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ABSTRACT

Phirun Kim

Division of Electronics and Information Engineering
The Graduate School

Chonbuk National University

Conventional power amplifiers and filters are independently designed
based on 50 Q system impedance. Therefore, matching networks are required
in order to match the amplifier and filters. The additional matching network
may cause the non-negligible insertion loss and efficiency degradation.
Therefore, the matching network or bandpass filter should be considered in
order to reduce the insertion loss.

The dissertation mainly discusses the general design of unequal
termination impedance bandpass filter. Moreover, the new synthesis of
parallel coupled line stepped impedance resonator was presented with
controllable spurious frequencies. The filter might be designed with multi-
stage and arbitrary image impedance by using low-pass prototype elements. It
can be design for Chebyshev or Butterworth responses. The new unequal
termination impedances microwave filter synthesis equations are significant in
the modern communications system design. The proposed filter can be used
directly match the input/output termination impedance of the amplifier in
order to reduce a circuit size, cost, non-negligible insertion loss of matching
network or filter, and complexity network.

Keywords: Bandpass filters, image impedance, parallel coupled lines, step

impedance resonators, unequal termination.
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CHAPTER 1

DISSERTATION OVERVIEW

1.1 Introduction

The RF/microwave filter is a key circuit which play an important role in mobile
and satellite communications, radar, and remote sensing systems operating at high
frequencies. In general, the performances of the filter are described in terms of
insertion loss, return loss, frequency-selectivity (or attenuation at rejection band),
group-delay variation in the passband, and so on. Filters are required to have small
insertion loss, high return loss, good out-of-band suppression, and high frequency-
selectivity to prevent an interference of signals in the passhand.

As well known, the direct-coupled microwave filter can be obtained from
Butterworth (or maximally flat magnitude filter) and Chebyshev (or equal ripple
magnitude filter) frequency responses. Since Chebyshev response filter has better
frequency selectivity than Butterworth response filter, it has been widely used in

the filter design.

1.2 Literature Review

The bandpass filter (BPF) with arbitrary termination impedances have been
analyzed in order to reduce circuit size, loss, complex circuit, and provide an out-
of-band suppression. Typically, the general BPFs were started to analyze and
design with equal termination impedances (50-to-50 Q) [1]-[5]. In [1], the general

equations of parallel coupled line BPF were derived for Chebyshev and

1



Butterworth responses. After that, a new analysis of parallel coupled line BPF was
introduced in [2] with arbitrary image impedance, and the new analysis were able
to control the coupling coefficient of coupled lines. Moreover, a modified coupled
line BPF using defected ground structure (DGS) and additional stubs were
introduced in [3] and [4] with wide stopband characteristics. In [5], a new design
equations of parallel coupled line BPF were derived up to nine stages (n = 9) base
on the composite ABCD matrices with wide passband characteristics. An
impedance transformer is one of the arbitrary termination impedance circuits that
can transform one termination impedance to the specific impedance. Actually, a
quarter wavelength transmission line (TL) is well known the impedance
transformer and widely used. However, this network has some limitations such as
difficulty in realization for very high impedance transforming ratio [6] and poor
out-of-band suppression [7]. In order to overcome these limitations, various types
coupled line transformers were presented in [8]-[16].

In [8], a coupled three-line was used to get a wide passband response for an
impedance transforming ratio (r) of 3.4. However, the out-of-band suppression is
poor with the restricted in r. In [9], a single open-circuit coupled line was
introduced as the impedance transformer, and it was able to control the coupling
coefficient of coupled line. In [10]-[12], a coupled line with a shunt TL and its
application with power divider and high efficiency power amplifier were
demonstrated. The shunt open stub TL was used to produce transmission zeros at
the stopband and enhance r. As well, the impedance transformer analyzed in [13]

was able to obtain sharper and higher r compared to [10], but it was limited by a
2



number of stages (n) as two. On the other hand, a short-ended coupled-line
impedance transformer with higher r was designed with a suitable for large load
impedance (50-1000 Q) [14]. In [15], a design of multi-section parallel coupled
line BPF was presented as an impedance matching network using an optimizing
process.

Typically, microwave circuits are independently designed with 50 Q
termination impedance and then operate together. It is quite a challenge to design
the BPF with arbitrary termination impedances and apply as the matching network
of other microwave circuits to reduce the non-negligible insertion loss of normal
matching networks. In [16]-[18], the input and output matching networks of
amplifier were designed by optimization from the ladder network of arbitrary
termination low-pass filter by using a design technique of [19]. However, the
stopband of the low frequencies (close to DC) were poor characteristics and the
attenuation at center frequency is varied according to r. Moreover, the BPF with
one [20], two [21], and three [22] poles were analyzed using coupling matrix to
directly match with the output impedance of amplifier. The co-design method
might reduce the circuit size and provide a higher overall efficiency. The general
synthesis approach of coupling matrix was briefly explained in [23] without any
fabrication for validations.

A new design techniques have been subjects of requirements for circuit size,
cost, ease of fabrication, and multi-functions to use in modern wireless
communication systems. Although, an arbitrary image impedance of parallel

coupled line BPF was introduced a new design equation in [2] with a controllable
3



coupling of coupled line, however, the spurious responses are produced at higher
frequencies such as 2fo and 3fo. In order to improve the harmonic suppression
characteristic, there are many methods by using such as modified coupled line
structure, DGS, and shunt stub TL were analyzed and introduced with wide
stopband characteristics. Besides the additional DGS and shunt stub TL, parallel
coupled line stepped impedance resonators (SIRs) were proposed in [24]-[31] and
its characteristic impedances of coupled line can be calculated by using a low-pass
prototype values. Typically, the general SIR BPFs were analyzed and designed with
equal termination impedances (50-to-50 ©2) with an image impedance of 50 Q. The
SIR structure is able to control the spurious frequency by varying an impedance
ratios and it can also obtain more compact size with multistage structure. However,
the image impedance (Z2) of a coupled line must be chosen equal to the termination

impedance to avoid mismatched.

1.3 Dissertation Overview

The main object of the dissertation is focused on the derivation of new
synthesis of unequal termination impedances BPF. A new design equations are able
to design the BPF with n-resonators, arbitrary termination impedance, arbitrary
image impedance of coupled line, and controllable a spurious frequency. The
design equations were derived base on a multistage coupled lines theory. These
new equations can make a significant impact on the advanced wireless systems.

The dissertation is organized as follows. Chapter 2 describes a relevant

fundamental theories of microwave filters. The purpose of this chapter is to give a

4



brief basic transmission line theory, two-port microwave network, and other
relevant theories that would be useful in the design of microwave filters.

Chapter 3 describes the design of two stages coupled line impedance
transformer with BPF response. In this chapter, the design equations are explained
with the simulation and measurement to show validity.

Chapter 4 presents the design of unequal termination impedance BPF with
lumped elements. In this chapter, the design formulas are all explicitly derived
step-by-step to clearly describe a design procedure. Moreover, the ideal simulations
are done with arbitrary termination impedance.

Chapter 5 describes new design equations for unequal termination impedances
parallel coupled line BPF. With new design formulas, the parallel coupled line
BPFs might be calculated and design with n-resonators, arbitrary termination
impedance, and arbitrary image impedance of coupled line by using low-pass
prototype elements values.

In Chapter 6, the general design formulas of arbitrary termination impedances
SIR BPF are analyzed in detail with simulation and measurement validation.
Similar to Chapter 5, the new design equations are applicable on n-resonators,
arbitrary termination impedance, and arbitrary image impedance of coupled line.
However, in this chapter the spurious frequencies are able to control variously in
the higher stopband.

Finally, Chapter 7 of the dissertation presents the conclusion and future work.

The significance and contributions of the dissertation is summarized in this chapter.



CHAPTER 2

FUNDAMENTAL THEORIES OF MICROWAVE FILTER

2.1 Lossless Transmission Lines

A forward travelling wave from the source to the load along TL guide is
reflected by a mismatched termination load. Fig. 2.1 shows a lossless TL

terminated in an arbitrary load impedance Z.

Z V(2), | (2) I
o

Vg En Zo, ’B Vi ]ZL
A | O} >Z

Fig. 2.1. A transmission line terminated with a load impedance Z,.

The total voltage on the TL is a sum of incident and reflected waves [32] due to Z.

#+ Zo and given as:

V(z)=V,e ¥ +v e (2.1)

Similarly, the total current on the TL is written as:

+ . V— .
1(z)="2-e " -2 el (2.2)
ZO ZO

The load impedance Z. can be expressed as a ratio of the terminal voltage to

currentatz=0 as



V(0) V,+V,
Z = =0 07
L |(0) VO+_V0_ 0. (23)

From (2.3), the ratio of the reflected voltage wave to the incident voltage wave is

defined as the voltage reflection coefficient, I

V,£ Z, +Z, '

The total voltage and current waves on the TL can be written as

V(z) =V, (e“'ﬂZ +1“ejﬂz), (2.5)

1(2) ——(e 1pz Fej'gz). (2.6)

O
To obtain I' = 0, the load impedance must be equal (matched) to the
characteristic impedance Zo of the TL. At a distance | = -z from the load, the input

impedance seen looking toward the load is defined as

V() _, Vo (e +Te ) _ 14res

") Ty (@ ere ) Trere s @D

From (2.4) and (2.7), the general form of the input impedance may be obtained as

_ (ZL"'Zo)ejﬂI ( )e_jﬂl
Zin —Zo (Z L7 )ejﬁl ( )e—jﬁl
(el,5| e Jﬁl)_|_ (ejﬂl efiﬁl)
07 (elﬁl e Jﬂ')_l_ (elﬁl e—iﬁl)




7 Z cosBl+jZ,sinpl 7 Z +jZ,tan gl

®Z,cosfl+jz sinpl " °Z,+jzZ tan Bl (2.8)

There are two special cases that often appear in the analysis of microwave
circuit design. Fig. 2.2 (a), (b) show two special cases that the TL is terminated in a
short and an open circuit, respectively. For the short-circuit, the voltage is zero at
the load (Z. = 0), while the current is a maximum there. The following input

impedance is
Z. = jZ,tan gl . (2.9

For the open-circuit line, the current is zero at the load (ZL = o), while the

voltage is a maximum. The input impedance is

Z V@), 1(2) I z V(2), | (2) 1L=0
+ + :
Vq Ein Zo p V=0 |[Z,=0 Vy En Zo, B A :ZL:oo
> 5 |
I | 0} >7 I i 0} >Z
(@) (b)

Fig. 2.2. A transmission line terminated with (a) short and (b) open circuits.

2.2 Two-Port Network Parameters

2.2.1 Scattering Parameters

The scattering (or S-parameters) of a two-port network are defined in terms of

reflection or transmission waves [32]-[33]. Fig. 2.3 shows a two-port network with
8



real characteristic impedance at each port (Zo1 and Zo2). The relationship between

the reflected and incident waves and the S-parameter matrix of two-port network is

Sp || &
)
22 2

given by

[ <D
+ O——— —O0+
Vi Zp=Z [S] Lypy=Zy V;
— 00— - 0—
Port 1 Port 2
(input) (output)

Fig. 2.3. A two-port network.

The S-parameters of two-port network are defined as

S - b |  _ reflected power wave at port 1
Yo ., Incident power wave at port 1

S - b, reflected power wave at port 1
12~ =

., ~ incident power wave at port 2

y =

b,|  reflected power wave at port 2 (212)

- a ., Incident power wave at port 1
b

_ reflected power wave at port 2
_, Incident power wave at port 2

The parameters Si1 and S22 are called the reflection coefficients, the S12 and Sz1
are called the transmission coefficient. These are the parameters measurable at

microwave frequencies. Some special cases, the S-parameters have following

relation as



S, =S,, (For reciprocal network) (2.13a)
S, =S,, (Forsymmetrical network) (2.13b)
2 2 2 2 .
S| +[Su| =1 |Sw|” +|S»| =1 (For lossless passive network). (2.13c)
2.2.2 Impedance and Admittance Parameters

The impedance parameters (Z-parameters) and its matrix for two-port network is
probably the most common [32]-[34]. The relationship between the current, voltage

at each port and the Z matrix is given by

{sz ZM o
V2 ZZl ZZZ |2 . ( )

From (2.14), the Z-parameters of two-port network are defined as

V, V
Z,= I—l (2.15a) Z,=-1 (2.15h)
1 1,=0 |2 1,=0
Vv Vv
Z, = I—Z (2.15¢) Z,==2 (2.15d)
1h,=0 211,=0

The Z-parameters are known as the open-circuit impedance parameters [35],
and [Z] is called an open-circuit impedance matrix. The [Z] is often employed in
the calculation of series network connection [32-33]. In case of Zi» = Z»1, the
network is reciprocal network. If network are symmetrical, then Z12 = Z»1 and Zy1 =
Z2. For a lossless network, the Z-parameter are all purely imaginary.

