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Abstract

In this thesis, a new filter structute has two-passbands while exciting differential or
common signals is proposed. In microstrip coupled lines, there are different characteristic
impedances and phase velocities for even- and odd- mode signals. Using the
characteristics, the filters can be realized with both stepped-impedance and uniform
impedance resonators. By controlling the coupling strength of the coupled lines, the two

passbands can be separated effectively. Based on the resonant characteristics of a

stepped-impedance resonator, the first spurious harmonic can be higher than 2 f.
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Chapter 1

Introduction

With the rapid expansion and growth of wireless communication systems for military
and commercial applications, implementation of microwave and mm-wave systems is
increasing dramatically due to their advantages over conventional architectures.
Commercial applications of these systems include short-haul line-of-sight transmission
links for personal communication networks , wireless cable, wireless local area networks
(LANs) and mobile broadband systems.

In modern wireless and mobile communication systems, filters are always playing
important and essential roles. Pladar filters are'particularly popular structures because
they can be fabricated using printed circuit technology and are suitable for commercial
applications due to their compact size and-low-cost integration [1]. Moreover, planar
filters using the structures of parallel-coupled and cross-coupled resonators are preferable
and extensively used in communication systems because of their high practicality and
high performance [2]-[6].

To design a planar filter, it is necessary to select proper resonator types since
resonators are basic components of a filter. To reduce the resonator size, several types of
resonators such as the U-shaped hairpin resonators [4], the open-loop resonators [5], and
the folded open-line resonators [6], [7] have been proposed to design different kinds of
bandpass filters. However, all of them are always too large. Among these popular
resonators, the most frequently used is the stepped impedance resonator (SIR) because it
was originally presented not only to reduce the resonator size, but also to control the

spurious resonant frequencies by properly adjusting its structural parameters [8],[9].



In multiservice and multiband communications, diplexers are one of the key
components in the transceiver. They are often needed to have some capabilities of high
compactness, light weight, and high isolation. Microwave diplexers are typically
employed to connect the RX and TX filters of a transceiver to a single antenna through a
suitable three-port junction. Basically, a diplexer is composed of bandpass filters and
associated matching networks. Thus, a reduction of the filter size is essential in reducing
the size of a diplexer. To reduce the circuit size, the diplexers based on the slow-wave
open-loop resonators with high-impedance resonators[6], the folded coupled-line
resonators [7], the miniaturized open-loop resonators [8], and stepped-impedance
resonators [9] were proposed. However, all of them required two filters in realizing the

diplexer.  Figure 1.1  shows the general structure of a  diplexer.

1w [
e Tv1] [ 1
e
n—1ri
Driplexer
Figure 1.1 The general scheme of a diplexer.
BPF (f)
J %vj TX
DPDT
Dipole-antenna
BPF (f,)
s

(a) Simplified architecture of the diplexer in a balanced transceiver.



Phase Shifter(0°/180°)

¢ BPF (f,/ 1)) TX
| % Magic T
Dipole-antenna ~—— - RX
Even- and Odd-mode BPF

(b) Modified architecture of the diplexer in a balanced transceiver.

Figure 1.2 The diplexer structures in a balanced transceiver system. (a) The original
Structure. (b) The modified structure with the proposed even and odd-mode bandpass
filter.

Moreover, consider the importance of balanced circuits in modern communication
system. It’s necessary to figure out a selution to‘decrease the circuit size in the balanced
transceiver as shown in Figure 1.2(a).

In this thesis, a new four-port.bandpass filter is proposed. Unlike the operation of the
four-port balanced-to-balanced bandpass filter in [10], the proposed bandpass filter based
on SIRs can operate at two different passbands while exciting differential- or
common-mode signal respectively. This filter can be used to develop a compact
microstrip diplexer by adding additional passive components, e.g. a 0°/180° phase shifter
and a magic T, as illustrated in Figure 1.2(b). With the number of filters reduced by half,
the size of the proposed diplexer may be made compact when compared with that of the
conventional diplexer consisting of two single-passband filters.

On the other hand, another application is for a two-channel system. For example,
Figure 1.3(a) depicts a conventional two-channel balanced system. Using the proposed
filter design, the number of filters can be reduced by half as presented in Figure 1.3(b).

The two channels are selected with the switch of two kinds of phase delay.
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(a) The general structure of a two-channel system in a balanced receiver.
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(b) The modified structure of a two-channel'system in a balanced receiver.

Figure 1.3 The structures of a two channel system in a balanced receiver. (a) The

general structure. (b) The modified structure with the proposed even and odd-mode

bandpass filter.




Chapter 2

Basic Theory

2.1 Analysis and Characteristics of SIR

Because we want to fabricate a bandpass filter with SIR and UIR, the basic structure
of A/4- and A/2-type SIR are presented in this part [11], followed by the introduction and
definition of the impedance ratio R. In addition, basic properties such as resonant
conditions, resonator length, and spurious resonance frequencies are systematically

discussed using R.

2.1.1 Resonance condition and resonator electrical

length

The SIR is a TEM or quasi-TEM mode resonator composed of more than two
transmission lines with different characteristic impedance. Figure 2.1 shows typical
examples of its structural variation, where figures (a) and (b) are examples of A/4 and A/2
resonators.

Characteristic impedance and corresponding electrical length of the transmission

lines between the open- and short-circuited ends in Figure 2.1 are definedas Z, and Z,,
6, and @, , respectively. The structural fundamental building element of a SIR comprises

a composite transmission line possessing both open- and short-circuited ends and a step
5



junction in between. After defining this fundamental building element, A/4- and A/2-type

of SIR can be looked as a combination of one and two fundamental building elements

respectively. An electrical parameter which characterizes the SIR is the ratio of the two

transmission line impedances Z, and Z,_, which we define by the following equation.

R= %
Za
i Zb Za i
Bl @ Wt
i‘ eb A ea ]
|
|
| Z, i Z,
"a
(b) A2 type

IA »n L pri » -
I ab ea 93 Hb

——————————————— Short-circuited Plane

———————— Open-circuited Plane

2.1)

Figure2.1 Basic structure of SIR. (a) Quarter-wavelength type. (b) Half-wavelength

type.

Figure 2.2  Electrical parameters of fundamental building element of a SIR.

Figure 2.2 shows the fundamental building element of a SIR with an open-end,

short-end and an impedance step. When ignoring the influences of step discontinuity and

6



edge capacitance at the open end, the input impedance and admittance defined as Z, and

Y,(=1/Z;) can be expressed as

_iz Z tan @, +Z, tan g,

= 2.2
' ®Z, —Z, tan0, tan 6, @2)
Let Y =0, and then the parallel resonance can be obtained as follows:
Zb
tan 6, tan 6, =Z—E R (2.3)

a

Define the overall electrical length of the SIR as &, . With (2.3), &, can be expressed as

0., = 6, +6,
=6, +tan"'(R/tan6,) (2.4)

Normalized resonator length is defined by the following equation with respect to the
electrical length of the corresponding UIR measuring /2.
Li=6,/(n/2)=26,, /7 . (2.5)
Following the resonant condition (2.3), Figure 2.3 shows the relationship between 6,
and L, taking R asa parametet.
With Figure 2.3, we can choose a curve which represents an impedance ratio R, and then
decide the electrical length 6, to get a specific L, which means the overall electrical
length of the SIR is:
0, =L, x(/2). (2.6)
Similarly, for 4/2- and A-type SIR, overall electrical lengths are defined as &,
and @, which can be normalized as follows:
Org I =20,/ =1L,, (2.7)
Orc /27 =46, /T =1L,. (2.8)
Figure 2.3 shows that when
(1) R>1, the total electrical length of the resonator is longer than A/4 and a
maximum value exists.

(2) R=1, represents a uniform impedance resonator (UIR). The total electrical length
7



ofthe resonator equals A/4.

(3) R<I1, the total electrical length of the resonator is shorter than A/4 and a

minimum value exists.

That is, applying a smaller impedance ratio R and choosing the electrical length

properly, the resonator length can be shortened effectively.

Mormalized Resonator Length Ln
o} [ } —l —
=3 [=:) =i -, =

o]
Ba

[
Foul
]

R=1
R=06 _ "
=
L :._.. o~
@ 50 80
B [degnes=)

1 1] = 1}

Figure 2.3 Resonance condition of SIR.

2.1.2 Basic structure of the Half-wavelength Type

SIR

The proposed bandpass filters are mainly composed by A/2-type UIR or SIR. Figure

2.4 shows the open-end type SIR. For the direct analysis, input admittance Yi seen from

an open-end is given as

2(Rtand, +tan 6, )(R—tan g, tan 4,)

T R tan’ 6,)(1—tan’ 6,)— 2(1+ R) tan 6, tan 6, _

8

=X (2.9)



Resonance conditions are obtained by taking Y =0, which is the same as (2.3).

(a) R<LO, <7

(b) R=1,6, =x

(c) R>L6, >rx

Figure 2.4 Basic structure of A/2-type open-end SIRs. (a) R<1. (b) R=1. (¢) R>1.

The slope parameter b, can be obtained from its/definition as follows:

_ oy 4By
2 do|,,

b,

S

(2.10)

where w, is the angular resonance frequency and B, is the total susceptance of the
resonator.

In addition, a lower impedance ratio R can obtain a shorter length of SIR which is
similar with the A/4-type mentioned in Section 2.1.1.

Similarly, for the short-end type shown in Figure 2.5, the resonance condition can be
obtained which is identified with (2.3). On the contrary, the higher the impedance ratio R

is, the shorter the electrical length can be.



a
j 1 (a) R<1L,6, >r.

gb ea 9a Hb
Za
_ ®) R=16, -7
o gb o 29&1 A ‘9b .
Z

f<—><—><—>4—> 1 (c) R>L6; >r.

Figure 2.5 Basic structure of A/2-type short-end SIRs. (a) R<1.(b) R=1. (¢) R>1.

