-mode coupling path is
S-1°-2°-L of the coupling scheme in the Figure 4-9 (b). Based on that £; and E; are both
60° and E; is 30° in Figure 4-15, the values of J inverters can be calculated by (3-6), (3-7),
and (4-1) with M ,°, M,° ,°, and M,’ 1, and the caleulated Z.. and Z,, are listed in Table 4.4.
After determining the Z,. andZ,,, the second phase 1s to-do the even-mode analysis. The
central frequency of these two passbands are 1.688 and 2.385 GHz, such that the extracted
Zs 4 and 04 based on Mg, are 19.5383 € and 45.8750°, and Zs 5 and 05 based on M°; are
14.5280 Q and 37.4750° by (4-3) and (4-4). Furthermore, for the implementation issue, the

circuit A in Figure 4-14 is used for the convenience of the source-load coupling.

Table 4.4 The Calculated Impedances for the Odd-mode Analysis in Example 1.

Ms,/° M’ My,

J 0.0076 0.0019 0.0068
Zoc 83.1529 63.0422 78.5648
Zoo 37.0656 40.6257 37.5806

To model the source-load coupling the capacitive type m section is used due to the

negative source-load coupling coefficient (i.e., Ms; = -0.2427), and the m section to is
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shown in Figure 4-21. To make Y matrices of the m section and the source-load coupling

equal, the value of C is

(4-13)
-C T T-C
Figure 4-21 The capacitor type 7 section for source-load coupling in example 1.
Here the designated central frequency 2 GHz is used and then initial C is 0.386 pF.
Connecting the wt section to the node C and D in the Figure 4-14 and fine tuning the value
of C, the performance is shown in Figure 4-22 with C = 0.26 pF. The performance will be

further improved by tuning lengths of coupled lines due to the asynchronously tuned

property.

)
Z
S
2
5ot | - -
60 k — Cpup_llng Matrix
——— Circuit
_70 1 | |
1.5 2.0 2.5 3.0
Frequency (GHz)

Figure 4-22 The performance of the synthesized circuit in example 1.
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For the microstrip implementation, the interdigital capacitor is used to replace the
capacitor type m section [142]. The final schematic and circuit photograph are shown in

Figure 4-23 with dimensions listed in Table 4.5.

Figure 4-23 The schematic layout of the two-mode dual-band filter in example 1.

Table 4.5 The Dimensions in Figure 4-23 (Unit: mm)

Ws W, W, €} Wy Ws W We
0.575 0.225 0.225 0.675 2.025 3.650 0.575 0.150
Lg L, L L; Ly Ls Ls L;
2.500 11.550 11.925 6.725 6.700 4.825 9.025 9.575
Lc S S5 Ss Ge Dc
1.250 0.200 0.200 0.500 0.150 0.250

Figure 4-24 shows the circuit photograph, and Figure 4-25 shows the simulated and
measured performances and the corresponding group delays. The EM simulator Sonnet is
used to efficiently provide the simulated results. Here the inter-digital capacitor is used to
produce the source/load coupling, so that two quadruplet coupling schemes, S-1°-2°-L-S
and S-1°-2°-L-S, are presented to introduce the upper and lower sideband transmission

zeros in each passband. Two back-to-back E-shaped resonators contribute two passbands,
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and each passband is governed by either even-mode or odd-mode. By two-mode operation
of the E-shaped resonator, the coupling scheme shown in Figure 4-9 (b) can be achieved
successfully. The measured result agrees well with the simulated performance, hence the

proposed design flow is validated well.

1S111.1S21] (dB)

c I
g
Py '\q \[
-40 M —— Measurement [ | gg) B ]

———- Simulation 10 15 2.0 25 3.0
Frequency (GHz)

1.0 15 20 25 3.0 35 40 45
Frequency (GHz)

Figure 4-25 Measured and simulated performances and group delay of the two-mode

dual-band filter in example 1.
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4.4.2 Example 2: Sixth-order Two-mode Dual-band Bandpass