For the parallel network connection, the admittance matrix [Y] has to be

adopted for the convenience, which is known as a short-circuit admittance matrix
10



[Y]. The relationship between the voltage and current at each port and Y-parameter

matrix is given by

Il _ Yll Y12 Vl

: (2.16)
I 2 Y21 Y22 Vz
From (2.16), the Z-parameters of two-port network are defined as

A =\71 (2.17a) Y, =+

V,=0 2

(2.17b)

|2

Yu=-

1

(2.170) ng ==
V,=0 2

(2.17d)

V, =0

Similarly, in case of Y12 = Y21, the network is reciprocal network. Moreover, if
the network is symmetrical, then Y11 = Y22. For a lossless network, the Y-parameters
are all purely imaginary. The relation of impedance and admittance matrix can be

written as
[Y]=[z]". 2.18)
2.2.3 The Transmission (ABCD) Parameters

The advantage of the ABCD matrix is that the cascaded two-port networks can
be characterized by simply multiplying their ABCD matrices. The ABCD matrix is
defined for a two-port network in terms of the port voltages and currents [32] as

shown in Fig. 2.4(a) and can be defined as



—_——— L o0>—
A B
v, c ol V.
(@)
I I, I
——O0—] > —O>—
A B A, B v
Vi c, o V2 |lc, o V-
(b)

Fig. 2.4. (a) A two-port network and (b) a cascade connection of two-port networks.

V, = AV, +Bl,
|, =CV, + DI, (2.192)

or in matrix form as

v,] [A B[V,
,| |c p|1,] (2.190)
Fig. 2.4(b) show a cascade connection of two-port networks. The ABCD

matrixes of two networks are defined as

_Vl — Ai Bl _VZ 220

L Il Cl Dl L IZ 1 ( . a)
Vol [ A BV 2200
L I 2 CZ D2 _ I 3 . ( . )

The overall ABCD matrix of the cascaded two-port networks in Fig. 2.4(b) is
12



defined as

v,] TA B][A BV
{IJ{Q DJ{C2 DJLJ’ (2.21)

which shows that a cascaded connection of two-port networks is equivalent to a
single two-port network containing a product of the ABCD matrices. The properties

of the ABCD matrix are categorized into the following categories:
AD-BC =1 for a reciprocal network (2.22a)
A=D for a symmetrical network (2.22h)

If the network is lossless, then A and D will be purely real and B and C will be
purely imaginary [34]. Table 2.1 lists useful two-port networks and their ABCD

matrices.
2.2.4 Even- and Odd-mode Network Analysis

If a network is symmetrical, it is convenient for network analysis using the
well-known even- and odd-mode excitation method [36-37]. Suppose the circuit in
Fig. 2.5 is a symmetrical circuit. Under even- and odd-mode excitations, the
symmetrical plane at the center can be considered as a perfect magnetic wall (open-
circuit) and electric wall (short-circuit). Since the symmetrical two-port network
can be obtained by a linear combination of the even- and odd-mode excitations.
Therefore, the network analysis will be simplified by separately analyzing the one-

port even- and odd-mode networks.



TABLE 2.1 SOME USEFUL TWO-PORT NETWORK AND THEIR ABCD MATRIX [32].

Name Circuit ABCD matrix
Z
— L _F—
.. 1 7
Series circuit element 1
o o - -
(-4 O — —
1
Shunt circuit element Y
Y 1
o 0 - -
Z Z B
: 1+£ Z+Z, +Zl :
Z,
T network Z3 1
o o Z 1+2
Y3 -
° — ° 1+Y_2 i
 network Y Y, Yy Ys
° o Y1+Y2+Yle 1+L
L 3 Y3
© ° [cospl  jz,sinpl
Transmission line Zo, i
o B jsm/;’l cos
o 4 L 0
o Na =N o N, 0
N 2
Ideal transformer % g
N 2
o ° 0
N 1
|
|1 —» | |2 —»
o———— ———0
+ | +
Vl | VZ
— I i

Line of s',ymmetry

Fig. 2.5. Symmetrical two-port network.



For the one-port even- and odd-mode S-parameters are

b,

Sipe = a_e (2.23a)
b,

Sipo = a_ (2.23b)

where the subscripts e and o stand for even- and odd-mode, respectively. For the

symmetrical network, the relationships of wave variables are

a =4, +a, (2.24a)
a, =a,—a, (2.24b)
b =Db,+Db, (2.24b)
b, =b,—D,. (2.24b)

Letting a2 = 0, the equation (2.23) and (2.24) can be written as

a, =2a, =23, (2.253)
b =S8 +95,,3, (2.25b)
b, =5,.8, —S;;,,. (2.25c)

From (2.12), the two-port S-parameters are

1

Sy = % - = E(Sne + Sllo) (2.26a)
b 1

Sy = é - = E(Slle - S110) (2.26Db)




For a symmetrical network, S11 = Sz and Sz1 = S12 can be obtained. Suppose Zine
and Zino represent one-port input impedance of even- and odd-mode networks,

respectively. The reflection coefficients of one-port can be obtained as

Z -7
S — ine 0
11e Z. 12, (2.27a)
Z —Z
S — —ino 0
110 Z +2, (2.27Db)

Substituting (2.26) and (2.27) into (2.25), the S-parameters can be obtained as

Z. 7 —7Z2
S — S — ine = ino 0
B * (Zine + Z0 ) (Zino + ZO) (2.28a)

ine Ino

2 (Zie +Z6)(Zino + Z,)

2.2.5 Image Impedance

The image impedance method is commonly used for analysis and design of
filter consisting of parallel-coupled TL and building of matching network. For the
uniform TL, the characteristic impedance of the TL is also its image impedance.
The image parameters can be used not only on symmetrical network, but also on
asymmetrical network [33]. The equations for the image impedance can be derived
from the circuit shown in Fig. 2.6 with a termination impedance Z,.

In case Z_ is equal to Zj1, the input impedance Zi, of the circuit will also be
equal to Zj1. Thus, the network is symmetric with a plane of (S-S’), and the input

impedance of Zi, is defined as an image impeance Z;;1 at port 1. Therefore, the total

16



ABCD parameters of the cascade network are found as

{A— &}_{AD+BC 2AB

| 2cD AD+BC

, AB=BAandCD =DC
c. D } (2.29)

From (2.29), the ABCD parameters in term of voltage and current can be written as

V,=AV,+Bl,

|,=C.V,+D,1, (2:30)
So, the input impedance Zi» is given as

7 Vi_AV+Bl, _ AZ+E (2.31)

"1, CV,+D.l, C.Z +D. '
Suppose Zi1 = Zin = Z, the image impedance Zj1 can be derived from (2.31) as

Z,D; -B; :Z|2(Ar _lecT)

D.Z, +B,
Z,D —B =—TSUTT(A _7 C
11T BT CTZ|1+A|. (AI' 11 T)

(leDT _BT)(CTZ|1+AT):(DTZ|1+BT)(Ar _ZI1CT)

ZI12DTCT +ZI1DTAI' _leBTCT _BTAI' = ZIlDTAI' _ZI12DTCT + BTAI' _ZI1CTBT
22|12DTCT :ZBTA'I'

B, A
Z:/———
11 DT CT (2.32&)

Then, the image impedance at port 2 is readily found as

[&m
Z,= |1
2=y ac (2.32b)



Fig. 2.6. Two-port networks: (a) two networks in cascade and (b) two-port network with perfectly

matched.

Z

VZI ZI2
-«

S
[ , ¢ I
O -+
@ Network A Network B
Zin S I
(@)
Zy |1
Vy Ivl
:")
Z, = Z, Z
(b)

2.3 Microwave Filters

Fig. 2.7 shows the lumped element low-pass filter prototype and its dual
network with identical response [35]. The network might begin with either a shunt

element or a series element as shown in Fig. 2.7. The element indicated in Fig. 2.7

are defined as:

<

i
i=lton

Rn+1 = {

inductance of series inductors
capacitance of shunt capacitors

load resistance R ,,,
load conductance G

n+1?

18
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[}
[}
I

ZIZ

out

generator resistance R, if g, is shunt (Fig. 2.7(a))
generator resistance G, if g, is series (Fig. 2.7(b))

{

if g, is in shunt
if g, is in series



RO:go ::glzcl ::93:(:3 Rn+1 or Rn+1

=0On+1 =0n+1

T n even T n odd

(@
gnzl—n

Go=0o Gns1
=0n+1

neven n odd

(b)

Fig. 2.7. Ladder circuits for low-pass filter prototype and their element: (a) prototype beginning

with a shunt element and (b) prototype beginning with a series element.

In order to obtain the exact frequency responses, the element values in the filter

network shown in Fig. 2.7 have to be determined.

2.3.1 Maximally Flat Low-pass Prototype

Fig. 2.7 shows the normalized dual circuit of low-pass prototype structure,
where the termination source impedance is 1 Q and the cutoff frequency is 1
rad/sec. The element values for the ladder-type circuits can be defined according to
Butterworth (or maximally flat) and Chebyshev (or equal ripple) low-pass filter
responses and have been discussed detailedly in [35]. The reactive elements for i =
1 to n represents either the series inductor or shunt capacitor.

The normalized reactive elements of the prototype for a low-pass Butterworth
19



response by using terminations go = gn+1 = 1 Q) are computed as

g :Zsinw fori=1,2,...,n
i o 12,00 (2.33)

According to number of n, the stop-band attenuation characteristics can be

calculated as

.\ 2N
L, (@) =10log,, 1+g(ﬂ.j dB (2.34)
(()1
where
Lar
&=10% -1. (2.35)

In this case, Lar and an’ are the maximum attenuation and the band edge angular

frequency (Lar = 3 dB), respectively.

A LA (dB)

Fig. 2.8. A Maximally flat low-pass attenuation characteristic.
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2.3.2 Chebyshev (Equal-ripple) Low-pass Prototype

The elements of the prototype for a low-pass Chebyshev response having pass-

band ripple Lar dB and go= 1 are computed as

23,
! J (2.36a)
4a _a .
gi:#,|:2,3,-~,n 2.36b
b 19, (&0
1 forn odd
Gia = cothz(g) for n even (2:36¢)
where
ﬂ—ln(cothi)
17.37)' (2379
_ (2i—1)7z )
a=sin|———|,i=12,---,n
| { > (2.37h)
b =sinh? Vi +sin® Ej
. (ZnJ (n _ (2.37¢)

Similar to Butterworth response, the stop-band attenuation characteristics can by

calculated according to the number of n.

@y

LA(a)'):10Iogm{1+gcos{ncos1(2}}}, (for o <) (2.380)
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@,

LA(a)')=1OIogm{1+gcosh2[ncosh1(2}}}, (for > ;) (2.38b)

where

I-Ar

£=10% —1. (2.39)

Fig. 2.9 shows Chebyshev low-pass attenuation characteristic.

1 La(dB)

Lar[

W'y W

Y

Fig. 2.9. Chebyshev low-pass attenuation characteristic.

The Butterworth and Chebyshev low-pass filter responses have terminated
resistors of equal or nearly equal at each termination. In practice, the low-pass
filters must be designed with same termination impedance (typically Ro = Rn+1=50
Q) and different operating frequency bands. Therefore, the impedance and
frequency scalings are required. The transformation from low-pass filter to

highpass, bandpass, and bandstop filters are presented in [32]-[34].

2.4 Impedance and Frequency Transformation Filters

The low-pass filter prototypes of the previous section were normalized designs
22



with a termination impedance of 1 Q and a cutoff frequency of @ = 1 rad/sec. In
the practical, the frequency characteristics and the element values are applied
frequency and impedance transformations of the low-pass prototype. Also, the
practical low-pass, highpass, bandpass, and band-stop microwave filters are
designed from an initial low-pass prototype filter through the transformation from
prototype low-pass filter impedance and frequency scalings. The frequency
transformation causes an effect on all the reactive elements accordingly, but no
effect on the resistive elements. The termination impedances are chosen arbitrarily
with equal (Rs = Ry) or unequal terminations (Rs # Ri). The impedance
transformation can be done by scaling the normalized generator impedance or
conductance to a desired impedance, Zo, or admittance, Yo. The scalings of
frequency and impedance will have no effect on the response shape [38]. Thus, the

impedance transformation provide the new filter component values as

L =R,L (2.40a)
C = R%, (2.40b)
R, =R, (2.40¢)
R =R,R, . (2.40d)

2.4.1 Frequency scaling for low-pass filters

To scale the cutoff frequency of a low-pass prototype from unity to ax,

frequency scaled low-pass response can be obtained. Fig. 2.10 (a) and (b) shows
23



the frequency scaling from a low-pass prototype to a practical low-pass filter

having a cutoff frequency wc. The frequency scaling is simply given as

2

0] N . @
CU:G)_C - ‘821(10))‘ = SZl[Ja)_(3j : (2.41)
So the scaled values are obtained as

T

JoL = j(—}a)L (2.42a)
23

J L L (2.42b)

<
23
AL, [dB] AL, [dB] AL, [dB]
-1 0 T o 0. 0 o, o -0, 0 o (7]

Fig. 2.10. Frequency scaling for low-pass filters and transformation to highpass response: (a) low-
pass filter prototype response, (b) frequency scaling for low-pass response, and (c) transformation to

highpass response.