2.1.3 Spurious Resonance Frequency

A distinct feature of the SIR is that the resonator length and corresponding spurious

resonance frequencies can be adjusted by changing the impedance ratio R [9]. In the

following discussion, the fundamental resonance frequency is represented as f;, while
the lowest spurious frequencies of A/4-and A/2-type SIR are represented as fg, and
fe, - Now consider the TEM mode as the dominant resonant mode and neglect the effect
of the step junction. We assume 6,=6,=6,, and resonator electrical lengths
corresponding to spurious frequencies fg,, and fg, areexpressedas 6, and O, .

From (2.3), the following equation is obtained for fg,.
tan O, =tan(7z—90)=—tan’1\/§. (2.11)

And then,



7
—= = -1. 2.12
f, 6, 6, tan”' R 212)

As previously described , the resonance condition for A/2-type SIR can be derived.

In the case of 6, =6, =6,, (2.9) is simplified as [8],

2(R+1)(R-tan’6,)

= R s Ry R an? 4, + Ruan' 4, @13)

Thus, resonance conditions are expressed as,
6, = tan"' VR. (2.14)
Expressing the spurious resonance frequencies as fg,, fy,, fg,, the corresponding

electrical lengths 6,0, and 6, can be obtained from (2.13) as [8],

tan O, = oo,
tan? By R=0, (2.15)
tan fg; = 0.
So,
O %"=
Os,) = tan"(—\/ﬁ) =7 —0,, (2.16)
Os, = 7.
Thus,
fo 05 7
f, 6, 2tan'VR’
fss :ﬁzz(ﬁ)_lj (2.17)
f, 6, f)
f?32 — & — 2(@)
0 00 fO

Figure 2.6 illustrates the relationship between impedance ratio and normalized
spurious resonance frequencies from (2.12) and (2.17a). Figure 2.7 [18] describes the
relationship between resonant frequencies including the fundamental, first, second, and
third higher order modes against the ratio of electrical lengths for impedance ratio R=

0.2, 0.8, and 2.5. It shows that the smaller the ratio R is, the larger the maximum ratio of
11



— 1s. It’s a critical characteristic that can be employed for a bandpass filter with a wide

0

stopband. It’s noted that Figure 2.6 and 2.7 are for the A/2-type SIRs in Figure 2.4. For the
A/2-type short-end SIRs in Figure 2.5, the same situation holds while the high-Z and the

low-Z segments interchange.

Morm. Spurious Reso. Frequency (fs/fo)

i 2 3 4 5 6 7 8 9 0
Impedance Ratio Rz(Ib/Za)

Figure 2.6  The relationship between impedance ratio and normalized spurious

resonance frequencies
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H=8:/(04+8;)

Figure 2.7 Normalized resonant frequencies of an SIR.

2.2  Lowpass Prototype Circuit and the
transformation from "lowpass prototype to

bandpass filter

There are many methods to generate element values for the filter design. The
insertion loss method allows a high degree of control of the passband and stopband
responses [1]. In our design, the element values for Chebyshev prototypes are used. For
the filter prototypes to be discussed below, the order of the filter is equal to the number of

reactive elements.

13



2.2.1 The Lowpass Prototype

The lowpass prototype which may be of lumped or distributed realization is a
building block from which real filters may be constructed. Various transformations may
be used to convert it into a bandpass or other types filter responses with arbitrary centre
frequency and bandwidth. The doubly terminated lowpass prototype circuits, connected to
their terminating impedances or admittances, are depicted in Figure 2.8. The element
values in the network are termed with the “g-parameters” [5], which may be the value of a
shunt capacitor or a series inductor. The source termination g, is resistive if g, is a

capacitor, and conductive if @, is an inductor, and similarly for the load termination

Ot -
Lz(: gz)
sl o
R(=90) % TC(=g) T G(=g) Ini
o ...
(a)
L1(= gl) |-3(: 93)
—O0— \)[} \———t \(}(] \——treeeenana- —_—O—
G.(=g,) % TL2(= 9,) % O
—0 —— e e e oo —_——t
(b)

Figure 2.8 Lowpass prototype ladder networks. (a) The leading component is a shunt
capacitor; (b) The dual of the network in (a).

The circuits of Figure 2.8 can be considered as the dual of each other, and both will
give the same response. When the filter specification is given, the “g parameters” are

decided.
14



2.2.2 Transformation of elements by J- or

K-inverter

Simply to say, J and K inverters are admittance and impedance inverters which are

similar to the ideal quarter-wavelength transformers shown in Figure 2.9.

(2.18 K Z,-Z, =K*
) +9(¢f J

Z,

+90°
— K Y Y =07 (2.19)

Figure 2. 9 Admittance and impedance inverters

There would be a phase delay of +90 degrees when the wave passes through the
inverters for all frequency. That is, the inverters don’t exist in reality. Figure 2.10
illustrates that with K- or J-inverters, we can transform a series component to a shunt

component and transform oppositely as well.

15



Y (@)
— 2 ()
J=1 J=1 —

F4
£,
(a)
2 ()
“' = 1 K: l — Yiew
K
¥
Figure2.10 The transformation ‘between  'series and shunt components. (a)

Transformation of series to shunt components. (b) Transformation of shunt to series
components.
In Figure 2.10(a), the input impedance Z, should be identified. Likewise, the

analysis is derived as follows. At first, the J inverter in Figure 2.10(a) can transform the

short-circuit termination to an open-circuit as shown in Figure 2.11.

J=1 | M)
] I

Figure 2.11 Transformation of J inverter.
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For the circuit of parallel resonance, Y, can be derived as

2

Y = ja;C—L:ja)c@—“’—gj
ol w

p

And if the circuit in Figure 2.10(a) is of series resonance, we can attain

2
Z, = ja)L'[l—”—gj
w

where o,

1 1
~JLc JLc

For J=1, the input impedance in Figure 2.11 is

1
n Yin

The equivalence in Figure 2.10(a) holds. That 1s,

Z, =XG=Z,
which means
ij(l—Z—‘gj: ja)L'[ ——‘g)
L'=C
Similarly, for Figure 2.10(b),
Y, L Zs =Z,=Y,

Thus,

L=C

is the center angular frequency.

(2.20)

2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

Notice that (2.24) and (2.26) exists only when J=1. When it comes to practical realization,

using all shunt or series connected resonators can be more convenient.

17



g, =1

=1l = |3,=1| = |=1] = [Ju=1] =F Jn

AY|
/1

JNN+I Ona

C(=L) C, GE=L) C, Cv(=Ly)

Figure 2.12 The series inductors can be transformed to shunt capacitor.

At this stage, the dual-network theorem is applied to add unit inverters to the network
to transform the series inductors to shunt capacitors. Assuming N is odd, Figure 2.12
shows the series inductors in Figure 2.8(a) can be transformed to shunt capacitor. From
(2.23) and (2.25), indeed, the transformed capacitance would be the same as the
inductance before transformation. Now the network is composed of parallel resonant
resonators and is known as a lowpass prototype circuit. In addition, these inverters have a
one-to-one relationship with the physical coupling.elements in the final realized filter

structure.

2.2.3 Lowpass to Bandpass Transformation

Now we require a transformation to convert the lowpass prototype into a bandpass
filter with arbitrary center frequency and bandwidth. This can be achieved by the

following transformation.

QO[22 (2.27)
Wl o, o
w, =2nx f,, f, corresponds to the center frequency of the bandpass filter.

W=2"% i the fractional bandwidth.
@,

Q s the frequency referring to the low-pass filter response which normalizes to its cutoff

18



g, =1

frequency.

From Figure 2.13, the resulting admittance for one of the parallel resonators should be as

follows:
For j=1,2,3...N,
. : 1
Y, =]B, = joC, +- (2.28)
ja)Ljr
On the other hand, Figure 2.12 shows that
, . 1| o o
B, =jo'C =jC —| ———1. 2.29
15 = i =G W [wo . j (2.29)
From (2.28) and (2.29), we acquire
C. :i: 9,
jr >
oW oW
(2.30)
L w W

if = = .
o,C,  _.0,;

which is the bandpass transformation.for the cireuit in Figure 2.8(a).

J, =1 = |3, =1 = 3, =1] 35 (3, =1 - N N1

:1 :1

AY |
7

Llr Clr LZr Czr L3r C3r L4r C4r |‘Nr CNr

Figure 2.13 Lowpass to bandpass transformation.

2.2.4 Slope Parameters

In this part, we introduce the susceptance slope parameter “b” to represent the
parallel resonant resonators. The definition is the same as (2.10). As Figure 2.14 depicted,

we obtain the admittance inverter parameters presented with the slope parameters,

19
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normalized source and load impedances, R; and R .

b
Jor Jiz Jos Js NI

‘]NN+1
o_ —_——
Llr Clr L2r C2r L}r C3r L4r C4r LNr CNr
Figure 2.14 Parallel resonances are represented with slope parameters.
The admittance inverter parameters Jg are
/ G
‘]0] = blr S '\ma
gﬂg]
Iy = bG ,
gN gN+1
b.b. for j=1,2,3...N-1 (2.31)
—~ ] ]+1 99
J,1+1 el A W,
gj gj+1
where
dB.
Gy=—1.G = b, =&_d o —pC,. (2.32)
Ry R 2 do W

Similarly, for any resonator exhibits a series-resonance type, we calculate the

reactance slope parameter “ X" as the definition

@, dX
X=—"—0
2 dw

W=\

(2.33)

where X is the total reactance of the resonant circuit, and we can obtain the K inverters

as follows:

K, = 1% Rs W
9,9

X R
K . — Nr 'M,
m g%\l(bNH




A._o_ [ —

K = |55 W for j=123..N-1 (2.34)
.+l
gjgj+1

2.3 Dishal’s Method

Any narrow-band, lumped-element, or distributed bandpass filter could be described
by three fundamental variables: the synchronous tuning frequency of each resonator f,
the coupling coefficient between adjacent resonators Kk, and the singly loaded or external

Q of the first and last resonators, Q,, , as shown in Figure 2.15.

b b,
Qua K, Ky, Ky, Ky in Qo

Figure 2.15 Parameters Q, and coupling coefficients K
When the bandpass filter specification including fractional bandwidth, maximum
insertion loss in the passband are decided, we can derive the required kg and Q. from

a few simple equations [13].