Filter

To validate the ability of the proposed method for high order two-mode dual-band
filter, here a sixth-order two-mode dual-band filter is used. The performance of the
sixth-order two-mode dual-band bandpass filter is also determined by the analytical
coupling matrix synthesis procedure in Chapter 2. The relative error can be obtained by the
lines with square symbol in Figure 4-11. In this example, we choose A®™/A®* = 1.3 and f,
= 0.79f;, so that the relative error is within 0% ~ -7%. Here we choose f, = 1.79 GHz and f,
= 2.265 GHz. The settings for the synthesis procedure are as follows: The first passband
central frequency is firstly shifted from 0 to -0.738 rad/s and the multi-band lowpass
domain bandwidth is 0.515 rad/s in the lowpass domain. Similarly, the second passband
central frequency is shifted from 0 to 0.797 rad/s and the multi-band lowpass domain
bandwidth is 0.396 rad/s in the‘lowpass domain. Both filters are the third-order filters with
return loss of 15 dB. After parallel addition of two filtering functions, the lowpass domain
response of the dual-band filter is shown in Figure 4-26 and the coupling scheme is shown
in Figure 4-9 (c). The corresponding coupling matrix is listed in Table 4.6. The six-pole
dual-band filter is then transformed to the bandpass domain with the central frequency of

2GHz and bandwidth of 30%.
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Figure 4-26 The lowpass response and the coupling scheme for example 2.

Table 4.6 The Coupling Matrix for Dual-band Filter in Example 2

S 1 2 3
0.0 04783 0.0 0.0 0.0
0.4783 0.7689 0.2247 0.0 0.0 0.0 0.0 0.0
0.0 02247 0.7435 02247 0.0 0.0 0.0 0.0

0.0 0.0 02247 0.7689 0.0 0:0 0.0 04783
0.0 0.0 W -0.8282  0.1729 0.0 0.0
0.0 0.0 e 0.1729 -0.8025 0.1729 0.0

0.0 0.0 0.0 0.0 0.1729 -0.8282 0.4214

00 00 04783 [ENISNYOREWOIVE (o |

S
1
2
3
4
5
6
L

Before applying the proposed method to analyze the sixth-order two-mode dual-band
filter, the circuit layout used in this example is circuit A in Figure 4-27. First phase is to
determine the values of J inverter. The coupling path of odd-mode analysis is S-1°-2°-3°-L
of the coupling scheme in Figure 4-9 (¢). The initial E;, E3, and E, are 60°, and E; and Es
are 30°. Hence the values of J inverters can be calculated by (3-6), (3-7), and (4-1) with
My ,°, M)°5°, My’ 5°, and M3’ ;, and the calculated Z.. and Z,, are listed in Table 4.7. After

determining the Z,. and Z,,, the second phase is to do the even-mode analysis. The central
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frequencies of these two passbands are 1.79 and 2.265 GHz, such that the Zs¢ is 15 Q, Es

is 53.5750° based on My %, Zs 7 is 29.3353 Q, E; is 59.3250° based on M° 5°, and Zs g is 15

Q, Eg is 53.5750° based on M;°; by (4-3) and (4-4). The performance can be improved due

to the asynchronously tuned property. By slightly tuning the lengths, £; is 59°, E, is 31°, E;

is 58.5% E,is 61.5° Esis 30.5°, Esis 53.5°, E7 is 71°, and Ejs is 52.5°. The response of the

synthesized circuit is illustrated in Figure 4-28. As we mention previously, the circuit A

and circuit B in Figure 4-15 will have 180 degree out-of-phase. To validate the separation

enhancement, the performances of circuit A and B in Figure 4-27 are analyzing without

changing values of design parameters and they are presented in Figure 4-29. The §;; are

similar, but the rejection between two passbands is better in the circuit A than that in the

circuit B.
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OUT of— 1]
Zoe,S.L/Zoo,S,L
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Zo
E, @ o E5@0)0

IN of ] [ |I
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Circuit A

Circuit B

Figure 4-27 The circuit schematic of two-mode dual-band filter in example 2.
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Table 4.7 The Calculated Impedances for the Odd-mode Analysis in Example 2.

Ms,/° M’ My’ 5 M5’

J 0.0066 0.0011 0.0021 0.0066
Zoc 77.1181 56.7306 56.8866 77.1181
Zoo 37.7917 44.4001 44.6139 37.7917

1S11],1S21] (dB)

—— Coupling Matrix
——— Circuit

16 1.7 1.8 1.9 20 21 22 23 24 25
Frequency (GHz)

Figure 4-28 The performance of the synthesized circuit in example 2.

1S111,/S21]| (dB)

—— Circuit A
——— Circuit B

16 1.7 1.8 1.9 20 21 22 23 24 25
Frequency (GHz)

Figure 4-29 The performance of circuit A and circuit B in example 2.