Thus, the both impedance and frequency scaling are obtained as

. RL
L = a‘; (2.43a)
(¢}
; C
C=——. (2.43b)
Ry
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2.4.2 Frequency scaling for low-pass to highpass filters

Fig. 2.10(c) shows a highpass response transformed from the low-pass response.
The frequency maps @ = 0 to @ = oo and cutoff occurs when @ = *ac. The
negative sign is needed to convert inductors (and capacitors) to realizable

capacitors (and inductors). The frequency scaling is given as

__[ %
o (%)

So the scaled values are below.

1 _ 1
ij-- j(—wch (2.45a)
()]
joL = J(—;C] L (2.45h)

" R
L=
2. (2.46a)
" 1
C =
Rl (2.46b)

2.4.3 Frequency scaling for low-pass to bandpass filters

Instead of a single cutoff frequency for low-pass and highpass, two frequencies

an and ap can be used to denote the lower and upper passband edges. Then a
25



$L, [dB]

L, [dB]

Fig. 2.11. Frequency transformation from low-pass to bandpass filter.

bandpass response can be obtained using the following frequency transformation.

e P @ &) 1 [0 o
w,-w\w, @ FBW | o,
where

2.47
-~ @47)
FBW = 2% (2.48a)

2
@y = o, .

(2.48b)
Fig. 2.11 illustrate the low-pass prototype filter transform to the bandpass response.

detailed explanation can be done as below.

Where an, a1, and a» are transformed from 0, -1, 1 [rad/sec], respectively. The
1 (o o

— — — — :0 =
FBW(a)O a)J @ o=a

ljo o 1
FBW | o,

(2.49a)
o~} 1 (o -o)(o+a,) L @[ 200,
o) FBW{ oo, FBW o, T2
1l o o) 1 0)22—
FBW| w, ® ) FBW

j:—l @ (020)1(249b)
0,0,
@ |__1 [(@-0)o+a)), 2o 1@ w=0,(2.49¢)
w,0, ) FBW w,0, 20| o, :
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where wo and FBW denotes the center angular frequency and the fractional
bandwidth, respectively. Using this frequency transformation, the reactive element

of the highpass can be obtained

jog > jo | LD lgejo S 2l (250)
w, FBWw, jo FBW

.1 _ 1 _ 1 :c;:{ 1 ]C’L..P:(FBWJ
joC 1 [a) wojc jw( 1 jC“L 1 FBW o, o,C

JFBW w, FBW w, . [ FBW
®
! ,C
Ja)L:JL 2_& LZJCO 1 L+ 1 :>CS: ﬂ 7L"S: ;,
FBW\w, o FBW o, . [ FBW L FBW o,
ol /2
: w,L

which implies that inductive/capacitive elements in the low-pass prototype will be
transformed to series/parallel LC resonant circuit in the BPF. The elements for the

series LC resonator in the BPF are

L = L L (2.51a)
FBW o,

C. =£FBW]1. (2.51h)
w, )L

with impedance scaling, the elements for the series LC resonator in the BPF are

.. (2.522)
FBW o,

o =[FBW Ji (2.52b)
w, JR,L
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Similarly, the elements for the shunt LC resonator in the BPF are

. FBW |1
L, = — (2.53a)
w, )C
; 1
C, = C. (2.53b)
FBW w,
with impedance scaling, the elements for the shunt LC resonator in the BPF.
. FBW R
L, = =2 (2.54a)
w, C
- C (2.54h)
" FBWq,R, '

2.4.4 Frequency scaling for low-pass to bandstop filters

Fig. 2.12 shows the transformation of low-pass to bandstop response. The
inverse transformation of the bandpass response can be used to obtained a band-

stop response.

., __FBW
"o o (2.55)
@ @,

The angular frequencies 0, 1, -1 of the low-pass are mapped to +o, w1, @,
respectively.

010, 15w, -l1-0

Then
jol = | FBW L 1
&_2 @y _|_j @
® w, joFBWL °Q.FBWa,L
(NS S SN S |
joC . FBW _ ( FBW FBWa, C
Ja) P C jo C
Gy _ @ @,
NN
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y L, [dB] y L, [dB]

‘ ‘ > ‘ : ‘ ; >
0.=-10 Q=1 [0} -0, -0 0 @ @,
Fig. 2.12. Transformation from low-pass filter prototype response to bandstop response.
Series inductor must be transformed to the series-parallel resonator.
. 1 1
Cp = =
FBWaw, )L _ o
for g representing series inductance (2.56)
. ( FBW ]
L, = L
Wy
Shunt capacitor must be transformed to the shunt-series resonator.
c - FBW c
@, . .
01 for g representing shunt capacitance (2.57)
" FBWa, C

2.5 Impedance and Admittance Inverters

An impedance inverter is a two-port network that transform the load
impedance to an arbitrary impedance. An idealized impedance inverter has an
unique property at all frequencies. Fig. 2.13 shows the two-port impedance inverter
terminated with load impedance Z.. The ABCD matrix of the ideal impedance

inverter is

Vl _ 0 _JK VZ
N o ||t | (2.58)
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l, P

o——
K
Ivl impedance V, I Z
> inverter
RO
1 K 2
Zin ==
ZL

Fig. 2.13. Impedance inverter.
The input impedance of the impedance inverter is given as

, M| _Az,+B_K
" Cz,+D Z,°

1ZL

(2.59)

An admittance inverter is a two-port network that transform the load admittance

to the arbitrary admittance. Also, the ideal admittance inverter has also the unique

property at all frequencies. Fig. 2.14 shows the two-port admittance inverter

terminated with load admittance Y.. The ABCD matrix of the ideal impedance

inverter is
{vl}_ 0 +j%{vz}
g FjiJ O b
I, l,
O—p—

J
Ivl admittance VZT Yo
ro>

inverter
o—1—
IRE
Yin = e
L

Fig. 2.14. Admittance inverter.
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TABLE 2.2 IMPEDANCE AND ADMITTANCE INVERTERS: (A) OPERATION OF IMPEDANCE AND
ADMITTANCE INVERTERS, (B) IMPLEMENTATION AS QUARTER-WAVE TRANSFORMERS, (C)
IMPLEMENTATION USING TRANSMISSION LINES AND REACTIVE ELEMENTS, AND (D)

IMPLEMENTATION USING CAPACITOR NETWORKS.

Impedance inverters Admittance inverters
o— o— ]
K Z|_ \] YL
r > ro
e )7
Zln = K_ Ym = J_
2 @ Y
< M4 > o A4 >
Zo =K YO: J
(b)

c«—@/Z—» «~@]2—> :7(9/24»”479/24:
Zo % Zo YO ] Yo
K=Z,tan|0/2| J =Y, tan|0/2|

_ K ]
1-(K/Z,) (©) 1-(31Y,)
2X
0=—tan" —— ez_tanflz_B
Z, 0
o—| J_ | — ° | °
-C -C C
K=l T J=aC °




The input admittance of the admittance inverter is given as

L| _cv,+DYV, C+DY  J*
"V, AV, +BYV, A+BY, Y '

(2.61)

As seen from (2.58) and (2.60), impedance and admittance inverters have the
ability to transform the load impedance or admittance to the arbitrary input
impedance and admittance.

Table 2.2 shows the conceptual operation of two-port impedance or admittance
inverters. The inverter can be used to transform series-connected elements to shunt-
connected elements, or vice versa. The impedance or admittance inverter can be
constructed using a quarter-wavelength TL of the appropriate characteristic
impedance as shown in Fig. 2.15(b). Fig. 2.15 (c) and (d) show the

implementations using TL and reactive elements and capacitor networks
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CHAPTER 3

DESIGN OF ULTRA-HIGH TRANSFORMING RATIOS
COUPLED LINE IMPEDANCE TRANSFORMER WITH
BANDPASS RESPONSES

In this section, ultra-high impedance transforming ratio (UHITR) impedance
transformer (IT) with a bandpass response is presented by cascading two open-
circuited coupled lines. The circuit elements of the proposed IT can be found easily
by using analytical design equations. The proposed network can provide two
transmission poles in the passband as well as wide out-of-band suppression

characteristics and can be fabricated without any difficulty in microstrip technology.

3.1 Design Theory

Fig. 3.1 shows the proposed structure of the UHITR IT. The proposed IT
consists of a cascading of two sections of open-circuited coupled lines with even-
mode impedances (Zoe1, Zoe2) and odd-mode impedance (Zoo), respectively. The Zoo
of both coupled lines is assumed to be the same for convenience and simplicity in
the analysis and fabrication. First, two-port Z-parameters are derived from four-port
parallel coupled line by applying an open circuit boundary condition for port 2 and

4. The two-port Z-parameters are derived as (3.1).
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ZOeZ, ZOo, 0

Fig. 3.1. Proposed impedance transformer for ultra-high impedance transforming ratio.

_ Z,
Zn:—j%cow:—j%cow, (3.1a)
Z,, :_j@cscez—j%csce, (3.1b)
L. —Z L
Zgl:—J%CSCHZ—j%CSCH, (3.1c)
2y +Z L,
Z,, =—jcu . 00 cot @ = — | 7‘“’cot¢9, (3.1d)
where
Zi=2yi—2Zy, 1=1and 2 (3.2a)
Z, =2y +Zy,. (3.2b)

Then two-port Z-parameters are converted into ABCD-parameters and they are
given as

Z,
A= - 00s 0 (3.3a)

mi
72 —Z%cos’ 6

B =
= 2Z .sin@ (3:30)
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C_:j25|n49

i 7 (3.3¢c)

mi

Z,
D, = Z—COSH. (3.3d)

i
mi

The total ABCD-parameters of the cascaded coupled lines are given as (3.4)

{A B} {/ﬂ Bﬂ/& Bz} {AAﬁBlCz ABZ+81D2}
x - (3.4)

C D| |C D | C, D, C,A,+DC, CB,+DD,
where
A:(zpl+zp2)zp1cos,2e—zfn1 L
Zmlzmz ( . a)
z.,2:,+2:72 ,-(Z2,,+Z2,)Z.,Z,,c0s* 6
B: jCOt@ pl 2 1= p2 ( pl pz) p1=p2 (3 5b)
szlzmz .
. 2sin@cosf(Z,+Z,,)
B J Zmlzmz (3l5C)
D:(zpl+zp2)zp?_cosze—z;2 550

ZlemZ

And the electrical length () is #/2 at the center frequency (fo).
3.1.1 S-parameters analysis

The S-parameters of the proposed circuit can be found as (3.6) from the overall
ABCD-parameters of cascaded coupled lines [33-34].
_AZ +B-Crz}-Drz,
" AZ +B+Crz2+Drz,
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27, r

S = AZ +B+Crz2+Drz, (3.60)
where
r= Zs : (3.7)
ZL
At fo, S11¢ Of the proposed circuit is reduced to (3.8).
511t| - M (3.8)

= Zn211 + rznzwz .

In (3.8), S11t depends on even- and odd-mode impedances of coupled lines. From
(3.8), three different matched regions are categorized [7], depending on the values

of Zm1 and Zmz, which are given as (3.9).

Z: >rZ2,: over-matched region (3.9a)
ZZ <rZZ,: under-matched region (3.9b)
Z?2, =rZ2,: perfectly matched region (3.90)

For the over-matched region with the specific Siit, the value of Zoe2 can be

calculated as (3.10) using (3.8).
Loer = LoetM + 2, (1_ M ) (3.10)

where
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1- Sllt‘

M = o (3.12)
r(1+ Sm\fzfo)

The value of Zge1 can be derived as (3.12) using (3.6a), (3.9a), and (3.10) for the

assumed Zoo by designer.