J

k . =—2 = for j=12,3..N-1 (2.35)
b \/bjrbj+]r \/gjgj+l
b.
it 9,9
= = , 2.36
Qe J%0 W ( )
Gs



QexN — bN+] — gN gN+l . (237)

where Wis the fractional bandwidth. Q,, represents the coupling between R, and the
first resonator whereas Q,,, is similar but for the last resonator. kK;,,, corresponds to
the coupling between the j,;, and j+1,, resonators. For example, Table 2.1 and 2.2 can

be constructed with ripple level 0.1 dB ,

Table 2.1 Parameters of coupling coefficients and Qext’s with N=2, Lr=0.1dB.

Fractional bandwidth k12 Qext
0.04 0.0552 21.0767
0.05 0.069 16.8614
0.06 0.0829 14.0511
0.07 0.0967 12.0438
0.08 0.1105 10.5384
0.09 0.1243 9.3674
0.1 0.1381 8.4307

Table 2.2 Parameters of coupling coefficients and Qext’s with N=3, Lr=0.1dB

Fractional bandwidth | k12 k12 Qext

0.04 0.0368 0.0368 25.7896
0.05 0.046 0.046 20.6317
0.06 0.0551 0.0551 17.1931
0.07 0.0643 0.0643 14.7369
0.08 0.0735 0.0735 12.8948
0.09 0.0827 0.0827 11.4621
0.1 0.0919 0.0919 10.3159
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2.4 CoupledLine Theory

A “coupled line” configuration consists of two transmission lines placed parallel to
each other and in close proximity. In such a configuration, there is a continuous coupling
between the electromagnetic fields of the two lines. Coupled lines are utilized extensively
as basic elements for directional couplers, filters, and a variety of other useful circuits.

Because of the coupling of electromagnetic fields, a pair of coupled lines can support
two different modes of propagation. These modes have different characteristic
impedances. The velocity of propagation of these two modes is equal when the lines are
embedded in a homogeneous dielectric medium (as, for example, in a triplate stripline
structure). This is a desirable property for the design of circuits such as directional
couplers and filters. However, for transmission lines.such as coupled microstrip lines, the
dielectric coupled microstrip lines, the dielectric medium is not homogeneous since part
of the field extends into the air above the.substrate. This fraction is different for the two
modes of coupled lines. Consequently; the effective dielectric constants as well as the
phase velocities are not equal for two modes. This unequal modal phase velocities may
deteriorate the performance of circuits using these types of coupled lines.

When two conductors of a coupled line pair are identical we have a symmetrical
configuration. This symmetry is very useful for simplifying the analysis and design of
such coupled lines. If the two lines do not have the same impedance, the configuration is
called asymmetric.

Coupled transmission lines are usually assumed to operate in the TEM mode, which
is rigorously valid for stripline structures and approximately valid for microstrip
structures. For that reason, the properties of coupled lines can be determined from the

self- and mutual inductors and capacitances for the lines.
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2.4.1 even-and odd- mode approachyiz

Coupled microstrip structures are characterized by the characteristic impedances (or
admittances) and phase velocities for the two modes. For simplicity, we will restrict our
attention to the case of symmetric coupled lines, that is, identical lines of equal
characteristic impedances. The analysis of coupled microstrip lines for these
characteristics can be carried out by the even- and odd-mode method which is the most
convenient way of describing the behavior of symmetrical coupled lines. In this method,
wave propagation along a coupled pair of lines is expressed in terms of two modes
corresponding to an even or an odd symmetry about a plane that can, therefore, be
replaced by a magnetic or electric wall for the purpose of analysis.

Furthermore, static capacitances’for the coupled line geometry may be used to give
simpler equations for the mode impedances and effectrve dielectric constants. Therefore,

even- and odd-mode capacitances for the Symmetric coupled lines are obtained first.

Magnetic Wall
!
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Electric Wall

(b)
Figure 2.16 Analysis of coupled microstrip lines in terms of capacitances: (a)
even-mode capacitance. (b) odd-mode capacitance.

As shown in Figure 2.16(a) the even-mode capacitance C, can be divided into three
capacitance; that is,

C.=C, +C; +Ci (2.38)

C, denotes the parallel plate capacitance between the strip and the ground plane. C; is

the fringe capacitance at the outer edge of the strip. It is the fringe capacitance of a single

microstrip line and can be evaluated from the capacitance of the microstrip line and the

value of C,. The term Cj accounts for the modification of fringe capacitance C; ofa

single line due to the presence of another line.

The odd-mode capacitance C, can be decomposed into five constituents C; C,
Ci{. Cyu and C, asshown in Figure 2.16(b) ; that is,

C,=C,+C;+C{ +C, +C,, (2.39)

Expressions for C, C; and C{ are the same as those given earlier in the case of

even mode. The capacitance C,, may be calculated from the corresponding coupled
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stripline geometry with the spacing between the ground planes given by 2h. The

capacitance C,, describes the gap capacitance in air.

Effective dielectric constants &% and &°e for even and odd modes, respectively,

can be obtained from C_, and C, by using the relations

C

Sere = < N 2.40
C% ( )
C

Efe = —2. 2.41
C% ( )

C% and C?% are the capacitances for the even- and odd-mode capacitances for the

coupled microstrip line with air as dielectric. Further, Accurate closed-form expressions

for &% and &£%e are also available in [17].

On the other hand, self-and mutual inductors and capacitances can be derived with

C.(¢,), C,(¢,), C% and C%. The characteristic impedances Z_,Z  can be written

as [17]
7 =LA (2.42)
B. C
=2 B (2.43)
* B C
with
_ Ce,o(‘gr)
/Be,o =0 /Uogo a . (244)
C e,0
or

Z,,=(vy/CIC,) (2.45)
Z,=(vy/CIC,) (2.46)

where Vv is the velocity of light.
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2.5 J-and K-inverters with distributed circuits

This section considers several types of coupled transmission lines with arbitrary
lengths and their equivalent circuits. For designing bandpass filters with SIR in which
lines are coupled in parallel or antiparallel, it’s necessary to find the relationship between
even and odd mode impedance/admittance in the coupled lines and the
impedance/admittance inverter parameters. With the equivalent circuits, we can design the
bandpass filter more easily. In this section, the equivalent transmission-line circuit will be
represented by two-wire lines. In each case, the characteristic impedance or admittance of
the transmission line is shown, together with the electrical length 6. Meanwhile, the

unsymmetrical-coupled line with different widths is also discussed [12].

2.5.1 Equivalent Circuit of Parallel-Coupled Line

Figure 2.18(a) shows the parallel-coupled-section generalized to cover the case where
the two lines may be of different widths and'its equivalent circuit is shown in Figure
2.18(b) [14], [15]. The parameter Vv refers to propagation velocity in media whileC,,C, ,
and C, are the line capacitances per unit length as defined in Figure 2.17. Note that C,
is the capacitance per unit length between Line a and ground.C, is the capacitance per
unit length between Line b and ground while C_ is the capacitance per unit length
between Line a and Line b. The definition of L,, L, are the self-inductances per unit
length of Line a and b, while L, is the mutual inductance per unit length between the
parallel-coupled lines. Since the line capacitances are more convenient to deal with, the
line impedances of the equivalent open-wire circuit are also given in terms of C,, C,,

and C,, . From Figure 2.18(b), it’s apparent that when € is 90 degrees, the series stubs

act like the series resonant resonators.
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Figure 2.17 An unsymmetrical pair of parallel-coupled lines. C,,C, and C_ are line

capacitances per unit length.

C
70 =vl, ==
q ‘00 lb vF
9 Z :710 = VLa :7}7 \ T
Zje ’ ZZO \ 9
| O—| a | E o— | o—> 7 $ o
VAR YA C
1 oe 00 _ VLab —_ab 2
| b I_O 2 o 2 vF
Z([))e’Zz[))o F:CZC;7+C:1C1b+q7C1b
(a) (b)

Figure 2.18 An unsymmetrical parallel-coupled line and its equivalent circuit.

On the other hand, the symmetric parallel-coupled line relating to the lines with the

same width is depicted in Figure 2.19(a). In this case, Y, 2=Y,."=Y, and

Y, =Y. "=Y,. It’s clear to see that the even- and odd-mode admittance can be

simplified as Y,_, Y, , and the equivalent circuit is expressed by two single

transmission lines of electrical length &, admittance Y, and admittance inverter

parameter J, as shown in Figure 2.19(b) .
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Zoe’ ZOO or Yoe > YOO
o—
- o
< ; >
(a)

‘L} ‘L}
O———0— J —O0——0
Yo _og° Yo
o0— 0 - 0——o0
(b)

Figure 2.19 A symmetrical parallel-coupled line and its equivalent circuit.

The ABCD matrix for Figure 2.19(a) and (b) can be expressed as

VetV (DoY) + (Y + ) c05%0 1 |
] YZSI_HYG Y Yo oot Tos tYOe “cos &
i+£ sin @ cos @ ji isinz¢9—ﬁcosé?
Y, J LY k
[R]= y S 1 . (2.48)
jiY,| —Lsin* @ ——cos’ @ —+-2 Isinfcos O
| J Y, Y, J
Then equalizing each corresponding matrix element, we can obtain [8§]
J 2

v 1—(Yj cot’ @
g - =, (2.49)

Yo J J

1+ — | cscO+| —

Yo Yo

J 2

v 1—(YJ cot’ @
== - 7. (2.50)

Yo J J

1-| — | cscO+| —

Yo Yo

In Figure 2.20, placing short-circuits on diagonal ports instead, the dual situation of

the circuit in Figure 2.18 holds. Similarly, the even- and odd-mode admittances are
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depicted and the electrical length is @ The equivalent two-wire circuit is shown in
Figure 2.20(b) accordingly with the parameters defined in Figure 2.18 [14],[15]. In this
case, when & is 90 degrees, each of the series stub acts like a resonator of parallel
resonance.

Meanwhile, in the case of symmetrical coupled lines, the circuit schematic diagram is

simplified as Figure 2.21(a) while the even- and odd-mode impedances are represented as

Z., Z,. This section can be approximately modeled by the equivalent circuit shown in

Figure 2.21(b) including an impedance inverter parameter K together with two single

transmission lines of electrical length € and impedance Z,, connected in series on both

sides [12].