For the microstrip implementation, the final layout is shown in Figure 4-30 and the
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circuit photograph is shown in Figure 4-31 with dimensions listed in Table 4.8. The

measured and simulated results are shown in Figure 4-32.
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Figure 4-30 The layout of the al-band filter in example 2.

Figure 4-31 The circuit photograph of the two-mode dual-band filter in example 2.

Table 4.8 The Dimensions in Figure 4-31 (Unit: mm)

109



Ls L; Lg Lo Lo Ly Sy S3
9.250 7.600 9.550 6.500 6.675 7.950 0.200 1.000

Sy S
0.500 0.200
NI STy SRl
e AN A S
o -20 F—— —pfet L
E 4“ T ‘Tls 2.0 25 T
— -30 -ffﬂlL R | i Tﬁg — ] ———#‘———
S 24 —
D R VTV,
E -50 _77/\777717,,‘\ .Frequ‘en.cy(GHz). ‘fff /L\
D 60 p-fNm N A
70 F /,J§2,1,4‘,77L —_— Measurementkﬁ\f
| \ | |—— Simulation
80 ! ! ! |/
1.0 1.5 20 25 3.0 35 40 45
Frequency (GHz)

Figure 4-32 Measured and simulated performances and group delay of the two-mode
dual-band filter in example 2.

4.5 Conclusion

The novel analytical approach has been presented to design two-mode dual-band
filters. Two examples with different filter orders have been implemented to show the
feasibility of the method. By using these configurations and requested coupling matrices,
even- and odd-mode analysis of E-shaped resonators have been used to determine the
circuit parameters. Back-to-back E-shaped resonators have been analyzed to show the
out-of-phase property by coupling at the specific edge. This out-of-phase property is used
to enhance the filter selectivity. The transmission zeros are implemented to achieve the

sharp rollpff. With the coupling-matrix-based synthesis of two-mode dual-band filter
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design, the compact size, flexible responses, good performances and quick design

procedure are achieved.
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Chapter 5
Two-mode Tri-band and Quad-band Filter Design with Close

Adjacent Passbands Using E-shaped Resonators

5.1 Introduction

Dual-path topology has been validated for the convenient coupling scheme for
dual-band filter design in the microstrip implementation. Based on the idea, that is one path
governs one passband, the tri-path and quad-path topologies here are proposed for the
tri-band and quad-band filters, design. The filter consisted of the parallel-coupled lines
discussed in Chapter 3 will be limited in tri-band and quad-band filter design by its spatial
limitation, that is, the coupling between adjacent paths will ruin the filter performance due
to the close distance. Moreover, the size of such kind of filters is large.

The two-mode E-shpaed resonator proposed in Chapter 4 has been proposed to used
in dual-band filter design with small size and is valid in microstrip implementation.
Furthermore, the dual-band coupling scheme has been demonstrated the validation in
illustrating the coupling effects in this two-mode dual-band filter. Due to these properties,
in this chapter the E-shaped resonators are proposed to be applied in tri-band and
quad-band filter design using the tri-path and quad-path topologies.

Based on the analysis in Chapter 4, the design parameters can be extracted
analytically. Moreover, by grouping two adjacent passbands, the tri-band and quad-band
performances are then divided into two groups in each design. In each group, the filter with
dual-band performance can be synthesized analytically using E-shaped resonator. Finally,

to combine these two synthesized filter, double diplexing configuration is used with some
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fine tunes, and then the tri-band and quad-band filter can be obtained.

5.2 Double Diplexing Configuration

The double diplexing configuration for dual-band filter design is shown in Figure
3-15. To apply the configuration for the tri-band and quad-band filter, Figure 5-1 shows the
schematic. The design equation will be modified as follows:

Im[Y]] =0,

re(fsify)

5-1
m[n],., ., =0 -1

The above equation needs to-be satisfied within an interval of frequencies, such that the
configuration has bandwidthlimitation in‘each path. Hence the passbands in each path
should be close enough to each other. Moreover, in order to cover the dual-band bandwidth
in each path, three transmission lines ‘with characteristic impedance Z4, Zp, and Z¢ and

electrical length 6, 65, and 6c are used as variables to meet the specifications.
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Figure 5-1 Double diplexing configuration for tri-band and quad-band filter design.