ZE Xy +Ze Xy +Zg X g+ X, =0 (3.12)
where

Xq=M(1+M) (3.133)

Xoo =Zyo (2-M?=3M) (3.13b)

Xos=(3M =M? -4)Z; —4rz} (M +1) (3.13c)

Xos =25, (M? =M +2)+4rZ7Z,, (M -3). (3.13d)

The negative and minimum positive root of (3.12) are not realizable for coupled
line application (Zoe1 < Zoo). SO the proper Zee: is the maximum real positive root of
(3.12).

Similarly, for the under-matched region with the specific Siit, the value of Zoe2

can be found as (3.14).

ZOeZ = ZOelN + ZOo (1_ N ) (3.14)

where

. 1+ Sm|f=f0

r(l—Sm|f:fo)

(3.15)
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From (3.6a), (3.9b), and (3.14), the value of Ze1 for the under-matched region is

derived as (3.16).
ZE N +Z2 Ny +Zo Y5 +Y,, =0 (3.16)
where
Y.=N(1+N) (3.17a)
Y, =2 (2-N?=3N) (3.17b)
Y. =(8N—-N?-4)Z —4rz; (N +1) (3.17¢)
Yy =Z5(N? =N +2)+4rz}Z, (N -3). (3.17d)

Similar to over-matched region, the proper Zoez among the three Zoe: values is

the maximum real positive root of (3.16).

For the perfectly matched region, Siit becomes zero, such that the value of Zoe,

can be found as (3.18).

Z 1

Loy = % + 2y, [1_ ?j (3.18)

From (3.6a), (3.9¢), and (3.18), the value of Zee: for the perfectly matched region

can be derived as (3.19).
delwpl + Zéelwpz + ZOe1Wp3 +Wp4 =0 (3.19)
where
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W, = F+f (3.20a)
W,, =Z4, (2—%—%) (3.20b)
W, = [%—%—4) Z: —4rz} [%+1j (3.20c)
W, =23 G—%mjwrzfzm (%—3}_ (3.20d)

Also, the proper Zoe: is the maximum real positive root of (3.19).

The coupling coefficients (Ci) of coupled lines can be determined as (3.21).

Z,.,—Z

_ TO0ei 0o

= 3.21
ZOei + ZOo ( )

where i is 1 and 2 for the coupled line 1 and 2, respectively.
To illustrate the design equations (3.10)-(3.21) of the UHITR IT, the required
Zoer and Zoez are calculated by specifying Saitln = -20 dB, Zoo= 40 Q, r = 10, and Zs

=50 Q at fo. The calculated values are given in Table 3.1. Using the calculated

TABLE 3.1. CALCULATED VALUES OF IMPEDANCE TRANSFORMER

Match Z0o=40 Q Si1¢=1o=-20 dB, Zs=50 Q, r=10
FEQIONS 17061 () | Zoe2 (Q) | C1 (AB) | C2 (dB) | fulfo | foalfo

Under | 84.57 | 55.58 -8.9 -15.7 10.9687 | 1.0313
Over 86.02 | 53.16 -8.7 -17
Perfect | 85.34 | 54.34 -8.8 -16.4
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values, the frequency responses are plotted in Fig. 3.2 for different matched regions.
As seen in Fig. 3.2, a bandpass filtering response is obtained. The magnitude of
return loss (Siuo) is exactly 20 dB at the fo in case of under- and over-matched
regions. While two transmission poles are observed in the passband for the under-
matched region, only one transmission pole at fo is observed in the cases of over-
and perfectly matched regions. Thus, the under-matched region is preferable for its
wide return loss bandwidth characteristic. The normalized transmission pole
frequencies observed in the under-matched region can be found as (3.22) using

(3.6a).

2 Z: —rZ}
fop2/ fo =1F|1-=cos™ e 3.22
owpz/ To ~ J(zp2+zm)(zm—rzp2) (3.22)

where f,1 and fp, are the lower and upper transmission pole frequencies,
respectively.

To illustrate the relation between 20 dB return loss (RL) fractional bandwidth
(FBW) and C; according to Zoo with different r, the calculated values are plotted in
Fig. 3.3 for all matched regions. As shown in Fig. 3.3(a)-(c), loose coupling
coefficients are obtained with high Zoo. However, a wide FBW can be obtained with
low Zoo Which increase Ci as shown in Fig. 3.3(b)-(d). The 20 dB RL FBW of the
under-matched region is wider than perfectly and over-matched regions. On the
other hand, the FBWSs of under-matched and perfectly matched regions are
proportional to r. The 20 dB RL FBW of the over-matched region is only one point

at fo, which is not presented on the graph. Thus, the tradeoff between FBW and C;
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should be considered.
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Fig. 3.2. Frequency responses of transformer for three different matched regions.
0 — -5
] —*— Und. r=10 —— Ove. r=10 - - - Und. r=10 - # - Und. r=25}
-4 —~—Und. =15 ——Ove.r=15| K + - ove. r=10[ ~10
1 —s<— Und. r=25 —%— Ove. r=25 N - - - Ove. r:15-__15 m
-8 1 : —e— Per. 1=10 =25}
e | 4= - Ove. r=25 &
% 12 —o— Per. r=15 " --20
O-16- - -Per. =10
_ - & - Per. r=15 [

-20 e—Per =25 l(@)|- = -per.r=25 s, =-20dB Z=500 [ 35 (C)
?25 L IIIIIIIIIIIIIIIII]_S’S‘
N —— Und. r=10 Z.=50 Q ——Per.r=10f = _
= 20- - @ -Und. r=15 s =-20dB -+ -Per.r=15[ 15
; 1 - - -Und. r=25 e - o - Per. r=25[ 12 ;
m 151 [~-m
LL ] LL
| | —
T 10 _ o

m

D 5 3 8

go'l'l'l'l'l'l'l'l' '|'|'|'|'|'|'|-|-08
10 20 30 40 50 60 70 80 9010010 20 30 40 50 60 70 80 90 100

Z, Q) (b) Z,, Q) (d)

Fig. 3.3. Design graph according to Zo, and different r: (a) C4, (b) 20 dB return loss FBW of under-

matched region, (c) C2, and (d) 20 dB return loss FBW of perfectly matched region.
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3.1.2 Design procedure of IT network

The design procedure of IT is summarized as follows.

a) First, specify the Zs, Z, Zoo, fo, and |S114 at fo for all matched regions.

b) For the over-matched region, calculate Zoer using (3.11), (3.12), and (3.13).
After obtaining Zoe1, calculate Zoez using (3.10).

c) For the under-matched region, calculate Zoe1 using (3.15), (3.16), and (3.17).
Then calculate Zoe using (3.14).

d) For the perfectly matched region, calculate Zee: using (3.19) and (3.20). Then
Zoe2 1S Obtained by (3.18).

e) Finally, obtain the physical dimensions of coupled lines according to PCB

substrate from the LineCalc of Advanced Design System (ADS) and optimize

using EM simulator.

3.2 The Simulation and Experimental Results

For the verification, a 5-to-50 Q (r = 10, Zs= 50 Q) UHITR IT was designed,
simulated, and fabricated at fo= 2.6 GHz. The MATLAB tool was used to calculate
the elements values (see appendix A). For this purpose, the values of Si1t and Zoo
are chosen as -20 dB and 40 Q at fo, respectively. In this design, the under-matched
region was chosen. The calculated values are shown in Table 3.1. The EM

simulation was performed using Ansoft’s HFSS v13.
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Fig. 3.4. (a) EM simulation layout and (b) photograph of fabricated PCB. (Wii= 2.4, Lii= 2, Wix=

1.35,Li2=22.7, ;2= 0.3, Wiz= 2.4, Liz= 17.2, S;z= 0.65, and Lis = 3) (unit: mm).

The proposed circuit was fabricated on a substrate with &= 2.2 and h = 31 mils.
Fig. 3.4 shows the layout and a photograph of the fabricated UHITR IT. The
overall circuit size of fabricated network is 30 x 25 mm?. The ADS simulator and
network analyzer were co-used to measure the proposed UHITR IT. Fig. 3.5 shows
the simulation and measurement results of the proposed UHITR IT. The measured
results showed good agreement with the simulation results. The measured Szt and
Su1t at fo= 2.6 GHz were -0.55 dB and -21.47 dB, respectively. The 18 dB return
loss frequency band is from 2.515 to 2.73 GHz (FBW = 8.27%). The maximum Si1
and Sz in frequency band are -19.92 dB and -18.18 dB, respectively. Two
transmission poles are located at 2.54 GHz and 2.67 GHz. The bandpass
characteristic is obtained with wide out-of-band suppression. However, a spurious
response was occurred at around 2fo due to the different even- and odd-modes of
the coupled lines on the microstrip line [39]. The out-of-band suppression
characteristics are higher than 20 dB from DC to 1.92 GHz and better than 18 dB

from 3.28 to 7.2 GHz. The performance comparisons are summarized in Table 3.2.
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Although reference [15] provides wider FBW and bandpass response, however, r is

too small.

-10 4

-20 -

-30 4

S-parameter (dB)

-40 -

-50

— 1 r 1 r 1 T T T T
00 09 18 27 36 45
Frequency (GHz)

Fig. 3.5. EM simulation and measurement results.

TABLE 3.2. PERFORMANCE COMPARISON WITH PREVIOUS WORKS.

Ref. | it | "oy | Moy | - suppression | Technology
[2] | 15 *85 3.4 NA Strip Line
Bl | 2 =*7 2 NA Microstrip Line
[4] 2.6 *35 2 DC-1.42 / 3.8-6.65 GHz| Microstrip Line
[51 | 3 | **20 15 P el Microstrip Line
V-\Il-gll‘f( 2.6 (_1883%7511) 10 DC-2/3.28-7.2 GHz | Microstrip Line

*:-20dB S;; FBW, **: -12 dB S;; FBW, ***: estimated from Fig. 5 of [5]

3.3 Summary and Discussion

An impedance transformer with UHITR is proposed, investigated, and
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fabricated in this chapter. The UHITR can be obtained by controlling coupling
coefficients of coupled lines. The proposed circuit is fabricated without difficulty
with microstrip line technology. By choosing the properly matched region of
coupled lines, two transmission poles are obtained in the passband. A low insertion
loss is obtained with high impedance transforming ratio and provide a bandpass

response.
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CHAPTER 4

DESIGN OF LUMPED ELEMENTS BANDPASS
FILTER WITH AIRBITRARY TERMINATION

IMPEDANCE

In this chapter, the general design equations of unequal termination impedance
bandpass filters (BPFs) using lumped elements is presented. The design equations

for specific filters are derived step-by-step in detail and validated with simulations.

4.1 Coupled-Resonator Filter

Fig. 4.1 shows the capacitive coupled-resonator BPF using lumped element
[35]. The termination impedances may have any values, and may be equal or
unequal of pure resistance or complex impedance, as the desired. The inductors Ly
of resonators may be selected any values. The formulas for the individual elements
utilize the values g1, 92, g3, -+, gn Of the low-pass prototype filter, which are
computed from the formulas in Section 2.3 for Chebyshev or Butterworth
responses. The bandpass response is obtained from the prototype elements by

transforming the frequency scaling that already discuss in Section 2.4.
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Fig. 4.1. Capacitive coupled lumped elements filter.

Fig. 4.2 depicts the low-pass prototype lumped-element circuit. The input

admittance is determined as (4.1).

- 1
Yin = ] 1 4.1)
Ja)gl'i‘*‘
1
where
Y, = jog, +Y, (4.2a)
- 1
Y, :—_a) 1 (4.2b)
Jog, Y3'
L1'=0: L>'=03 Ln'=0hn

' ' '
GO:gO ’—v CIF% ’—vczl—gﬂj: Cn ' gni :Gn+1:gn+1
Y,

Fig. 4.2. Lumped elements ladder netowrk for low-pass prototype.

The derivation starts by expanding the input admittance of the network as the
first Cauer form:
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Yin I(a) I) = 1 (4.3
1

1

ja)'g1+

jw'gz"‘
et

. 1
Jo gn+7

n+1

Then, the transformation is done by replacing o’ as

Y, (@) _ Yin'(a) )

(4.4)

Y , "o o
R
where
. o o o, : : :
®'= — —— | with typically o,'=1
FBW(a)O a)j YPICEY @ =2, (4.5b)
@, — o,
FBW = Za) L W, =00, (4.5b)
0

Therefore, the final input admittance of lumped elements low-pass prototype

become as
FBW
Yir () _ 009,
J FBW FBW (4.6)
j 2_& + gl gZ
w, FBW . FBW
j 2_& 4o+ gn—l gn
@ o ,(waFBWl
a)O @ gn gn+1

Fig. 4.3 illustrates BPF using admittance inverters with termination admittance
Ys and Y. Similarly, the input admittance is determined as (4.7).
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Fig. 4.3. Bandpass filter with admittance inverters.
J 2
Yip = Y— (4.7)
where
Y, = JB(®)+Y, (4.8a)
J 2
Y, = -2 4.8b
277y, (4.8b)
Y, = jB, (@) +Y, (4.8¢)
Bm (Mm=1, 2, ---, n) is the susceptance of resonators. By expanding the input

admittance with a frequency transformation, the final input admittance is derived as

(4.9).
o’
Yin (CO) _ a)OCrlYS
¥s o
j 2_& + (a)OCrl)(a)OCrz)
@ @ o dy
j L) + (@,C,,)(@,C,;)
C()O @ ‘]n—lnz
j 2_& +.+ (a)OCm—l)(a)OCrn)
@y @ ‘Jnn+l2
j| -], @Cn (4.9)
w, Y,
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By equating equations (4.6) and (4.9), the J-inverter are derived as (4.10).