7
oo
L
||
_‘O
g
=
Q
e
@)
[\

o, O
|||_| b I_O 2 | Y =vC, Y, =vG
NN
(a) (b)
Figure 2.20 An unsymmetrical parallel-coupled line and its equivalent circuit.
Zoeﬁzoo or Y0e7Y00 0 0
—> «—>
o — _ O——0— - — 0
p— K
Zo o0 Z
I— —O oO——O0— —o0——o0
< 5 >
(a) (b)

Figure 2.21 A symmetrical parallel-coupled line and its equivalent circuit.
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Similar, equating the ABCD matrixes in Figure 2.21, design formulas correspond to

Z .Z  can be derived as

oe? 00

2
1—(;] cot’ @
%: 0 =, (2.51)
’ [K]csc0+[ ]
Z Z,
( j cot’ @
) (2.52)

2.5.2 Equivalent Circuit of Antiparallel-Coupled Line

Different from the parallel-coupled lines described in previous section 2.4.1, we
introduce the antiparallel coupled=line circuits which are terminated with short circuits or
open circuits on the same side. The circuit schéme shown in Figure 2.22(a) is the
asymmetrical coupled line with an open-circuit termination on the same side while the
equivalent two-wire circuit is shown in Figure 2.22(b). The even- and odd-mode
impedance with electrical length 6 are depicted. When 6 is 90 degrees, the circuit
operates like an all-stop structure.

For a symmetrical case, Figure 2.23(a) illustrates even- and odd-mode admittance

Y., Y, of the antiparallel coupled-line section with electrical length . The equivalent

oe?
circuit is shown in Figure 2.23(b) which is expressed by an admittance inverter parameter

J as well as two open stubs with electrical length 6 and impedance Z, which shunted

on both of its sides [12].
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Figure 2.22  An unsymmetrical parallel-coupled line and its equivalent circuit.

. 6 .
O— J
— -90°
O_
Y,
Z o> Loy O Yoes Yoo Z Z
(a) (b)

Figure 2.23 A symmetrical parallel-coupled line and its equivalent circuit.

Similar with the previous section, we can derive the formulas relate to Y,, and Y,

as follows:
£:1+icot0, (2.53)
Yo Yo
J
—£ =1-—coté. (2.54)
Yo Yy

It’s noted that when & is equal to 90 degrees that means Y=Y,

00 ?

no coupling
exists in the coupled line. Therefore, (2.53) and (2.54) are applicable except that 6 is 90

degrees.

On the other hand, in Figure 2.24(a), the coupled line shows two ports on the same
32



side are shorted which is the dual of the circuit in Figure 2.22. The equivalent circuit is
expressed as Figure 2.24(b). In this case, when & is 90 degrees, the circuit operates like

an all-stop structure which is similar with that in Figure 2.22.
Futhermore, if the coupled line is symmetric , it’s obvious that Y,* =Y, ”=Y_ and
Y, 2=Y,” =Y, as shown in Figure 2.25(a). The corresponding equivalent circuit shown

in Figure 2.25(b) consists of two shunt stubs with short-circuit terminations on both sides

and an admittance inverter between them. [12]

(a) (b)

Figure 2.24 An unsymmetrical ‘antiparallel-coupled line and its equivalent circuit.

< 0 > O
J
O— — L 90’
— O
O— —
Zoe’ Zoo or Yoe9Y00 o 6
(a) (b)

Figure 2.25 A symmetrical antiparallel-coupled line and its equivalent circuit.
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Finally, we can acquire the formulas relating to Y,, and Y,

oe?

£=l+itan¢9, (2.55)

Yo Yo

Yﬁ:l—itanﬁ. (2.56)
0 Yo

When 6 is equal to 90 degrees, Y,, and Y, tend to be infinite. Therefore, the

design formulas in Figure 2.25 is not suitable for the case 8 = m/2.

2.6 Second-Order Gap Coupling Bandpass

Filter

In this section, we introduce ‘an example: for the second-order bandpass filter using
the theory discussed in previous sections: First, utilizing the theory about A/2 SIR

described in Section 2.1.2, we can €asily design the' SIR by giving an impedance ratio R

and the electrical length 6, . For example, choose Z, =50ohm, Z_, =70ohm(R<1) and

6, =60° with center frequency 3GHz, 6% bandwidth and 0.1 dB ripple. From (2.3), we

can obtain 6, =22.41°.

CLIN CLIN
TLL TL3 TL2 Term
Ze=Z0e01 Ohm Ze=Zoel2 Ohm Ze=Zoe01 Ohm Term2
Z0=Z0001 Ohm Z0=70012 Ohm Z0=Z0001 Ohm Num=2
E=EQ E=EQ E=EO0 Z=50 Ohm
F=fGHz F=f GHz F=fGHz

TLIN TLIN

TL4 TL5 =

Z=Zm Ohm Z=Zm Ohm

E=EM E=EM

F=f GHz F=f GHz

Figure 2.26  Circuit configuration of the second-order gap coupling filter.

Figure 2.26 shows the circuit scheme of the filter in ADS. The first and third sections
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correspond to open-circuited parallel coupled-line. Therefore, we can approximately
utilize the equivalence shown in Figure 2.19. On the other hand, the second coupled
section belongs to the open-circuited antiparallel coupled-line discussed in Section 2.5.2,
so that the equivalence shown in Figure 2.23 can be used here. The consideration about

6, relating to the antiparallel and parallel coupled-line sections in the bandpass filter is
that 6, should be shorter then /2 due to the accuracy about design equations. Now, we

can construct the equivalent circuits with admittance inverters as depicted in Figure 2.27.
The second-order coupled-line filter is equivalent to several admittance inverters

separated by transmission-line sections which is actually the A/2-type SIR shown in

Figure 2.4(a).
by, by bys by,
@ 6 20 20, @ jL @
c
JOI ‘]IZ J23
Rs% Yy Yy Y, Y, Yy Yo % ’
-90 o o -90 6 o -90

Figure 2.27 The overall equivalent circuit of the second-order gap coupling filter.

Since the SIR structure exists the parallel type of resonance physically, we can then
use the theory introduced in Section 2.2 that all the resonators can be represented by the
susceptance slope parameter “b”. Thus, we are going to calculate the parameters b
Figure 2.27 shows that b, and b,, are the slope parameters seen by J, and J,,
looking into the resonator whereas b, and b,, are those seen by J,, looking into the
resonator on both of its sides. Obviously, b, =b,, and b, =b,,. Therefore we only need

to derive b, and b,. From (2.9) and (2.10), b, can be obtained easily as follows,
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Z : : . o .
for R= Z—b, the input admittance seen by inverter J,, looking into the resonator is,
a

2(Rtan g, +tan §,)(R—tan g, tan 6,)

v o_ i - jB 2.57
o JbR(l—tan2Gb)(l—tanzﬁa)—2(l+Rz)tangtanQa 1o (237)
B _ o, 4B,
' 2 do oy

_ Y, G, tan 26, x (R’ csc’ 6, +sec” ) +26, sec’ 26, x (R’ cot 6, + tan ,) (2.58)
2 tan 26, x (1+ R*) + R(tan 6, —cot 4, ) N

where B, is the susceptance component of the input admittance. In the case of UIR

(uniform impedance resonator), (2.58) can be simplified as follows:

A

: (2.59)

bOl
Next, assume the input admittance seen from J,, towards leftis Y, derived as

., R =tan®@, + 2Rtan @, cot26, .
Y,=]Y b b &= 2.60
2= Rcot 26, =tan 6, 18 (2.60)

Then,

b _o, dB,

2 do ey

Y. 6, sec’ §,(2Rcot 26, —2tan 6, ) — 4R, tan 6, csc’ 26,
__b™b b a b a b a

=— (2.61)
2 Rcot 26, —tan 6,
Also, in the case of UIR, (2.61) can be simplified as follows:
b, = %Ybsecz 0,. (2.62)

Therefore, given the impedance ratio and electrical length of SIR, the slope

parameters from b, to b,, shown in Figure 2.27 can be obtained definitely.
From (2.31) and (2.32), choose R, and R_ to be port impedance 500hm, with the

calculated slope parameters b, we can find the inverter parameters J,, J, and J,,.
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By symmetry, J,=J,,. While J, J, and J,, are available and Y| :SLOQ‘, with

(2.49) , (2.50) , (2.53) and (2.54), the even- and odd-mode impedances for each of the
coupled-line section can then be derived.

On the other hand, similar procedure can be used to design the bandpass filter using
the coupled-line section with short-circuit terminations shown in Figure 2.21 and Figure
2.25. That is, the first and third coupled-line sections are replaced with the parallel
coupled line depicted in Figure 2.21(a). Meanwhile, the second coupled-line section is
substituted for the antiparallel coupled-line circuit in Figure 2.25(a). Furthermore, the
A/2 SIR is considered as the short-end type SIR in Figure 2.5 which is different from the

SIR used in Type I filter. Figure 2.28 illustrates the overall circuit scheme.

erm CLIN CLIN CLIN Term
Term1l TL1 TL3 TL2 Term2
Num=1 Ze=Zoe01 Ohm Ze=Zoel2 Ohm Ze=Zoe01 Ohm Num=2
Z=50 Ohm Z0=Z0001 Ohm Z0=20012 Ohm Z0=Z0001 Ohm Z=50 Ohm
= E=EQ E=EQ0 E=EO =
L L F=f GHz - F=fGHz —_—
- - TLIN TLIN - -
TL4 TL5
Z=Zm Ohm Z=Zm Ohm
E=EM E=EM
F=f GHz F=f GHz

Figure 2.28 Circuit configuration of the second-order gap coupling filter.

Finally, cascading the equivalent circuits of parallel and antiparallel coupled lines, the

complete equivalent circuits of the filter can be constructed as Figure 2.29.

=< | |8
Q Q
= | =
7
= | =
=

-90

Figure 2.29 The overall equivalent circuit of the second-order gap coupling filter.