113



5.3 Tri-band and Quad-band Filter Synthesis

To take the quad-band filter as example, the quad-band coupling matrix is firstly
synthesized. Next, grouping it as two dual-band filters from the frequency domains and
synthesize each dual-band filter with the filter topology shown in Figure 5-2. Finally, the
double-diplexing configuration is applied to connect two dual-band filters to form the
quad-band filter. For the tri-band filter, substitute one of the dual-band filters to be a
single-band filter by changing E-shape two-mode resonators to hair-pin single-mode
resonators. For the practical implementation, a 0.635-mm-thich Rogers RT/Duroid 6010

substrate, with a relative dielectric constant 10.2 and a loss tangent of 0.0021.
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Figure 5-2. Proposed unit cell for the two-mode dual-band filter.

5.3.1 Example 1: Tri-band Filter

In the tri-band filter design, the tri-band coupling matrix is synthesized using the
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proposed multi-band coupling matrix synthesis. The settings are shown in Table 5.1, and
coupling matrix is shown in Table 5.2 with corresponding coupling scheme shown in
Figure 5-3. For the bandpass filter design, the central frequency is 1.92 GHz and fractional

bandwidth is 56.2%, the performance of the coupling matrix is shown in Figure 5-4.

Table 5.1 Setting of Tri-band Coupling Matrix Synthesis

Passband f, s RL Circuit Performances
(rad/s) (dB) f. (GHz) RL (dB) | Bandwidth
-0.825 0.35 15 1.523 16 9.77%
0 0.3 15 1.935 19.5 9.11%
0.825 0.35 15 2417 16 9.81%

Table 5.2 Coupling Matrix of the Tri-band Filter

S 1 2 3 4 L
S 0.0 0.4430 0.0 0.3796 0.0 0.0
1| 0.4430 0.8807 0.2211 0.0 0.0 0.0 0.0 0.0
2 0.0 0.2211  0.8807 0.0 0.0 0.0 0.0 -0.4430
3 0.0 0.0 0.0 0.1866
4 0.0 0.0 0.1866 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0  -0.4430 BXI) 0.3796

O Source/Load

‘ Resonator

Figure 5-3 The coupling scheme of the tri-band filter in example 1.
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Figure 5-4 Performances of the coupling matrix and synthesized circuit in example 1.
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Frequency (GHz)
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The central frequencies of three passbands are 1.533, 1.92, and 2.417 GHz, and their

return losses are 15.01, 19.33 and 15 dB, with individual bandwidth 9.21%, 8.37% and

9.63%. To implement this filter, the two-mode dual-band filter is used to govern the first

two passbands (i.e., the resonators numbered #1; #2, #3, and #4) and a single bandpass

filter (i.e., resonators numbetred #5:and #6) i1s used to govern the third passband. The

synthesized variables are listed in"Table 5.3 and Table 5.4. To connect these two filters, the

double-diplexing configuration is design at'1.92 GHz with Z,4, Zs, and Z¢ are 39 Q, 41 Q,

and 72 Q, and E4, Ep, and E¢ are 96°, 96°, and 136°. The synthesized filter performance is

also shown in Figure 5-4.

Table 5.3 Synthesized Z,. and Z,, Based on Coupling Matrix in Table 5.2

Ms Mi M1 Ms s Ms 6 Me,
Zoe (Q2) 88.95 63.16 88.95 88.95 63.16 88.95
Zoo () 36.79 40.56 36.79 36.79 40.56 36.79
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Table 5.4 Synthesized Electrical Lengths and Stub Impedances Based on Coupling Matrix in

Table 5.2
Passband #1 & #2 fo=1.533 GHz, f.=1.92 GHz
Design Variable ||Zs4 (Q) | Zss (Q) E; E> E; E, Es
Synthesized 12.877 | 12.877 60° 60° 30° 47.09° | 47.09°
Fine tuned 13 13 58° 58° 33° 47° 47°
Passband # 3 fo=2.417 GHz
Design Variable E; E, E;
Synthesized 60° 60° 30°
Fine tuned 60° 60° 28°

For microstrip implementation, the layout is shown in Figure 5-5 with dimensions
listed in Table 5.5, and the circuit photograph is.shown in Figure 5-6. Figure 5-7 shows the

simulated and measured results.
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Figure 5-5 The layout of the tri-band filter.
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Table 5.5 Dimensions of the Tri-band Filter (Unit: mm)

|

0.20 0.20 13.45

11.48 0.28 0.43 3.98 0.20 0.20 12.78

)
Z
g B
& 40 s ;
= -60 3‘0 15 20 25|l L 0|

70 | (O Frequency (GHz) || 1.5 20 25 Measurement

| | | | | ——— Simulation
_80 1 1 1 1 I I
1.0 1.3 1.6 1.9 2.2 2.5 2.8 3.1
Frequency (GHz)