, Y.FBW
Jy=.——— (4.10a)
909, 0L,

1
Jiin = FBW > (4.10b)
gigi+1(a)0|—r)

] Y, FBW
nn+l 4.10c
' gngn+l(a)0|—r) ( )
where
1 1
2
@, =——->0,C, =——
0 L 0™~ @, Lr (4.118.)
I—r = Lrl = Lr2 == I—rn (4-11b)

4.1.1 Capacitive of Coupled Resonators

In application, the J-inverter can be realized with capacitors. Fig. 4.4 shows a
section of J-inverter and its z-type equivalent circuit. The ABCD parameters is used
to derived the design equations. As mention in Section 2.5, the ABCD matrix of J-

inverter is obtained as (4.12).

A BY [0 iJi
c o)l (4.12)

+JJ
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Fig. 4.4. (a) J-inverter and (b) Implementation using capacitor networks.

Similarly, the ABCD matrix of z-type equivalent circuit is determined as

(A Bj { 1 oj 1 jia)C[ 1 oj 0 _—é
= . B = wC |- (4.13)
C D joC 1 0 . joC 1 LioC 0

By equating (4.12) and (4.13), the series capacitors can be derived as (4.14).

J

_ Vil

Cii+1|i=1 ton-1 W (4.14)
0

Figure 4.5 (a) shows an equivalent circuit of series capacitor with z-type
network and its equivalent J-inverter circuit. Then, the new equivalent network of
Fig. 4.1 is transformed as Fig. 4.5(b) by replacing intermediate series capacitors as
n-type network. From Fig. 4.5(a), the new equivalent circuit of Fig. 4.5 (b) is
transformed as Fig. 4.6(a). Fig. 4.6(b) shows the final equivalent circuit of Fig. 4.5

(b) by summation the shunt capacitors between inverters.



i

—— T T e [T
° S S R A | I

(@)
Co1 Cp C2|3
| 1 (] l
N aminniy wi?
Ly C1C1€|:IC12'C1€|::|:CQ 2 C.Cx IIng CZI]:Czs "
) o o (b) )

Fig. 4.5. (a) transformed J-inverter from coupling capacitor and (b) equivalent circuit of coupled

resonator bandpass filter.

J_ I J_ J_ Jos b= .. Jn1n S
I 12 2IL2ECZI023 Cn. 1n
(@
Cnn+1
J1 Jio f— ...~ Jnn
Car Lz[:;llCZT Ln Chr Yi
(b)

Fig. 4.6. (a) Capacitive coupled BPF with equivalent J-inverter and (b) its equivalent circuit.

Hence, the total shunt capacitors of the resonator are become as (4.15).

C,;=C+C, (4.158)
C,; =C,+C,+C,, (4.15b)
(4.15¢)

Cn—lT = Cn—2n—1 + Cn—1 + Cn—ln
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CnT = Cn—ln + Cn (4l5d)

4.1.2 Compensation of Complex Termination

Fig. 4.7 shows a series capacitor with a source termination impedance and its
equivalent circuit using J-inverter. From Fig. 4.7 (a), the input impedance and

admittance are determined as (4.16).

|_° Xs
i

NS

Xs

Rs

(@) (b)
Fig. 4.7. (a) Source termination with a series capacitor and (b) equivalent source termination with J-

inverter.

(1
Zins =Rs - J{E_ Xs] (4.16a)

01

1 x
1 R L “Cy

YinS Z 2 2
inS 2 1 2 l
RZ+| ——— X, R+ ——— X,
@C,, @C,,

Similarly, from Fig. 4.7 (b) the input admittance of its equivalent circuit can be

(4.16D)

derived as
Z, =R + jX, (4.17a)
Y | Co =30, °Rs + j(J,° X +aC;
ns Ty +JaoCy = Jy s+J(J01 s TO 01). (4.17b)

]
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By comparing the real part of (4.16b) and (4.17b), the series capacitance of Co1

is derived as (4.18b).
R
Jo R = 15 ; (4.18a)
SNER
@C,,
J
Co = =

(4.18b)
w\1— 3o, 2RE + 3, X

Then, the capacitor C;, of the equivalent circuit is derived by equating the

imaginary part of (4.16b) and (4.17b).

o
32X +aCs = —2 011 . (4.19a)
R52+£ —xS]
@C,,
. Cy (1-aCy X J2X
0= a oXs) __JuXs (4.19b)

" R20°Cy +(Xe0Cy-1) @
Similar to the source part, the input admittance of the load as shown in Fig. 4.8

is derived as (4.20a) and (4.20b), respectively.

1 R cl %
1 w nn+.
Vi =5 —= - 7= ] L . (4.20a)
inL 2 l 2 1
R+ - X, R+ - X,
a)Cnml G)Cnn+l
1 2 : 2
YinL = ‘]nn+1RL + J (‘]nn+1XL + a)Cﬁml) (4-20b)

From the real-part of (4.20a) and (4.20b), the series capacitance of Cnn+1 IS

derived as (4.21).
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Fig. 4.8. (a) Load termination with a series capacitor and (b) load termination with J-inverter.

C

Jnn+l
(4.21)

nn+l
(‘Jnn+1X +\]l ‘Jr12n+1R )

Similarly, the capacitor C®nn+1 is derived from the imaginary part of (4.20) and it is
given by

e Cnn+ 1 a)Cnn+ X ‘] 2 X
Cnn+1 = - ( - ) -l . (422)
®’C* R?+(1-aC,,X ) @

nn+1

nn+1

Fig. 4.9 (a) shows an equivalent circuit of Fig. 4.6 (b) with capacitors c¢ and
C: ... In this case the complex impedances of source and load are compensated
with first and last resonators, respectively. Thus, the termination impedances of the

equivalent circuit become any real termination impedance. Therefore, the total

capacitors of resonators are become as

C,=C;,+C +C, (4.233)
C,=C,+C,+C,, (4.23b)
C,,=C , ,+C ,+C . (4.23c)
C,=C, . +C +C .. (4.23d)

So now the new capacitors of resonators are become as
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Joa J_ Ji2 — Jn-1n J_ Jnn+1
Rel(Yins) Ceo I GCH L, Cor Ln nT Clrne1 Rel(Yin)
@)
Joj_ J]_z — \Jn-ln Jnn+1
. Rel(Y;
Rel(Yms Lrlq}cl er C2 Lrn Cn ( |nL)
(b)

Fig. 4.9. Equivalent circuit of (a) coupled resonator with new termination and (b) new elements of

first and last resonators.

C=C,- Cgl -Cp, (4.249)
C,=C,-C,-C, (4.24b)
Cn—1 = Crn—l - Cn—2n—1 - Cn—ln (4-24C)

c,=C,-C .. —-C;

n m nn+1

(4.24d)

Fig. 4.9 (b) shows an equivalent circuit of coupled resonator BPF with a new
capacitors of resonators. With a new capacitance, the first and last resonant
frequencies are shift to other frequencies depend on the complex termination
impedance. Therefore, it can be observed that the detuned resonant frequency
causes the slope parameter of their resonator change. So the new resonant

frequency of the first and last resonators given by (4.25) based on [40]-[41].
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2
X X .. FBW
f,=f, 1+(& FBWJ PRI Mt (4.25)

2R;0, 2R;0, )

Where fo and Xs) are the operating frequency and reactants of source and load

impedance, respectively. The g1 or gn are the lumped element values of the low-

pass prototype.

The design formulas for capacitively coupled lumped element filters are

summarize as follows.

Y FBW
5= [YPBW oy 1 .- J L
gogla)OLr gigi+1(a)0|— ) gngn+l(a)OLr)

T

COl = JOl ’ Cii+1|j=lt0 n—1 :ﬁ
a)“/l—JOng +J 0 X 23
C _ ‘]nn+1
nn+l —
@, (’Jnn+1x LT \]l_ ‘]r?n+1RE )
C1 :Crl_Cgl_Clz’ Cz :Crz _C12 _C23
Cn—l = Crn—l - Cn—2n—l - Cn—ln ! Cn = Crn - Cn—ln - Cr?m—l
where
1 1 1
C,=— C,=——,1=23,;--,n, C =
601 I—rl 600 Lrl 0)2 I—rn
e Ca (1 @,Cyy X ) J(flx s
01—




e Cnn+1 (l_a)ZCnn+le) _ J: XL

nn+1
C% R2+(1-0,CpuX.) @

nn+1 nn+1

X 5., FBW

X(s.)
f,="1| 1+ ==———FBW | +
2R 01 n.) 2R 01 n)

4.2 Simulation

To verify the analytical analysis of the proposed BPF, the real and complex
unequal termination impedance BPFs were designed with a Chebyshev and
Butterworth responses. The calculations have been done using Matlab R2016a (see
appendix B). The Advanced Design System 2016.1 was used to simulate the
proposed circuit. Table 4.1 and 4.2 are shown the calculated values of coupled
resonator BPF with Chebyshev and Butterworth responses, respectively. The
specification of the proposed are shown in the tables. The inductors of shunt
resonators are chosen to be 4 nH for all resonators. The S-parameter characteristic
of the Chebyshev response in Fig. 4.10 (a) and (b) are shown the narrow and broad-
band characteristic responses, respectively. Thus, as is indicated in Fig. 4.10(a), the
S-parameter characteristics of real and complex impedance are good agreement.
Three transmission poles are occurred in the passband. The fractional bandwidth of
the passband edge is obtained 5% for equal ripple response. Fig. 4.10(b) shows a
broad-band S-parameter characteristic with a wide stopband. Fig. 4.11 is shown S-
parameter comparison of different termination BPF with Butterworth response.

Similar to the equal ripple response, the characteristics of equal and unequal
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termination BPF are good agreement. The 3 dB bandwidth of the whole passband
is obtained 5%. Moreover, the return loss of complex termination impedance is

slightly more narrow than the real termination impedance.

TABLE 4.1. CALCULATED VALUE OF CHEBYSHEV RESPONSE OF COUPLED RESONATOR BPF.

fo=1GHz, n=3, FBW =5%, Lar = 0.043 dB

257,
Q)
4.985/4 | 5.68/4 | 4.985/4| 1.16/0.33/0.33/1.16 | 50/50

Ci (pF)/Li(nH) Co1/C12/C23/Ca4 (pF)

3.6/4 | 5.68/4 | 4.985/4| 2.46/0.33/0.33/1.16| 10/50

4.014/4 | 5.67/4 | 4.985/4| 2.78/0.33/0.33/1.16 |15-j20/50

TABLE 4.2. CALCULATED VALUE OF BUTTERWORTH RESPONSE OF COUPLED RESONATOR BPF.

fo=1GHz, n=3, FBW =5%

Ci (pF)/Li(nH) Co1/C12/C/Cas (pF)| Zs/ZL ()

5.156/4 | 5.885/4 | 5.156/4|1.06/0.22/0.22/1.06 | 50/50

3.886/4 | 5.885/4 | 5.156/4|2.27/0.22/0.22/1.06| 10/50

4.27/4 | 5.88/4 | 5.156/4|2.48/0.23/0.22/1.06|15-j20/50
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Fig. 4.10. S-parameter characteristic of coupled resonator bandpass filter with Chebyshev response:

(a) narrow and (b) broad bands.
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Fig. 4.11. S-parameter characteristic of coupled resonator bandpass filter with Butterworth response

(a) narrow and (b) broad bands.
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4.3 Summary and Discussion

In this chapter, the new design equations of unequal termination impedance
coupled resonators bandpass filter were demonstrated. The theoretical analysis and
simulations were presented to validate the proposed design equations. The new
analysis is able to design coupled resonator bandpass filter with real or complex

termination impedance using lumped elements resonators.
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CHAPTER S

DISTRIBUTED UNEQUAL TERMINATION IMPEDANCE A4
COUPLED LINE BANDPASS FILTER

In this section, the general design equations of arbitrary termination impedance
BPFs are analyzed and realized using a parallel coupled line structure. The new
design equations are able to calculate with n-resonators, arbitrary termination
impedance, and arbitrary image impedance of coupled line by using low-pass
prototype elements value. The coupling coefficients of coupled lines can be

controlled by the image impedance (Z1) without any effect on the filter response.