Different from Type I filter, the structure consists of two impedance inverters K,
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and K,, for the first and third coupling as well as an admittance inverter J,, in the

centre. When looking into the resonator by K,,, the resonator performs series resonance;

015
therefore, it’s reasonable to use the reactance slope parameter X mentioned in (2.33) to
represent the resonator. The same situation occurs when looking towards the resonator on
the right-hand side by K,,. On the contrary, seen by the inverter J,, into the left or
right till the K inverters, the parallel resonance exists where the slope parameter is
utilized. Figure 2.29 shows that x, and x,, are the reactance parameters seen by K,
and K,, whereas b, and b,, areseenby J, looking into the resonator on both of its
sides. By symmetry, X, =x,, and b, =b,,. Therefore, we only need to calculate x,

and b, respectively. From (2.9) and (2.10), x,, can be obtained easily as follows,

Z . . . .
for R= Z—b, the input impedance seen by K, looking towards the resonator is

_ iz —2Rtan@, = tan 20, + R tan’ 6, tan 20,
Zo "R-R tan @, tan 26,4~ Rtan>.6, — tan 6, tan 26,

_ —2Rtan §;= tan 26+ R*tan” @, tan 26,
=]z, . e ! (2.63)
R(1—-tan"@,)— (1+ R")tan g, tan 26,

= jxm
Thus,

X _ o, dXy,
"2 do .

_ Z, 20, sec’ 26,(1- R’ tan’ §,) + 26, Rsec’ §,(1 - Rtan 6), tan 26),)
2 R(1-tan’ §,)—tan g, tan 26, (1+ R*)

(2.64)

where X, is the reactance component of the input impedance X, seen by inverter

J,, looking into the resonator.

Further, in the case of UIR, (2.64) can be simplified as follows:

_ 7l

= (2.65)

Accordingly, assume the input admittance seen by inverter J,, looking into the
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resonator on the leftis Y,,.

—2R+ R’ tan g, tan 26, — tan 26, cot 6,
Rtan @, +tan 20,

Y12 = JYb = JBlz (2.66)

Then,

b _ 0, 4B,

2 do|,.,

_ Y, 6, tan 26, (csc” 6, + R’ sec” 6,) — 26, sec” 26, (cot §, — R tan )

= 2.67
2 Rtan 6, +tan 26, (2.67)
For the case of UIR, (2.67) can be simplified as
b, = ﬂTZbcscz 0,. (2.68)

Therefore, given the impedance ratio and electrical length of SIR, x,, to Xx,, shown
in Figure 2.29 can be calculated. From (2:31)-and (2.34), choose R; and R as port

impedance 500hm, with the parameters b .and X, we can find the inverter parameters

K, J,, and K,,.By symmetry, “K,, =K.

So far, with K_,,J,, and K,, obtained, the even and odd mode impedance for each
coupled-line section can therefore be easily derived from (2.51) , (2.52) , (2.55) and
(2.56).

In the following sections, we name the filters discussed above to be the Type I and the

Type II filter respectively for convenience.
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Chapter3
Second-Order Tapped Coupling

Bandpass Filter

3.1 Input/Output Tapping

The coupling between the feed lines and the resonators of a bandpass filter can be
performed with gap or tapped coupling. For Type I and Type II filter, the coupling realized
with gap coupling. However, it's easy to reach physical limit for gap coupling. Therefore,
tapped coupling is proposed in our designun this case, the singly loaded Q(Qg) of a
resonator should be calculated. The value of Q, should be determined by the filter

specification, which specifies the m-bandresponse. For a tapped resonator, the Q, value
is given as [15]

@, BB

Qsi:RL 2 do

3.1)

where R is the load impedance seen by the resonator looking into the load at the tap
point, @, is the center angular frequency, and B is the total susceptance of the

resonator seen by the feed line at the tap point.

From the definition of slope parameter b , it’s rational that (3.1) can be rewritten as
Q =— (3.2)

where G, =1/R_is the load admittance. It’s to be noted that the variation of tapped
positions can influence the slope parameter b greatly. To simplify the question, we fix

the position of the feed line at the step junction shown in Figure 3.1 and 3.2 so that the
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parameter b becomes a specific value when the SIR is designed. From Section 2.3, if
both conductors and diclectric substrate are assumed loss free, for the first and last SIRs,
the external Q’s are given by (2.36) and (2.37). That is, Q; in (3.2) should be in
accordance with these external Q’s if the SIRs are considered lossless. In other words,
given the tapped position, the load impedance of feed lines at the first and last resonator
should be determined by the external Q’s. That is, in our design, the problem is mainly to
find an appropriate load impedance to satisfy (3.2).

In order to obtain the parameter b, it’s necessary to derive the total input admittance

Y. looking into the resonator at the tap point. Figure 3.1 illustrates the circuit scheme for

n

calculating the parameter Y, . Notice that we fix the tap point at the stepped impedance

junction to simplify the calculation.

Y

h 20,,Z,

Figure 3.1 The stepped-impedance resonator and tapped line .

First, the input admittances looking into one stub of the SIR resonator terminated

with open-circuits are defined as Y, and Y,. It is easily derived as

Y, =Y, = jzitanﬁb (3.3a)

b

Next, we defined the input admittance seen from the tap point to the open end is Y,

which includes two sections with a step junction between. It can be calculated as follows,

Y—i( Z, +Z, cotf, tan 20, )_L(Za+Zbcot9btan2t9a
> Z, —jZ,cotf,+jZ, tan20,” Z, Z, cot,—Z, tan26,
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And then, the total input admittance Y,, is

Y ZY 1Y = l(ZZaZb +Z,’ cot 6, tan 26, — Z,” tan 6, tan 293)
"otz Z,(Z, cotf, —Z, tan 26,)
j 2R+R’cotf, tan26, —tanf, tan26, .
:L( + R cot g, tan 26, —tan 6, tan 2= B (3.4)
Z, Rcot g, —tan 26,
where REZ—
Za

Finally, the slope parameter can be achieved,

_o, dB
2 dw

b

W=y

_% B
2 do

0=,

g, (—R2 csc’ 6, tan 26, + 2mR%cot 6, sec” 26, = 2mtan 6, sec” 26, — tan 0, sec” 6,

"2z, Rootd, —tan 26, )
G, (2msec2 0,(R’ cot g, —tan &, ) = tan26,(R’ csc’ 4, +sec’ Hb)) (3.5)
27, Rcot g, —tan 26, '

During the derivation, we utilize the parameter m which is equal to —2.

b

Similarly, for short-ended A/2 SIR, the slope parameter can be derived as follows.

The total input admittance Y,

in?>

seen at the tap point is shown in Figure 3.2. To find the

parameter Db we need to calculate Y, firstly.
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26,

a’>Ta

Figure 3.2 The short-end type SIR and tapped line .

Figure 3.2 depicts that the input admittances of the short stubs are Y, and Y, that
can be obtained as
Y, =Y, =—jo—cot§ (3.6)
Zb

Meanwhile, the input admittance Y;"in Figlre 3.2 becomes

1  Z -Z tan@ tan26 | Z tanf, tan26 —Z
Y2=—(_ a b .1 m )=L( b 1 m a) (37)
Z, |Z,tan0 + [Z3tan20, - Z; Z tan6, +Z, tan 20,

a

Likewise, it’s easily to derive Y, “as follows

: 2 2
Y =Y, +Y, :l(Zb tan @, tan26, -22,Z2, - Z, cot@ltan26‘m)
Z, Z (L, tan6 +Z_ tan20,)
j R tan6 tan26, —2R—cotf, tan20, .
:L( an g, tan 20| cot g, tan m)_ iB (3.9)
Z, Rcot 6, +tan 20,
Finally, the formulas for the slope parameter b becomes
po 2 9B
2 dw omay

6 ( R’sec” 6, tan 26 +2mR’ tan €, sec’ 20, —2mcot §, sec’ 26 +tand, csc’ 6, )

27, Rtan 6, +tan 26,
6 (2mse02 0., (R’ tan 6, — cot §,) + tan 26, (R sec’ 6, + csc’ 6, )

27, Rtan 6, + tan 26, (3.9)
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So far, from (3.5) and (3.9), it’s observed that the parameter b is a specific value if

the electrical length as well as the impedance ratio of SIRs are available.

Figure 3.3 The general case of tapping
with SIR.

Q

Figure 3.4 The equivalent circuit of

tapping with SIR.

Figure 3.3 illustrates the schematic diagram for the general case of tapping where the
source impedance is R, and the SIR is tapped with a feed line directly from the source to
the resonator without any transformation. That circuit can be verified as Figure 3.4 where
the resonator is represented by the slope parameter b while the function of tapping
simply performs as an admittance inverter J, . In fact, the circuit in Figure 3.4

corresponds to the first stage of the circuit in Figure 2.13. Likewise, we already know that

from (2.31), J,, can be rewritten as

Iy = /%W—v (3.10)
gOgl
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where W s the fractional bandwidth and Y, is the admittance of the resonator.

We now assume the admittance inverter parameter J, is equivalent to the source

admittance Yy which means

Jy = ﬁ-\/v_vz\(S (3.11)
gOgl

It turns out that when the filter specification as well as the size of SIR are given, Y
can be obtained from (3.11) as long as the image impedance Z,(=1/Y,) is chosen. In that
way, the source admittance Y relates to the load admittance G, seen at the tap point in
(3.2).

However, in most practical cases, the condition is more complicated. The source

admittance Y cannot be chosen arbitrarily. For that reason, (3.11) should be modified as
I = 2, = L (3.12)

9,9, R
Hence, an additional matching network to transfofm the load impedance R to the
source impedance R is required-as illustratediin Figure 3.5. Actually, if an appropriate
load impedance can be realized with a’matching circuit at the operating frequency, the
coupling required can be achieved at I/O which also corresponds to the physical meaning

of external Q introduced in Dishal’s method in Section 2.3.

Matching
network

\ Figure 3.5 The SIR feeding structure
with a matching network.