Figure 5-7 The simulated and measured results of the tri-band filter.
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5.3.2 Example 2: Quad-band Filter

In the quad-band filter design, the quad-band coupling matrix synthesized using the

proposed method in Chapter 2. The settings are shown in Table 5.6, and corresponding

coupling matrix is shown in Table 5.7 with corresponding coupling matrix shown in Figure

5-8. The synthesized values of My, M4, Mgz, and My s, are all positive based on the

settings in Table 5.6. In order to generate two transmission zeros between passband #1 and

#2 and passband #3 and #4, these four components of the coupling matrix should be set to

be negative, as shown in Table 5.7.

Table 5.6 Setting of Quad-band Coupling Matrix Synthesis.

Passband f. Circuit Performances
(rad/s) 0 f. (GHz) RL (dB) Bandwidth
-0.8990 0.2 1.286 14.86 6.97%
-0.2929 0.1 1.663 20.47 4.27%
0.2929 0.17 2.176 16.97 6.49%
0.8990 0.12 2:809 15.88 5.02%

*# of poles = 2, # of zeros = 0 & RL = 13 dB in each passband

Table 5.7 Coupling Matrix of the Quad-band Filter in Example 2.

0.0

S 1 2

S 0.0 0.3143 0.0

1| 03143 09240 0.1142

2 0.0 0.1142  0.9240

3 0.0 0.0

4 0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

0.3143

3

0.2700
0.0
0.0

0.2975

0.0853

4
0.0
0.0 0.0 0.0
0.0 0.0 0.0

0.0853

0.2975

-0.9411
0.0881
0.0 -0.2791

0.0 0.0
0.0 0.0

0.0881
-0.9411
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O Source/Load

‘ Resonator

Figure 5-8. The coupling scheme for the quad-band filter in example 2.

For the bandpass filter design, the central frequency is 1.9 GHz and fractional
bandwidth is 87.4%, the performance is shown in Figure 5-9, and the synthesized central
frequencies, return loss and fractional bandwidth are shown in Table 5.6. To implement
this filter, one two-mode dual-band filter is used to govern the first two passbands, while
the other one is used to govern the third and fourth passbands. The synthesized variables
are listed in Table 5.8 and Table 5.9.To connect these two filters, the double-diplexing
configuration is designed at 2.GHz with Z,, Zp, and Z are 43 Q, 54 Q3, and 52 Q, and E,,

Ejp, and E¢ are 99°, 40°, and 125°. The circuit performance is shown in Figure 5-9.

o

N
=)

1S111,1S21]| (dB)
&
o

O Source/Load
@ resonator | ——— Coupling Matrix
—— Circuit

1 1 i 1

20 2.4 2.8 3.2
Frequency (GHz)

Figure 5-9 Performances of the coupling matrix and synthesized circuit.
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Table 5.8 Synthesized Z, and Z,, Based on Coupling Matrix in Table 5.7.

Ms 1 M, M, Ms s Ms Mo,
Zoe (Q) &1.74 60.47 81.74 80.53 60.10 80.53
Zoo (QQ) 37.20 42.02 37.20 37.33 42.25 37.33

Table 5.9 Synthesized Electrical Lengths and Stub Impedances
Based on Coupling Matrix in Table 5.7

Figure 5-10 The layout of the quad-band filter

Passband #1 & #2 fo=1.286 GHz, f.= 1.663 GHz
Design Variable ZS,4 (Q) ZS,S (Q) E] E2 E3 E4 E5
Synthesized 20.78 20.78 60° 60° 30° 59.17° | 59.17°
Fine tuned 17 17 62° 62° 30° 51° 51°
Passband # 3 fo=2.176 GHz, f. = 2.809 GHz
Design Variable ZS,4 (Q) ZS,S (Q) E] E2 E3 E4 E5
Synthesized 10.94 10.94 60° 60° 30° 41.70° | 41.70°
Fine tuned 12 12 60° 60° 28° 49° 49°
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For the microstrip implementation, the layout is shown in Figure 5-10 with
dimensions listed in Table 5.10. The circuit photograph is shown in Figure 5-11, and the

simulated and measured results are shown in Figure 5-12

Table 5.10 Dimensions of the Quad-band Filter (Unit: mm)

0.20 8.10 7.68

Figure 5-11 The circuit photograph of the quad-band filter in example2.
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Figure 5-12 The simulated and measured results of the quad-band filter.