5.1 Theory and Design Equations

5.1.1 Low-pass Prototype Ladder Network

Fig. 5.1 shows the normalized dual circuits of low-pass prototype structure,
where the termination source impedance is 1 Q and the cutoff frequency is 1
rad/sec. The element values for the ladder-type circuits can be defined for
Butterworth (or maximally flat) and Chebyshev (or equal ripple) low-pass filter
responses and have been discussed detail in [35]. The reactive elements for i = 1 to
n represent either the series inductor or shunt capacitor. Butterworth and
Chebyshev low-pass filter responses have terminated with load resistor of equal or
nearly equal 1 Q. For the low-pass filters to be designed with other termination

impedances (typically Ro = Rn+1 =50 Q) and other cutoff frequency, the impedance
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—

gZZLZ gn n

R, =0, —9%=C ——&=G G,y
= gn+l
n even n odd
(@
g, =L,
G=9 or G,
= gn+1
n even n odd

(b)
Fig. 5.1. Ladder circuits for low-pass filter prototype and their element: (a) prototype beginning

with a shunt element and (b) prototype beginning with a series element.

and frequency scalings are required. Also, the conversion from low-pass filter to
highpass, bandpass, or bandstop filters are also presented in [32]-[34].

In the case of the ladder network discussed in [19] and [42], the terminating
resistors may be chosen arbitrary (Ro # Rn+1). However, the transmission
characteristics of both Chebyshev [19] and Butterworth [42] filters in the passband
are deteriorated around zero frequency. The deterioration at zero frequency is
varied according to the impedance transformation ratio (r). The main difference
between a new low-pass filter and conventional low-pass filter is that new low-pass
filter can be designed with arbitrary termination impedance. However, the

deterioration at zero frequency in low-pass filter will cause the center frequency
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performance of BPF transformed from low-pass filter.

Fig. 5.2 shows the frequency transformation from the arbitrary termination
impedance low-pass filter [19] to the BPF with r of 2 and 3. The simulation is done
by using the values of Table 6 in [19]. As can seem in Fig. 5.2, the return and

insertion losses are poor at center frequency and more deteriorated with higher r.

0 5
9,=1.39857
lw=0.3
o -10 qn=2
=
>
—_—
D -20 -
S
©
S
(4]
5’)—-30—
+D D
11| FBW=15%
VT T 7T T
-2 -1 0 1 200 05 1.0 15 20
Frequency (Hz) Frequency (GHz)

Fig. 5.2. Arbitrary termination impedance low-pass [19-42] and frequency transformed arbitrary

termination impedance bandpass filters.

5.1.2 Inverter Coupled Arbitrary Termination Impedance BPF

The ladder type low-pass prototype structures in Fig. 5.1 can transform into
inverter coupled low-pass prototype filter using the impedance and admittance
inverters (K- or J-inverters). The detail design equations are present in [35]. Ideally,

K- or J-inverters are assumed frequency independent so that the low-pass filter
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easily be transformed to other filter types (such as highpass, bandpass, and band-
stop filters) by applying frequency and impedance transformations [34]-[35].
Generally, the slope parameters are used to characterize resonators regardless of
their types. Therefore, the generalized structures of arbitrary termination
impedance BPFs using J- and K-inverters are shown in Fig. 5.3. Even though the
BPFs in Fig. 5.3 are terminated arbitrarily unlike the conventional BPFs terminated
with 50-t0-50 Q, the arbitrary termination impedance BPF can show filter
performances of the conventional BPF [38].

From the frequency transformation, two design equation sets from Fig. 5.3 can
be derived from series and shunt resonators [35]. The general design equations with
specified reactance and susceptance slope parameter are defined as (5.1) and (5.2),

respectively.

R,FBW
K,, = /S—Xl (5.1a)
gOgl
K= FBW 25 21,2 0 (5.1b)
gigi+1
K

_ |R.FBWX, (5.1)
n,n+1 .
gngn+l
And
G.FBW
Joi = | ——— b (5.2a)
9.9
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Bn(®)

(b)

Jn,n+:l

Fig. 5.3. Generalized arbitrary termination impedance bandpass filters with (a) impedance and (b)

admittance inverters.

AL, [dB] AL, [dB]

(@)

(b)

Fig. 5.4. Frequency response of a bandpass filter with (a) Chebyshev (or equal-ripple) and (b)

Butterworth (or maximally flat) responses.

e E R

gigi+l
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where gi represents the low-pass prototype values, Gs =1/ Rsand G. =1/R.. The

fractional bandwidth (FBW) is defined as

@, — @,
FBW =—2 1 53)
Wy
The angular frequencies @1 and @, denote the lower and upper passband edge
frequencies in case of Chebyshev response and 3-dB cut-off frequencies in case of
Butterworth response [33], respectively, as shown in Fig. 5.4.

For series resonators with reactance Xi(w), the reactance slope parameters are

defined in [33] and [35] as

« :&dXi(a))

i ’i:l’ 21 N
= dw . (5.4)

0=y

For shunt resonators with susceptance Bi(w), the susceptance slope parameters

are defined as

b :&dBi(a))

i ’i:]-v 21 1n
=2 T dw . (5.5)

W=y

To validate the theory, the BPFs are designed with arbitrary termination
impedances and different responses. The designed BPF is composed of shunt
parallel and series LC resonators for J- and K-inverters, respectively. From [33],
the reactance slope parameters of series resonators are defined as xi = aol s and
suceptance slop parameters of shunt resonators are defined as bi = anC . The

subscript s and p stand for series and parallel, respectively. Under the resonant
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condition, the series or shunt LC resonators between J- and K-inverters must have
zero reactance or susceptance at a center angular frequency (o).

In the design example, all J- and K-inverters in Fig. 5.3 can be calculated using
(5.1) and (5.2), respectively. Moreover, the parallel capacitors and series inductors
are chosen as 5 pF and 5 nH, respectively. Following the resonance frequency (ao
= 1/ JLC), the parallel inductors and series capacitors are calculated. The

calculated variables and J-/K-inverters are listed in Table 5.1 and Table 5.2 with

TABLE 5.1 CALCULATED VALUES OF J-INVERTER WITH ARBITRARY TERMINATION

IMPEDANCE.

f= 1 GHz, FBW = 5%, C',=5 pF

R(SgQ?L ‘]0,1 ‘]1,2 'J2,3 ‘]3,4 J4,5 n (hl—pf)
10/50 | 0.01054(0.00111 | 0.00471 2
Butt. | 89720 | 0.00443[0.00111 | 0.00111 [0.00886 3
10/500| 0.01433[ 0.00132 [ 0.00085 | 0.00132[0.00203] 4 |z e
Chev 10/50 | 0.01535| 0.0026 |0.00686 2
(0043 di3) 80/20 [0.00479|0.00162 |0.00162 |0.00959 j

10/500 | 0.01297| 0.00143 | 0.0011 |0.00143|0.00183

TABLE 5.2 CALCULATED VALUES OF K-INVERTER WITH ARBITRARY TERMINATION

IMPEDANCE.

f.=1 GHz, FBW = 5%, L"si =5 nH
Rs/RL

(®) Koa K12 Kzs Ksa Kss (pF)
10/50 | 3.33275(1.11072 | 7.45225

Butt, | 89/20 | 11.2099| 1.11072 | 1.11072 | 5.60499
10/500 | 4.53028| 1.32087 | 0.85011 | 1.32087|32.0339 5.066

10/50 | 4.85399| 2.60481 | 10.8538
80/20 |12.1342|1.61832 |1.61832 |6.06711
10/500 | 4.10261| 1.43032 | 1.09943 | 1.43032 | 29.0098

Chev.
(0.043 dB)

Alwdv|a]w|N] S
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Fig. 5.5. S-parameter characteristics of arbitrary termination impedance BPF using J- and K-

inverters according to order of filter: (a) Chebyshev and (b) Butterworth responses.

Butterworth and Chebyshev responses, respectively. The termination impedances

are chosen randomly. The ripple of 0.043 dB in Chebyshev response is chosen to

get 20-dB return loss in the passband. The ideal simulation of arbitrary termination
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BPF with different n are compared in Fig. 5.5 (a) and (b) for Chebyshev and
Butterworth responses for different termination impedance ratios (r), respectively.
Obviously, the transmission poles of Chebyshev response in the passband are
proportional to n. As n increases, the transmission poles in the passband are
increased. Also, it is observed that the higher n has sharper roll-off at the stop
frequency bands as compared with a lower n. However, the FBW in the passband
are maintained. For Butterworth response, the S-parameter characteristics are
compared with different n shown in Fig. 5.5(b). In this case, the 3 dB cut-off
frequencies are maintained but the bandwidths of return loss are narrow as n
decreases. The filter characteristics is the same although the termination
impedances are different. However, Chebyshev response can obtain wider return
loss bandwidth than Butterworth response. With the specification above, especially
ripple of 0.043 dB, the stopband attenuation of the Butterworth response is better
than the Chebyshev response. The benefit property of Chebyshev and Butterworth
response were discussed detail in [35]. The termination impedance and other
specifications can be chosen arbitrary. The simulation was done using circuit

simulation of Advanced Design System (ADS).

5.1.3 Arbitrary Termination Impedance Coupled Line BPF

Fig. 5.6 shows the proposed structure of arbitrary termination impedance
parallel coupled line BPF with n stages. The proposed structure is composed of the
cascading parallel coupled lines terminated with source and load conductance, Gs

and Gy, respectively. The electrical lengths of each coupled lines are 6. Fig. 5.7
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shows the parallel coupled line section and its equivalent circuit. By equating
ABCD matrix of parallel coupled line and its equivalent circuit, the even- and odd-
mode impedances of coupled line can be determined [38]. For more general, the

even- and odd-mode impedances are written as

(ZOe )i+1 Coton Z, (1+ Jiindi+ 'Jiz,i+1212) (5.6)
(Zoo )iy own = 4 (1_ Jiinds + ‘]i?:i+1zlz) : (5.6b)
Zoe1,Z 001
Zoe2,Zo02

Fig. 5.6. Parallel coupled line bandpass filter.

0 0
O O
ZOe, Z001 9 Z]_ Z]_
IO - ;
(@) (b)

Fig. 5.7. (a) Single parallel coupled line and (b) its equivalent circuit.

From (5.6), the coupling coefficients (C) of coupled lines are determined as

(Ze )., —(Zoo).
C- . — i+1 i+1
l+1||=0 ton (Zoe )”1_'_(200 )”1 : (57)

In order to derive the J-inverter values, the susceptance for each equivalent
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resonator should be derived [43]. Fig. 5.8 shows the equivalent circuit of parallel

coupled line BPF. As can seem in Fig. 5.8(a), the termination impedances can be

equal or unequal to the image admittance of coupled line Y1 (Y1 =1/ Z1).

Y1As \]0,1

9 0 .60 010
| |
Y, Y, Jn-1.1 Y, Y, :Jn,n+1: Y1 GL
| |
— — [FOm—O—C
YALrYlL.
(a)
J1,2 BZ Jn-l,n ! Jn,n+1 Y1A|_
(b)

Fig. 5.8. (a) Equivalent circuit of the parallel coupled line bandpass filter and (b) equivalent circuit

model of (a).

From Fig. 5.8(a), the input admittance Yo: looking into the source is obtained as

(5.8) in case Gs is not equal to Y.