= REVG)
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3.2 Second-Order Bandpass Filter with
Tapped Line

In this section, we now try to give design steps for a bandpass filter similar with Type |
filter but using tapped lines at input and output stage instead of gap coupling. In that way,
the theory introduced in section 3.1 will be employed. First, the open-circuited A/2 SIR is

chosen. For the theory of A4/2 SIR described in Section 2.1.2, we can easily design the

SIR or UIR by giving the impedance ratio R and the electrical length 6, . For example,
choose Z, =500hm, Z_, =700hm(R<1) and 6, =60° with center frequency at 3GHz,

6% bandwidth and 0.1-dB ripple. From (2.3), we can obtain 6, =22.41°. Second, it is

rational that the equivalent circuit for tapping in Figure 3.4 is then considered in the first

and last stage in our design. Therefore, thetoverall equivalent structure can be verified as

Figure 3.6.
bll hz b23 ta
a 26, 20, 4 %
S E—o—o o —O
‘]01 ‘]12 ‘J23
RS Yb Ya Ya Yo
— —o——o o} -0 0 s O —0}
/ Yo / Yo
4 4

Figure 3.6 The overall equivalent circuit of the second-order tapped coupling filter.

Obviously, the value of the admittance inverter as well as the characteristic
impedances of the coupled-line section in the center of the circuit can be found by
following the derivation in Section 2.5. In that way, the coupling required for the filter

response can be achieved. Thus, in the next step, the only problem is to find the proper
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load impedance seen by the resonator looking into the load at the tap point of the feed line

as well as the matching network to transform the source impedance R, to the load
impedance R . In order to find R _, we utilize (3.12) where the slope parameter b for
the resonator seen at the tap point can be calculated in (3.5). The admittance Y, of the
resonator depends on the characteristic impedance in our design. Here, we set Y, is
equal to 1/50 S. In addition, the element values g,,g, are available from the filter
specification. Consequently, with (3.12), the load impedance can be derived.

After that, the last step is to design an impedance matching network at center
frequency. Here, in our design, we choose a quarter-wave transformer to realize the
matching circuit. Figure 3.7 represents the complete circuit scheme of our design and the

circuit simulation is shown in Figure 3.8.

TLIN TLIN
TL215 bty TL213
750 Ohm. S 750 Ohm
E-e0 Zo=z00 O E-£0
=4 m
F=f GHz E=60 F=f GHz
F=f-GHz
1 1 (g 1
Term —_ —_ | M| —_ Term
Term4 TLIN TLIN TLIN TLIN Term13
Num=1 TL229 TL12 TL187 TL230 Num=2
Z=50 Ohm Z=Zt Ohm Z=Zo Ohm Z=Zo Ohm Z=Zt Ohm Z=50 Ohm
= E=90 E=60 E=60 E=EO =
- F=f GHz F=f GHz F=f GHz F=f GHz -

Figure 3.7 Circuit configuration of the second-order tapped coupling filter. (Type III)
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Figure 3.8 The circuit simulation result.
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Accordingly, the same procedure can be applied if we want to modify Type II filter in
Figure 2.29 that the gap coupling in I/O stage can be replaced by tapped coupling

respectively. Given the design specification, we firstly design the SIR or UIR where both

ends are short circuited. After that, the characteristic impedance Z_,Z_, of the coupled

oe? =00

line in the second stage can be decided to fit the required coupling. Finally, the slope
parameter for the SIR seen at tap point can be derived using (3.9). By (3.12), we can
obtain the load impedance Z, . With a quarter wavelength transformer, the tapped line

can be realized. The new schematic model is depicted in Figure 3.9.

TLIN CLIN TLIN
TL215 TL13 TL213

Z=50 Ohm Ze=Zoe Ohm Z=50 Ohm
E=EO Zo=Zoo Ohm E=EO
F=f GHz E=60 F=f GHz
F=f GHz
1 1 1 1
F3 Term | S| - | I | " a | S| 3 Term
Term4 TLIN TLIN TN TLIN Term13
Num=1 TL229 TL12 TL187 TL230 Num=2
Z=50 Ohm Z=Zt Ohm Z=Z0;0hm Z=Zo Ohm, Z=Zt Ohm Z=50 Ohm
- E=90 E=60: E=60 E=EO -
= F=f GHz F=fiGHz F=f GHz F=f GHz =

Figure 3.9 Circuit configuration of the second-ordertapped coupling filter. (Type 1V)

Let’s call the filters introduced in this sectionas Type III and IV filter respectively in later
discussions for convenience.

3.3 Dual Frequency Transformeriigj

Impedance transformers have traditionally been broadly divided into two groups;
those with a continuously tapered impedance distribution and those with a stepped
piece-wise impedance distribution. The latter being considerably shorter than the
broad-band tapered transformers perhaps because they tend to mimic a traditional
lumped-element design.

The feasibility of an electrically small transformer with two sections and capable of

achieving ideal impedance matching at two arbitrary frequencies is demonstrated
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analytically. The parameters of the transformer are presented in explicit closed form.

| Figure 3.10 Two-section dual-band

7 ™ transformer.
L

The input impedance is given by

EE + le t-éL]l(IHFIJ

Zin =Z . :
Y7y + 5 Z} tan(Be,) G.13)
Ry, + 725 tan( )
Zy =Zy2E .
LT 7, + Ry tan(is) (3.14)

We want the input impedance to be“equaﬂl“‘to source impedance Z, at the two frequencies
of interest f, and f,.Equating Z; fo Z,and solving for Z/ from (3.13) leads to

Z[] __Ii‘ El t-éLlll[ln"}Fl )

Z=Z .
L ! Zl — __',I;E[] t-e"],ll[ln'ffflj
(3.15)
From (3.14) and (3.15), after some complicated calculation and we can obtain
Z Zy L
Zy = J f{RL — Zy) + ‘X[fl:'RL - Zu]l} + Z3 Ry
“ “ (3.16)
ZoR
T = } L
! (3.17)
where
a= (tan(ﬂ1€1))2 (3.18)
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Chapter 4
The Proposed Dual-Band Bandpass

Filter

We want to design the second and third-order bandpass filters with the function that
can operate at two different frequencies corresponding to even- or odd-mode signals
respectively. The design procedure and circuit realization as well as the simulation and
measurement results will be presented. In the following sections, the filters are classified
according to the type of tapping. In addition,,the tool we used for circuit simulation is
conducted by ADS from Agilent aid the EM simulation is completed by Sonnet. All the
measurements are obtained by four-port network analyzer E5070. All the filters are
fabricated on Rogers RO4003 with a relative-dielectric constant of 3.38 and thickness of

20 mil. For the short-end type SIR, the diameter of via hole is chosen as 40mil.

4.1 Design Procedure and Realization with

Type | tapping

4.1.1 Second-Order Filter with Open-Ended A/2 SIR

In this design, we choose the specification that the center frequencies for the higher

pass and the lower passband are 3GHz and 2.8 GHz respectively. The fractional bandwidth
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is about 4~6% and the ripple level is 0.1 dB.

N
TLE
Stbst="MSUb1

W=W60_01 mi
L=(L60_01-tapt) mid

(a)

z

D> —
N

oel2 > o012

(b)

Figure 4.1 The overall circuit diagram. (a) In circuit simulation tool, ADS. (b) In EM

simulation tool, Sonnet.

The overall circuit diagram in ADS and Sonnet are shown in Figure 4.1. We utilize the
same design procedure as Type III filter in Figure 3.8. First, the filter is considered as two
sections consisting of the resonators and the feeding structure at input and output stages.
For the resonators, the center frequency depends on the resonant frequency of the SIR
structure while the bandwidths are mainly controlled by the coupling between the
resonators. We first design a second-order bandpass filter with the operating frequency

3GHz, fractional bandwidth 5%. The initial parameters for the filter are shown in Table
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4.1. In our case, a higher characteristic impedance is used to avoid the physical limit in

microstirp coupled lines but not deteriorate the coupling required. In Table 4.1, Z_,, and

oel2

Z. ., represent the characteristic impedances of the coupled line between the resonators.

0012

After that, we design another filter with all the dimensions fixed as previous filter except

for the impedance Z_, which is replaced with a higher impedance Z In our case,

a_high *

the impedance is chosen to be 70 ohm. For the characteristics of SIRs mentioned in
Section 2.1.3, it’s observed that the fundamental frequency is changeable with the
variation of impedance ratio. The smaller the impedance ratio is, the lower the
fundamental frequency becomes. That is, the fundamental resonant frequency of the latter
filter will be lower than the former one. In our design, a coupled line is employed to

realize the segment in the center of each,SIR. When excited with even- and odd-mode

signals, the segment can perform' characteristic impedances Z_ and Z relating to

Z, gy and Z for the two filters respectively. From the coupled line theory, it’s

a_low
reasonable that Z_>Z = for microstrip coupled lines. In conclusion, when a differential
signal is applied, the filter will operate at the high-frequency band whereas the

low-frequency band will only perform with a common mode source.

f,(GHz) Z, (ohm) Z, (ohm) 0, (7

a

3 46 95 60° 47.647° 133.68 73.67

Table 4.1 Initial parameters for the odd-mode filter in Filter A.

So far, the circuit parameters for the resonators are decided. Therefore, the final
problem is to find a proper feeding structure to realize the needed coupling between the

tapped lines and end resonators. Following Section 3.1, the tapped position should be
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evaluated to give the desired load impedances R,, R, at two designed center
frequencies. The load impedances R, and R, may be different. For convenience, it is
assumed that R, = R,,. In this case, the dual frequency transformer in Section 3.3 can
be utilized to carry out the matching circuit. Finally, we use Table 2.1 as a reference to
fine tune the full circuit in EM simulation tool, and the total filter is completed which we
call Filter A. The circuit layout of Filter A with physical dimensions are shown in Figure
4.2 and listed in Table 4.2. The photograph and measured results are shown in Figure 4.3.

and 4.4.

Figure 4.2 The circuit layout of the proposed Filter A.

WI W2 W3 W4 W5

95 6 12 23 12
L1 L2 L3 L4 L5
180 106 388 170 435
L6 L7 L8 S1 S2
632 328 156 6 5

Table 4.2 Physical dimensions of the proposed Filter A. (Unit: mil)
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of Filter A

Figure 4.3
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Figure 4.4 Simulated and measured results of Filter A. (a) Simulated |Sh| and |SA| for
2~4 GHz. (b) Simulated |S,| and |S,| for 1~7 GHz. (c) Measured |§,| and |S,| for
2~4 GHz. (d) Measured |S]| and |SZI| for 1~7 GHz. (e) Measured isolation between two

modes.