5.4 Conclusion

A coupled-matrix based. semi-analytic- procedure,- i.e., analytic synthesis for the
two-mode dual-band filters and then connecting them together by the double-diplexing
configuration with slight tuning; for tri-band and quad-band filter design has been provided.
For tri-band and quad-band filter, two examples with tri-band and quad-band filters are
shown to validate the procedure and the measured results show the good agreement with
the simulated performances. The proposed procedure in tri-band and quad-band filter
design has shown the properties of good performance, semi-analytic synthesized method

and quick design procedure.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This dissertation describes a design flow for the dual-band, tri-band and quad-band
filter. Based on the specifications, the corresponding coupling matrix of the requested filter
is synthesized. For the aspect of the filter realization, the multi-path coupling scheme is
analyzed and validated for its convenient in multi-band filter design. The analytical filter
synthesis procedures, which are.based on parallel-coupled line or two-mode E-shaped
resonator, are then applied to-extract the design parameters based on the corresponding
coupling matrix with the multi-path topology. The measured results show the well
agreement with the simulated responses.

In chapter 2, a novel multi-band coupling matrix synthesis for multi-band filter design
is developed. Based on the well-known single-band coupling matrix synthesis, the
extracted polynomials are then shifted to the specific central frequencies and shrank to the
specific bandwidths. After parallel addition, the multi-band filtering function and
corresponding polynomials can be obtained. Moreover, the prescribed transmission zeros
can be placed to the specific locations once the transmission zeros in each passband are
assigned carefully.

In chapter 3, the single-path and dual-path coupling schemes for the dual-band filter
design are analyzed. The dual-path coupling scheme has been validated to be convenient in
dual-band filter design, Cross-coupling paths are designed in each passband in order to

generate the specific transmission zeros. Tri-section coupling topology is used to generate
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one transmission zero above or below the corresponding central frequency in one passband,
while the quadruplet coupling scheme is used to generate two transmission zeros above
and below the corresponding central frequency. Moreover, the dual-path coupling topology
provides an intrinsic transmission zero, which can improve the isolation between adjacent
passbands.

The dual-band filters with two-mode E-shaped resonators are analyzed and designed
based on the dual-path coupling schemes. The detail derivations of the analytical
synthesized procedure are described in chapter4. The 180-degree out-of-phase property
also shows its advantage in the isolation improvement between two adjacent passbands.
The limitation in back-to-back E-shaped resonators has also been discussed and find out
the feasible design based on the specific coupling:scheme.

In the chapter 5, the tri-band ‘and quad-band filter. designs are realized based on the
E-shaped resonator and double-diplexing configuration. By grouping the tri-band or
quad-band into two categorics, one is a dual-band characteristic, and the other is a
single-band characteristic for the-tri-band filter design or a dual-band characteristic for the
quad-band filter design. And then, the double diplexing configuration is used to connect

the two filters in these two categories.

6.2 Future Work

In this dissertation, the double-diplexing configuration is widely used, but there is no
analytical approach to determine the design parameters. Such an approach can be studied
in the future to make the whole design more efficient. Moreover, based on the synthesized
multi-band coupling matrix, some specific coupling scheme can be studied for its property

in transmission zeros generation for the multi-band filter design. Moreover, some specific
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two-mode resonators can be analyzed based on the coupling matrix and provide a
systematic guide line in multi-band filter design. To use the diagnosis technique [143] to
fine-tuning the EM performance of dual-band and multi-band filter, a automatic tuning can
be achieved via Matlab-EM co-simulation.

To make the multi-band design flow more easy and convenient, a user-interface can
be developed in Matlab. Users can enter the specifications, such as number of passband,
filter order, return loss, and transmission zeros in each passband, and then they can
describe the user-specific coupling scheme, and then the corresponding coupling matrix
will be extracted. Moreover, while choose the prescribed layout, the initial design
parameters can be obtained and then be optimized by the Matlab-EM co-simulation solver.
Thus, if we can complete all above:stéps,. the requested layout will then be generated

automatically. It will provide filter designers a fast and efficient design procedure.
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