_y G + jY,tan @ N
01 1 -
Y, + JGg tan @

where

Y[A +i(1-K)a]
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_n(0-a)
a=> o (5.9b)

It is assumed that the angular frequency w is closed to an. Similarly, the input

admittance of Ya in Fig. 5.8(a) is obtained as

JZ
Y,=—=+]B, (5.10)
YA
where
_Jo ( J
B, = A —— 5.11

So the equivalent circuit is shown in Fig. 5.8(b). The total susceptance of the

first resonator B is shown as
B,(») =B, (w)+B, (@) (5.12)
where

B, (w)=2Ya. (5.13)

From (5.5), the slope parameter of the first resonator is found as

bFE 2 1‘@ +Y |, (5.14)

On the other hand, the input admittance Y. looking into the load is obtained as

_y G +jYtano
MY+ jG tang

zY1|:AL+ j(l—Af)a] (5.15)
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where

A=— (5.16)

Similarly, the input admittance Yac in Fig. 5.8(a) is obtained as

2

J )
Y =+ jB, (5.17)

AL Yl AL

where

B ‘]r?,n+l(AL 1}a
a0 AA——|a. 5.18
YA LY A (518)

Similarly, the total susceptance of the last resonator By is shown as
B,(®) =B, (0)+B, () (5.19)
where
B, (@) =B, () (5.20)

Also, the slope parameter of the last resonator is found as

T ’Jr?,n+1 1
b”:E 2V, 1_Af +Y |, (5.21)

Beside the first and last susceptance resonators, the susceptances of the

intermediate resonators are equal to By and the slope parameters are obtained as

b,=2Y, @m=2,3, -+, n-1 (5.22)

n J—

From (5.2a)-(5.2¢), the J-inverters of arbitrary termination impedance and image

admittance (Y1) are derived as
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AstBW
Joi =Y, . 1 (5.23a)
909 4 (As _j FBW
7 | N;
J,, =Y,FBW = 5.23b
. 2\ 9,9, >:230)
Vs 1 .

Jiis =Y,FBW ,i=2,3 -, n=2 (5.23c)

' 2 gigi+1

T N
J. .. =Y,FBW = = 5.23d
T 2Yg,40, 230

ALZFBW
Jona =Y _ . (5.23¢)
g gn+1 4(AL_J FBW
where
J2 1
N, = 2Y 1—E +1 (5.24a)
J? 1

N, =M — 141

Y ( ALJ (5.24b)

In case of n = 2, the first and the last J-inverters are the same to (5.23a) and

(5.23e), respectively. However, the Ji2 is found as (5.25).

J,, = FBWY, 2 NuN, (5.25)
\/ 0,9,
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As seem in (5.23) and (5.25), the J-inverters between the first and the last slope
parameters of resonators are changed when the termination impedance is not equal
to the image impedance of parallel coupled lines. According to (5.23)-(5.25), the J-
inverters can be calculated with arbitrary termination impedances and image
impedance of parallel coupled lines by using MatLab (see appendix C and D).
Therefore, from (5.6) and (5.7) the coupling coefficient of coupled line can be
controlled by the image impedance (Z1) of coupled line. In order to demonstrate the
analysis, a parallel coupled line BPFs were designed and simulated. Using (5.23)-
(5.25), an ideal circuit parameters of arbitrary termination impedance coupled line
BPF are calculated with n = 2, 3, and 4, passband ripple Lar = 0.0434 dB, and FBW
= 5% for Chebyshev and Butterworth responses. The terminations are choosing
randomly. Fig. 5.9(a) shows the S-parameter characteristics and equal ripples of
Chebyshev response coupled line BPF with different n. As seem in the figure, the

number of transmission poles are proportional to n. Also, the stopband attenuation

O_
-10 4
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5
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Fig. 5.9. S-parameters of Chebyshev coupled line BPF with different (a) n, (b) Z1, and (c) r.

characteristics become steeper as n increases. The simulation is done using Rs = 20

Q,RL.=50Q,and n =2, 3, 4. Fig. 5.9(b) shows the S-parameter characteristics and
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passband ripples with different image impedance of Z:. The equal ripples and S-
parameter characteristics are maintained although the termination and image
impedances are different. Therefore, the changing image impedance of coupled line
is not effected on the filter response. The simulation is done using Rs =80 Q, R =
50 Q, n =4, and Z; = 30, 50, 70 Q. Fig. 5.9(c) shows S-parameter and passband
ripples with different of r. Although r is very high, the passband characteristic is
still maintained as can seem in Fig. 5.9(c). The FBW is exactly obtained 5%.
However, the stopband attenuation is more increased when r is very high compare
with the same n. The calculated values of the Chebyshev response are shown in

Table 5.3.

TABLE 5.3 CALCULATED VALUES OF COUPLED LINE BANDPASS FILTER WITH
CHEBYSHEV RESPONSE

fc = 2.6 GHz, FBW = 5%, LA, = 0.0434 dB
Rs=20Q,R . =50Q, Z; =50 Q

ZOe/ ZOo
()

62.33/41.86

56.89/44.61

73.05/38.73

60.84/42.52

54.16/46.43

54.37/46.28

69.77/39.43

60.34/42.75

53.66/46.81

52.89/47.4

53.83/46.68

68.71/39.7

Rs=80Q,R

L=50Q,n=4

52.4/22.5

32.43/27.91

31.74/28.44

32.35/27.96

45.9/22.91

75.75/38.28

53.92/46.61

52.89/47.4

53.83/46.67

68.71/39.7

98.64/54.97

75.39/65.32

74.06/66.36

75.28/65.41

91.01/57.17

Rs=10Q, R =500 Q, Z =60 Q

67.04/54.31

64.09/56.4

63.48/56.88

65.77/55.16

186.41/62.19

R5: 50 Q, R|_

=50Q, Z =60 Q

79.91/48.37

64.56/56.04

63.48/56.88

64.56/56.04

79.91/48.37

R5= 30 Q, RL

=90Q, Z1=60Q

74.31/50.44

64.45/56.13

63.48/56.88

64.68/55.95

89.55/46.15
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Similarly, the circuit parameters of parallel coupled line BPF with Butterworth
response is also obtained by using (5.23)-(5.25). The specification are chosen the
same as Chebyshev response. Fig. 5.10 shows the S-parameters of BPF with
Butterworth response. Similar to Chebyshev responses, the stopband attenuation

characteristics become steeper as n increases as can seem in Fig. 5.10(a). Moreover,

OT——= =2 3 N> T
1——a—n= N B
BT / \i 8, and IS,
T -20 y §
= i
£ 30
c
g ]
S .40 - Iy
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Fig. 5.10. S-parameters of Butterworth coupled line BPF with different (a) n, (b) Z,

and (c) r.

the bandwidth of return loss is narrower as n decreases. Fig. 5.10(b) shown the S-
parameter characteristics with different Z;. Although, the image impedance of
coupled line is changed, the filter response is not effected. Fig. 5.10(c) shows the S-
parameter characteristics with different r. As can see, the filter response and FBW
of 3 dB cutoff frequencies is maintained about 5% even though different r. Also the
stopband attenuation is more increased when r is very high compared with the
same n. The calculated variables values of the Butterworth response BPF are

shown in Table 5.4.



TABLE 5.4 CALCULATED VALUES OF COUPLED LINE BANDPASS FILTER WITH BUTTERWORTH

RESPONSE

fc=2.6 GHz, FBW = 5%

Rs=20Q,R.=50Q, Z; =50 Q

58.29/43.8

52.84/47.44

64.56/40.99

59.97/42.93

52.81/47.47)

52.93/47.38

67.94/39.91

61.48/42.23

53.33/47.06

52.21/47.96

53.52/46.91

71.15/39.11

Rs=80Q,R =500, n=

4

56.01/22.59

32.26/28.04

31.33/28.78

32.17/28.1

48.19/22.67

79.43/37.85

53.62/46.84

52.21/47.96

53.52/46.91

71.15/39.11

ZOe/ ZOo
Q)

102.46/54.18| 74.96/65.65 73.1/67.15 |74.84/65.75( 93.58/56.33
Rs=10Q, R =500 Q, Z; =60 Q
63.68/56.72|62.66/57.56(65.66/55.24
Rs=50Q, R =50Q, Z; =60 Q
82.42/47.65 |64.18/56.33(62.66/57.56 | 64.18/56.33
Rs=30Q,R.=90Q, Z; =60 Q

75.95/49.76 |64.06/56.42|62.66/57.56 | 64.32/56.22

67.67/53.91 221.62/75.74

82.42/47.65

93.71/45.89

The cases of low and high r are chosen from Table 5.3 and 5.4 to figure out the
coupling coefficient variations of coupled lines according to image impedances.

Fig. 5.11(a) shows the variation of coupling coefficients in case of n = 2, FBW =

5%, and Lar = 0.0434 dB with Chebyshev and Butterworth responses. C1, C», and
Cz are the coupling coefficients of first, second, and third coupled lines,
respectively. Z; are varied from 30 Q to 150 Q. The coupling coefficients between
coupled lines are decreased as Zi increases. The coupling coefficients of

Butterworth response are looser than those of Chebysheve response. Similarly, Fig.
82



5.11(b) shows the variation of coupling coefficients according to Z; in case of n =4,
FBW = 5%, Lar = 0.0434 dB, Rs = 10 Q, and R. = 500 Q. In this case, the

Chebyshev response has looser coupling characteristics when Z; is increased.
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Fig. 5.11. Variation of coupling coefficients according to image impedance Z; for (a) n =2 and (b) n
=4,
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However, the coupling coefficient of last coupled line is increased when Z; are
varied from 30 to 65 Q2 and decreased when Z; are varied from 65 to 150 Q. The
coupling coefficients of intermediate coupled lines are constant when Z; vary from
30 to 150 Q. As r is high, the coupling coefficients of the coupled line is tight.
Therefore, the image impedance of coupled line can be used to control coupling
coefficient of coupled line without effecting the passband response. Thus, the
proposed design equations of the coupled line BPF can be used to design BPF with
any arbitrary termination and image impedances. The higher Z; is preferable for

looser coupling of coupled lines.

5.2 Filter Implementation

For the experimental validation, the arbitrary termination impedance BPFs
were designed, simulated, and fabricated at an operating center frequency of fo =
2.6 GHz. The designed filters are specified as Rs = 20 Q2, 80 Q, RL =50 Q, FBW =
5%, and Lar = 0.0434 dB (S11 = -20 dB in the passband). The calculated elements
values for Chebyshev and Butterworth are already shown in Table 5.3 and 5.4,
respectively.

The proposed circuits were fabricated on a substrate RT/Duroid 5880 with a
dielectric constant (&) of 2.2 and thickness (h) of 31 mils. The electromagnetic

(EM) simulation was performed using ANSYS HFSS.
5.2.1 Three stages Coupled Line BPF

The first BPF was designed with Chebyshev response with Rs = 20 Q and R =

84



50 Q. Fig. 5.12 shows the layout and photograph of fabricated filter 1. The physical
dimensions of filter 1 are shown in Table 5.5 after final optimization. The
simulated and measured S-parameters of the designed filter with narrow and broad
band characteristics are shown in Fig. 5.13. The measured results are agreed well
with those obtained from the simulations. The measured insertion and input/output
return losses are better than 1.4 dB and 19 dB within the passband frequency range

of 2.527 GHz t0 2.667 GHz (FBW = 5.3 %), respectively.

20 O AR S,

Fig. 5.12. Layout and photograph of fabricated bandpass filter 1.

TABLE 5.5 PHYSICAL DIMENSIONS OF FILTER 1. (UNIT: mm)

Wcl:1.55 W02:1.63 Wc3:1.6 WC4:1'4
Sc1=0.65 | Seo=1.4 | Sc3=1.38 | Sc4=0.35
La=21 | Lp=21 |L=20.75L,4=21.15
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Frequency (GHz)
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Frequency (GHz)

(b)

Fig. 5.13. Simulation and measurement results of arbitrary termination impedance bandpass filter 1

with (a) narrow and (b) broad bands.
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5.2.2 Four stages Coupled Line BPF

The second filter was designed using Butterworth response with Rs = 80 Q and R,
= 50 Q. Fig. 5.14 shows the layout and photograph of fabricated filter. The final
dimensions after EM simulation optimization are shown in Table 5.6. The
simulated and measured S-parameters of the designed filter 2 with narrow and
broadband characteristics are shown in Fig. 5.15. The measured results are well
agreed with those obtained from the simulations. The measured results indicate that
insertion and input/output return losses are better than 2 dB and 30 dB within the
passband frequency 2.58 GHz to 2.63 GHz, respectively. The second filter provides
a higher insertion loss than the first filter because of higher n. However, it provided
steeper attenuation characteristics than the first filter. The limited return loss in
passband may be due to limited Q of resonator or unequal even- and odd-mode

phase velocities of the microstrip coupled stages [44].

80 O RS < .

Fig. 5.14. Layout and photograph of fabricated bandpass filter 2.

TABLE 5.6 PHYSICAL DIMENSIONS OF FABRICATED BANDPASS FILTER 2. (unit : mm)

WC1121.02 W022:1.31 Wc33:1.3 WC44:l.2 WC55:1.13
Sc11:0.28 Sc22:1.7 Sc33:2.4 Sc44:1.8 Sc55:0.4
Le1=21.1| Lep=21 Les=21 |Leas=21.05| Less=21.2
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Fig. 5.15. Simulation and measurement results of arbitrary termination impedance bandpass filter 2

with (a) narrow and (b) broad bands.
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The performance comparisons of the parallel coupled line BPFs and impedance
transformers are summarized in Table 5.7. The structure of the proposed BPF is
same with [15], however new design equations are derived for more general and
accurate values. The new derived equations are more advantageous for higher order
filters and higher termination impedance ratios. Also, the image impedance of

coupled line might be chosen arbitrary for design convenience.