Figure 4.4 shows the measured return loss in the passband is better than 15dB and the
insertion loss is about 1.5~2 dB. The fractional bandwidths are 6% and 4.7% at 2.7 GHz
and 3.19 GHz respectively. The first spurious resonance happens at about SGHz. The

results confirm to the simulation approximately.

4.1.2 Second-Order Filter with Short-Ended A/2 SIR

(b)
Figure 4.5 The overall circuit scheme of Filter B. (a) The circuit structure in ADS. (b)
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The circuit layout in Sonnet.

W1 W2 W3 W4 L1
46 8 44 40 76
L2 L3 L4 L5 L6

200 100 28 300 96
L7 L8 L9 S1 S2

6 472 360 6 6

Table 4.3 Physical dimensions of the proposed Filter B. (Unit: mil)

On the other hand, we can also employ the filter in Figure 3.9 as a main structure to
build a second-order bandpass filter with similar function as Filter A. The overall circuit
configuration with physical dimensions are depicted in Figure 4.5 in Table 4.3. The filter
which we’ll call Filter B is designed with the specification that the two passbands are at
3.3 GHz and 2.9 GHz with ripple level 0:1 .dB;and"the fractional bandwidth is about
4~6%. Likewise, the structure are‘partitioned-into two parts. The first section corresponds
to the SIRs. The same as Filter A,"the filter for the higher passband is constructed first.

The initial parameters are shown in Table 4.2.

{,(GHz) | z, (ohm) | Z,(ohm) | 6, 0

a

33 60 50 60° 25.69° 58.9298 43.4204

Table 4.4 Initial parameters of the even-mode filter in Filter B.

Later, for the second filter with a lower passband, we choose a lower

impedance Z 37 ohm, to reach the center frequency 2.9 GHz. The decision of Z, is

a_low?

different from that in Filter A. This is because the characteristics of the short-ended A/2

SIR discussed in Section 2.1 for which the same properties with the open-ended A/2 SIR
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can perform while the high- Z and low- Z segments are interchanged.

Finally, we choose a coupled line with the characteristic impedances Z_ and Z_,

related to Z Z In the end, the filter will operate at higher passband when

a_high» a_low*

applying a common-mode signal. With a differential-mode signal, the lower band can be
performed.

Following Section 3.1, we can calculate the load impedance needed of the tapped
line when fixing the tapping point. In this case, we choose the tapped position to obtain
the same load impedances so that the dual frequency transformer can be utilized to realize
the matching circuit. Consequently, we use Table 2.1 as a reference to fine tune the circuit
in EM simulation tool. The photograph and measured results are shown in Figure 4.5. and

4.6.

Figure 4.6 Photograph of Filter B.
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Figure 4.7 Simulated and measured results of Filter B.;(a) Simulated |Sl| and |% 1| for
2~4 GHz. (b) Simulated |S,| and S, |: for I=7/GHz. (c) Measured |S,| and |S,| for
2~4 GHz. (d) Measured |S]| and |SZI| for 1~7 GHz. (e) Measured isolation between two

modes.

Figure 4.7 shows the measured in-band return loss is better than 20 dB and the
insertion loss is about 1.2~1.5 dB. The fractional bandwidths are 6.6% and 4.6% at 2.93
GHz and 3.27 GHz. The first spurious occurs at 5.5 GHz. These results consist with the

simulated results approximately.

4.1.3 Third-Order Filter with Short-Ended A./2 SIR

The same procedure in Section 4.1.2 can be utilized to design a higher order bandpass
filter. In our case, we try to manipulate a third-order design. The specification of the filter

are about 2.9 GHz and 3.2 GHz for center frequencies and 3~5% for the bandwidth with
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ripple level 0.1 dB . First, focus on the section of the resonators and the coupling causes
different resonant frequencies. We use the element values for third-order Chebyshev
response to synthesize the initial circuit parameters for the filter with higher passband.
Furthermore, considering the lowest spurious resonance. we choose the impedance ratio
of the filter with higher passband is nearly unity which means a UIR filter while the ratio

R of the other one is smaller than unity. It’s for the reason that the SIR filter possesses

the advantage that the first spurious can be much higher than 2 f,; meanwhile, the first

spurious of the UIR filter will resonate at 2 f,. Thus, we utilize a coupled line to realize

Z Z And finally, we can obtain the filter with a higher upper stopband. The

a_high» a_ low*

initial parameters are presented in Table 4.5.

f,(GHz) Z, (ohm) | Z (ohm) [| G, (% Z.,(©hm) | Z . (ohm)

a

3.3 37 50 60° 25.69° 55.6 45.4189

Table 4.5 Initial parameters of the'even-mode filter in Filter C.

For more degrees of freedom, we utilize the transmission line with three sections to
accomplish the impedance matching. In addition, Table 2.2 provides a reference to fine
tune the circuit during EM simulation. We name the design Filter C. The overall circuit
configuration with parameters of physical dimensions are shown in Figure 4.8 and Table

4.6. The photograph and measured results of Filter C are shown in Figure 4.9. and 4.10.

E EE EE L
HIRDOGR0 DRaaenD HHHIINO |
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E EE EE E




(c)
Figure 4.8 The overall circuit configuration of Filter C. (a) The overall layout. (b) The

part of resonators. (c) The part of transformers.
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Wi w2 W3 w4 w5 W6
54 52 30 44 40 44
L1 L2 L3 L4 LS L6
900 500 127 151 500 529
L7 L8 L9 L10 L1l L12
1100 470 160 5 151 420
L13 S1 S2
410 6 12

Table 4.6  Physical dimensions of the proposed Filter C. (Unit: mil)

Figure 4.9 Photograph of Filter C.
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()
Figure 4.10 Simulated and measured results of Filter € (a) Simulated |31| and |SZI| for
2~4 GHz. (b) Simulated |S 1| and |Sz1| for 1~7 GHz.(c) Measured |S 1| and |Sﬂ| for

2~4 GHz. (d) Measured |Sh| and |Sn| for1~7 GHz. (e) Measured isolation between two
modes.

Figure 4.10 presents the measured return loss in the passband is better than 10 dB and
the insertion loss is about 2.5~3 dB. The fractional bandwidth are 5.2% and 2 % at 2.87

GHz and 3.26 GHz respectively. The first spurious occurs at 6.8 GHz.
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4.2 Design Procedure and Realization with

Type Il tapping

4.2.1 Third-Order Filter with Short-Ended A/2 SIR

In this design, we continue using the design of Filter C with the same specification.
The only difference is the feeding structure. In this case, we employ a coupled-line
section in the matching circuit. Since the characteristic impedance of differential-mode
and common-mode signal in the coupled line differs, it’s convenient to use the feature to
realize the transformer more easily. In addition, the length of the transformer can be
effectively shortened as well as thesize of the circuit. At the end, the filter is fabricated
and called Filter D. The overall-circuit scheme with physical dimensions are shown in
Figure 4.11 and Table 4.7. The photographs.and measured results are shown in Figure

4.12. and 4.13.

Figure 4.11 The overall circuit topology of Filter D.
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Wi W2 W3 W4 W5 L1
66 24 30 44 40 508
L2 L3 L4 L5 L6 L7

500 625 93 293 114 100
L8 L9 L10 S1 S2 S3

529 420 5 6 6 12

Table 4.7 Physical dimensions of the proposed Filter D. (Unit: mil)

Figure 4.12 Photograph of Filter D.
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Figure 4.13  Simulated and measured results of Filter D. (a) Simulated |S,1| and |Sll|

for 2~4 GHz. (b) Simulated |S,| and |S;,[7for1=7 GHz. (c) Measured |§,| and |S,)|

for 2~4 GHz. (d) Measured |S]| and |SZI| for 1~7'GHz. (¢) Measured isolation between
two modes.

Figure 4.13 presents the measured return loss in the passband is lower than 10 dB.
The insertion loss is about 2.1~2.5 dB and the fractional bandwidth is 7.9% and 4.5 % at

2.79 GHz and 3.21 GHz. The first spurious occurs at the frequency higher than 7 GHz.
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4.3 Design Procedure and Realization with

Type |1l tapping

4.3.1 Third-Order Filter with Open-Ended A/2 SIR

Similarly, a third-order Chebyshev filter can be designed with the SIRs used in
Filter A. However, as mentioned in Section 2.4, two propagation modes with different
effective dielectric constants and phase velocities in a coupled line will degrade the
performance of the filter. For that reason, we will consider the influence during the design
procedure. The passbands of the filter are designed as 2.7 GHz and 3.5 GHz with ripple
level 0.1 dB as well. The fractional‘bandwidth is about 5~10%. Figure 4.14 shows the

overall topology of the filter which we call Filter E.

(2)
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Ist 2nd

(b)
Figure 4.14 The overall circuit topology of the Filter E. (a) The circuit scheme in ADS.

(b) The circuit scheme in Sonnet.

Wl W2 W3 W4 W5 L1

44 68 34 18 8 115
L2 L3 4 L5 L6 L7

500 440 580 390 372 370
L8 S1 S2 S3 S4

430 64 6 6 7

Table 4.8 Physical dimensions of the proposed Filter E. (Unit: mil)

It is noted that we increase the characteristic impedance to 80 ohm to calculate the
initial parameters so that the physical limit can be avoided and the required coupling in
the second stage can be satisfied as well. The same consideration occurs in Filter A. On
the other hand, in order to shift the spurious resonance to a higher frequency more than

2 f,, the UIR structure is chosen for the filter with higher passband while another filter is

designed using SIRs with R<1. Moreover, we pay more attention on the separation of

Z. .
the two passbands. That is, the higher the impedance ratio R, (= ;——h'gh) is, the larger the

a_low

separation becomes. Nevertheless, because of the physical limit for microstrip coupled
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lines, we finally choose Z, ,,,, as 150 ohm

filter at 3.5GHz.

. Table 4.9 lists the initial parameters for the

f,(GHz)

Z, (ohm)

Z, (ohm)

Z.,, (ohm)

Z,,,(ohm)

3.5

80

80

60°

30°

110.89

62.57

Table 4.9 Initial parameters of the odd-mode filter in Filter E.

Moreover, from the coupled line theory, the effective dielectric constants of two
propagation modes are different. In other words, the electrical length for even mode will
be longer but shorter for odd mode relatively. This situation causes the shift of resonant
frequencies for both modes which makes the separation of two passbands become smaller
for the filter designed with open-enditype SIRs. However, the same property in the filter
with short-end type SIRs perfoftms oppositely.’ Thetefore, to reach the specification

exaxtly, in this case, the fundaméntal frequency at higher passband can be chosen to be

lower than expected and so does the impedance’ Z, ., with considering the frequency

a_higl

shift.

In the second stage, due to the difference of two propagation modes, the coupling
strength will be degraded as well as the bandwidth. To maintain the coupling, it’s
necessary to adjust the coupled line.

After the resonators are designed, the problem left is to find a feeding structure. In

our case, using the theory in Section 3.1, we first fix the tap point at the stepped junction

and obtain the load impedance form (3.5) and (3.12). For the load impedance R, and
R aen relating to two resonant frequencies, it’s necessary to find a matching circuit that

can transform source impedance to R 4, R ae at 3.5 GHz and 2.7 GHz respectively.
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Thus, due to Type II tapping as discussed in previous case, it is apparent that the coupled
lines can be a good configuration for our requirement. In this case, we utilize two

sections of the quarter-wavelength coupled lines to realize the matching network which is

feasible under the condition that R ., is higher than R . Table 4.10 shows the

characteristic impedances of the two-section quarter-wavelength coupled lines.

Section Z, Zy,
1 58.14 36.46
2nd 105.21 54.84

Table 4.10 Initial parameters of the two-section transformer in Filter E.

It the end, Filter E is fabricated-and the photograph as well as the measured results
are shown in Figure 4.15. and 4.17; Furthermore, we-modify the layout at the junction
between two coupled-line sections-in the transformer.to be smoother for the concern about
implementation. Figure 4.16 and 4.18 ‘shows:the modified layout which we call Filter F

and the measurement results.
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Figure 4.15 I 's ' raph of p oposed Filter E.

Figure 4.16 Photograph of proposed Filter F.
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(€)
Figure 4.17 Simulated and measured results of Filter E. (a) Simulated |Sh| and |Sﬂ|

for 2~4 GHz. (b) Simulated |S,| and |S;,[7for1=7 GHz. (c) Measured |§,| and |S,)|
for 2~4 GHz. (d) Measured |S]| and |SZI| for 1~7'GHz. (¢) Measured isolation between

two modes.

Figure 4.17 presents the measured return loss in the passband is lower than 10 dB and
the insertion loss is about 1.5~3.8 dB. The fractional bandwidths are 5.6 % and 4.9 % at
2.67 GHz and 3.45 GHz. The first spurious occurs near 6 GHz. These results consist with

the simulated results approximately.
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Figure 4.18 Simulated and measured resultsof Filter F. a) Simulated |S,1| and |Sll| for
2~4 GHz. (b) Simulated |S,| and |S;] sfor 1~7 GHz. (c) Measured |§,| and |S,| for

2~4 GHz. (d) Measured |S]| and |SZI| for 1~7 GHz. (e) Measured isolation between two
modes.

Figure 4.18 shows the measured in-band return loss is lower than 10 dB and the
insertion loss is about 1.8~3.7 dB. The fractional bandwidth is 10 % and 5.7 % at 2.71
GHz and 3.49 GHz. The first spurious occurs near 6 GHz. These results have good

agreement with the simulation..

4.3.2 Second-Order Filter with Open-Ended A/2 SIR

Figure 4.19 presents the overall topology of the filter that we call Filter G. In this new

design, we now want to set the goal to enlarge the separation of the two passbands. The
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filter is designed at 2.5/3.5 GHz with ripple level 0.1 dB, and the fractional bandwidth is
4~7%. Apparently, the critical point is the coupling strength of the coupled-line section in

the center of each SIR. The stronger the coupling strength is, the more the difference

between Z, and Z, is, corresponding to the impedances Z, ., and Z for two

a_low
passbands respectively. Meanwhile, considering the physical limit of the coupled line in

the second stage, we chooseZ =1550hm and Z =70ohm. Similary, the UIR

a_ high a7|ow
and SIR structures are employed and operate respectively while exciting differential-mode

or common-mode signal. The initial parameters are shown in Table 4.12. The overall

circuit configuration with physical dimensions are shown in Figure 4.19 and Table 4.11.

WA1

S1

Figure 4.19 The circuit configuration of Filter G.

W1 W2 W3 W4 W5 W6
44 45 24 22 4 15

L1 L2 L3 L4 L5 L6

180 500 588 500 360 360
L7 S1 S2 S3 S4

380 10 15 7 6
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Table 4.11 Physical dimensions of the proposed Filter G. (Unit: mil)
f,(GHz) | Z, (ohm) | Z,(ohm) | g, 6, Z, (0hm) | Z,,,, (ohm)
3.5 70 70 60° 30° 93.392 55.9789

Table 4.12 Initial parameters of the odd-mode filter in Filter G.

As mentioned, considering the effect of the difference for two propagation modes, the

coupled lines in second stage must be adjusted to obtain enough coupling. And we design

the first filter with a lower center frequency while the choice of impedance Z for

a_high

the other filter with a lower passband can be lower. In that way, we can approach the
specification as expected.

The design procedure of feeding structure'is:similar with Filter E. With two sections
of quarter-wavelength coupled lines, we ¢an easily transform the source impedance into
different load impedance required-at different passbands. The characteristic impedances of

the two-section quarter-wavelength coupled lines are listed in Table 4.13.

Section Zee Zoo

1st 67.32 36.05

2nd 137.97 64.12

Table 4.13  Initial parameters of the two-section transformer in Filter G.

Finally, the filter is designed and fabricated as Figure 4.20. The simulated and

measurement results are shown in Figure 4.18.
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Figure 4.20 Pho f proposed Filter G.
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Figure 4.21 Simulated and measured results of Filter F. (a) Simulated |Sl| and |SZI| for
2~4 GHz. (b) Simulated |S,| and |S,| for 1~7 GHz. (c) Measured |§,| and |S,| for
2~4 GHz. (d) Measured |S]| and |SZI| for 1~7 GHz. (e) Measured isolation between two

modes.

Figure 4.21 shows the measured in-band return loss is lower than 10 dB and the
insertion loss is about 2.5~3 dB. The fractional bandwidth are 6.7 % and 5.4 % at 2.51
GHz and 3.49 GHz. The first spurious occurs at about 6.5 GHz. These results are nearly

the same as simulation.
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Chapter 5

Conclusion

In this thesis, the four-port even- and odd-mode dual band filters are proposed. Three
second-order and four third-order filters are designed to approach the specifications. They
can perform two different passbands while exciting differential- or common- mode signals
respectively. Two types of SIRs as well as UIRs are used as the basic elements in these
filters. The resonant frequency as well as the spurious resonance can be fully controlled
by choosing proper impedance ratio of SIR. The coupling effect of coupled lines plays an
important role in these filters. Based on the difference in phase velocities for two
propagation modes, the characteristic impedances Z;, and Z can be used to combine
two filters with different operating frequencies. With this property, Filter G is designed to
possess wider separation between two passbands: However, applying to the internal stages
between resonators, the characteristic will'degrade the performance on bandwidth so that
the coupled lines need to be adjusted. Moreover, focus on the feeding structure, Filter A,B,
and C utilize Type I tapping to transform the same load impedance to source. In these
cases, the matching circuit needs to avoid unwanted coupling between feed lines. On the
contrary, the property of coupling is employed in Filter D, E, and F to accomplish the

impedance matching.

The simulation and measurement results show that out-band |SA| for the filters, e.g.

Filter A, E, F and G, which designed with open-end type SIRs can not be suppressed as
lower as possible especially at low frequency. This situation might be the contribution of
the antiparallel coupled-line section in the internal stages. Figure 5.1 presents the

comparison of coupling at internal or external stages realized with parallel, antiparallel
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coupled lines as well as the tapped lines.
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(a) Antiparallel-coupled lines are used for all coupling stages.(Hairpin-comb)[4]
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(b) Parallel-coupled lines are used for external'stages while the antiparallel-coupled line is

utilized in the internal stage.
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(c) Tapped lines are employed in external stages while the internal stage uses the

antiparallel-coupled line.
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(d) Parallel-coupled lines are employed for all coupling stages.[3]
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(e)

Figure 5.1 The comparison of four circuits. (a) Hairpin-resonator filter. (b) Type I filter
in Seciton 2.6. (¢) Type III filter in Section 3.2. (d) Parallel-coupled line resonator filter.
(e) Simulated results for S11 and S21.

In Figure 5.1(e), it’s observed that for circuits with antiparallel coupled-line sections

possess the property that the out-band |S“| can’t be restrained at lower frequency. For
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Type III filter, the condition performs severely. It’s supposed that the filter with tapped
coupling instead of gap coupling is lack of effect of capacitances that can block the

low-frequency signal. On the other hand, the filter with parallel-coupled line shows the

out-band |S2 1| will rise at the higher frequency.

The measured results for Filter A and B show the two passbands become farer than
simulated results. It’s because the inaccuracy on fabrication that the gap for the coupled
line in the center of a SIR is smaller than the designed one. Similar situation happened in
Filter C, D, and F. In addition, the error of bandwidth might result from the gap
inaccuracy of the coupled-line section in the second stage.

In the future, the defected ground structure can be employed in order to achieve
required bandwidth and to widen the separation of two passbands more flexibly. It’s for
the reason that the even-mode impedance can be much more increased . Furthermore, the
vertically installed planar (VIP):-structure can be another configuration to replace the
coupled line in the center segment.of each SIR:Since-the phase velocities for two modes
vary much more , it’s more flexible to design the filter with wider separation between two
passbands. The characteristics of parallel and antiparallel coupled lines in stopband can be

utilized to design other filter structures with more flexibility.
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