TABLE 5.7 PERFORMANCE COMPARISON WITH PREVIOUS WORKS RELATED TO PARALLEL COUPLED

LINES BANDPASS FILTER

Ref. (Gf|9|z) Ter. Imp. sﬂgggg ggeu.l(id%% E%Sgit?gns Imeg?i%nce FBW
[2] |1.85 50 i | arbitrary | Analysis NA [ narrow
[9] 2 | arbitrary | 1 | arbitrary | Analysis low narrow
[10] | 2.6 | arbitrary | 1 | arbitrary | Analysis | medium | narrow
[13] | 2.6 | arbitrary | 2 [arbitrary | Analysis high | narrow
[15] | 3 |arbitrary | i NA [Optimizing] low wide
v-\gcr)]rlf’( 2.6 |arbitrary| i |arbitrary| Analysis high |narrow

i=2 to n+1, Ter. Imp.: termination impedance of coupled lines

5.3 Summary and Discussion

The parallel coupled line bandpass filters with arbitrary termination and image
impedances have been proposed and demonstrated in this paper. The design

equations for the proposed filter have been derived based on the coupled line filter
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theory. In order to show the validity of the proposed design equations, two design
examples of coupled line BPF with Chebyshev and Butterworth responses have
been fabricated and measured. The simulation and measurement results are well
agreed with the analysis. The new derived equations will be advantage in many
applications such as power divider, matching network, and power amplifier design.
Furthermore, the new design equations can provide more accurately and faster

design.
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CHAPTER 6

DISTRIBUTED UNEQUAL TERMINATION COUPLED LINE
STEPPED IMPEDANCE RESONATOR BANDPASS FILTER

In this chapter, the general design equations of arbitrary termination impedance
stepped impedance resonator (SIR) BPFs are analyzed and implement on a
microstrip line. The new design equations are able to calculate with n-resonators,
arbitrary termination impedance, arbitrary image impedance of coupled line, and
controllable spurious frequencies. The coupling coefficients of coupled lines can be

controlled by the image impedance (Z2) of coupled line.

6.1 Theory and Design Equations

Basically, the conventional parallel coupled line bandpass filter (BPF) is
composed of a half-wavelength resonators, where the coupling length is generally
chosen as A/4. However, the stepped impedance resonator (SIR) filter does not
have the coupling length limited to A/4. The total electrical length of the SIR is
depended on ratio of characteristic impedance of stepped resonator. Fig. 6.1(a)
shows the basic configuration of a parallel-coupled line BPF with SIR. Fig. 6.1(b)
shows the schematic of proposed unequal termination impedance parallel coupled
line SIR BPF. The proposed structure is composed by adding transmission line
(TL) with characteristic impedance of Z» and electrical length of (wn/2-6) to the
input and output ports. The electrical length of the coupled line and additional TL

are used to cancel the imaginary part of input admittance of Y1s and Y1, as shown in
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Fig. 6.2. Thus, the input admittance of Yis and Y1 are always remained a real
conductance. The proposed structure is able to design with equal or unequal
termination impedance with arbitrary image admittance (Y2). Fig. 6.2 (a) shows the
equivalent circuit of Fig. 6.1(a). Since electrical length of & is less than A/4 so the
input admittance of Yis and Y1 are always complex impedance in case Gs and G #
Ya. Therefore, the image admittance of coupled line (Y2) must be chosen equal to
the termination conductance in order to avoid mismatch. Fig. 6.2 (b) shows the
equivalent circuit of proposed circuit of Fig. 6.1(b). Here, the total electrical length
of TL at the input and output ports are always remained n/2 (A/4). Therefore, the

image admittance of the coupled line can be chosen equal or unequal to Gs and G..

Zoe1,Z001
. 7. ZoeaZooz

G ZOen,ZOOn
S 92 61 TO - °- Z1 ZOen+1,ZOOn+1
) -

62 91
0>

GL

(a)
ZOelyZOOI

ZOe2|ZOc)2

Z1 Zoen+1,Zoon+1

o -

(b)

Fig. 6.1. Coupled line bandpass filter with stepped impedance resonators: (a) conventional and (b)

proposed structure.
92



(b)

Fig. 6.2. Equivalent circuits of parallel coupled line stepped impedance resonators: (a) conventional

circuit and (b) proposed circuit.

From the equivalent circuit of Fig. 6.2 (b), the simplicity of input admittance

Y1s looking into the source is obtained as (6.1).

Yis = Yo A (6.1a)
where
_ Yy
&—% (6.1b)

Since Y2 = 1/Z; is the image impedance of coupled line, the input admittance of

Y1 looking into the load is obtained as (6.2).

Y =Y,A (6.2a)

where
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Y2
A = G (6.2b)

L

And Gs and G are the termination of source and load conductance, respectively.
Because of the input admittance Yis and Yi. are pure real conductance so the
general J-inverter equivalent circuit of Fig. 6.2 (b) can be expressed as shown in
Fig. 6.3, where B; (1 = 1, 2, ---, n) are the susceptance of equivalent SIRs. As can
seem in Fig. 6.3, the first and last J-inverter are effected with the image admittance

Y2 and conductance of Gs and G, respectively.

YoAs JO,l Bl \]1,2 B, Jn-l,n Bn \]n,n+1 YoAL

Fig. 6.3. Equivalent circuit Fig. 6.2 (b) of proposed SIR BPF.

6.1.1 Stepped Impedance Resonator

Now let consider the resonator structure of SIR. Fig. 6.4 shows a resonator
structures of SIR. The SIR is symmetrical at (p-p’) plan and has two different
characteristic admittances of Y1 (1/Z1) and Y2 (1/Z2). The characteristics admittance
of Y1 and Y2 can be chosen as Y1 < Y2 or vice versa. The admittance of the resonator

from the open end [45], Yins, is given as
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Y. = JY,tané,
Ly i + 1Y, AN 26, i tan @, + K tan 26,
"2 NY 4 jY, tan26, T 'K —tan 6, tan 26,
. Ktan¢92+Ktan2¢91th
_y Y,;+ Y, tan g, _ Y K —tan @, tan 26,
2 . 2
Y, + jY,;tané, 1-K tan 6, + K tan 26, i
K —tan 6, tan 26,
2K tan g, +(K* —tan 6, ) tan 26, 2tand, (6.3a)

=Y, tan 26, =

K(1-tan®6,)-(K* +1)tan 6, tan 26, ' 1-tan®6,

ané,

in4

ané,

Z[K tan 6, (1-tan’ 6, )+ (K* —tan’ 6, ) tan 01}
“K(1-tan’ 6, )(1-tan’ 6,) - 2(1+ K? ) tan 4, tan 6,
2(Ktang, +tan6,)(K —tan 6, tan 6,
e (1-tan® 6, )(1-tan’ 6,)-2(1+ K*)tan 4, tan 6,

where

Z

Y
K=1_%2
Y, "z, (6.3b)

Since K is the ratio of two characteristic admittance, the resonance condition can be

obtained by giving Yin1 equal to zero. So, the resonance frequency can be found

from (6.3) as

K—-tang tand, =0 (6.4)
i G

S

Yina Yin3 Yin Yin

Fig. 6.4. Configuration of a stepped impedance resonator.
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In case of &= 6 = &, resonant frequencies can be determined from (6.4) as

mentioned in [45].

o(f,)=tan™ («/E) (6.53)

0(f,)== (6.5b)
2

o(f,)= 7—tan VK (6.5¢)

o(f,)=nx (6.5d)

Thus, from (6.5) the ratio of the spurious resonant frequencies to the

fundamental frequency can be determined as (6.6),

T
B 2tan VK (6.62)

)
)
)
)

V4
= tan*1 \/R . (66C)

From (6.6), the relation of normalized spurious resonant frequencies can be
determined by K and plotted in Fig. 6.5. The spurious resonant frequencies are
changed according to impedance ratio of SIR as shown in Fig. 6.5. As can seem in
Fig. 6.5, the higher-order of spurious resonant frequencies are moved far away

from the fundamental frequency especially f3 and f4 as K decrease. Moreover, the
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spurious are moved close to the fundamental frequency as K increases. The

harmonics frequencies are equally spaced each other only K = 1.

fIf, £/,

0.125 0.25 0.5 1 2 4
K=2/z,

Fig. 6.5. Spurious resonant frequencies according to impedance ratio of SIR.

Fig. 6.6 shows the variation of characteristic impedances of Z; and Z», and total
electrical length (6r) of SIR according to K. As seem in Fig. 6.6, the length of
resonators are longer than half-wavelength with K > 1 and less than half-
wavelength with K < 1. To get K < 1, the characteristic impedance of Z; is
increased higher with the increase of Z>. However, the Z; is decreased with K > 1.
Suppose K = 0.5 and the characteristic impedance of Z are varied from 20 to 70 Q,
the Z1 are required 40 Q to 140 Q, respectively, as shown in Fig. 6.6. Thus, the
tradeoff between Z> and K is required for the practical implementation. In the
conventional of parallel-coupled line BPF with SIR, the characteristic impedance

of Z» is chosen only equal to the termination impedance in order to get a matching.
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However, Z» of the proposed network can be chosen arbitrary by adding length of
7/4 - 6 to the input and output ports. The additional TL might be increased circuit

size, however, it can be provided a convenient for connection the input and output

ports.
200 260
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180 - - Faao
160 - o L 220
140 L= 2,=2001 200
1 Y —e—7=300 o
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S 1004 LA 16T
N~ 80 225098 0
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J D —e—Z7=700 >
40 SR L 100
204 -~ ¢ [ 80
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0 Tty rrrrrrrrp T T T T T T T T T T Ty 60
0.125 0.25 0.5 1 2 4
K=2,Z,

Fig. 6.6. Variation of Z; and total electrical length of SIR according to impedance ration of SIR and

Z;.

6.1.2 Slope Parameter and J-inverter of SIR

To design SIR BPFs, the slope parameter is usually used to characterize the
resonance properties of resonators. From (6.5), the admittance slope parameter of

SIR can be defined as

_% 4B

e @Bl
240

2 dw 6.7

0=0,

From (6.3a), the slope parameter of SIR is found as (6.8) and the slope
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parameter of SIR is varied according to Yo.
b =26,Y, (6.8)

Therefore, the general J-inverter of arbitrary termination impedance and image

admittance (Y2) of parallel coupled line SIR BPF are derived as

2A.0.FBW
Jo=Y, /’*g—g (6.92)
091

J..., =2Y,6,FBW L , 1=12,--n (6.9b)

e gigi+1

f2 6,FBW
‘]n,n+l :YZ AQOT . (6.9¢)
nJIn+l

The derived design equations of multiple stage SIRs BPF with arbitrary

termination impedance and image impedance can be directly adapted to design a
practical filter. From the derived equations, it has been shown that the first and last
J-inverter are much strongly effected on termination impedance and image
impedance. Thus, the image impedance is very useful in the design of SIR BPFs
with unequal termination impedances. As a result, the design specification can be
extended.

The coupled line section can be transformed to the J-inverter with TL at both
ends [32], as shown in Fig. 6.7. The equivalent relations between a coupled line
circuit and the J-inverter circuit with TL are used to derive the even- and odd-mode

characteristic impedances of coupled line. The relative formulas between coupled
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line and the J-inverter in Fig. 6.7 can be derived from the ABCD matrix. For more
general, the even- and odd-mode impedances can be written as (6.10) with a

various of electrical length.

1+J.,,2,c5€0+ 3% 22
(Zoo)l . =2, — =7 (6.10a)
I=0ton 1-J;,,Z;cot” 6
2 2
(Z., )”l g, 1- JimZ22 csc29+ ;]imzz 6100
- 1-J5,.Z;cot 0

From (6.10), the coupling coefficients (C) of coupled lines are determined as

| _ (ZOe )i+1 _(ZOO )i+1 (6.11)
i=0ton (ZOe)m"‘(Z . .

0o )i+l

i+1

Z, |diiv| 2z,

(@) (b)
Fig. 6.7. (a) parallel coupled-line with two open terminations and (b) equivalent circuit has a J-

inverter with two transmission line sections.

In order to demonstrate the analysis, SIR parallel coupled line BPF with
arbitrary termination and image impedances were designed and simulated. The
design formulas of (6.9) and (6.10) for an n-resonator are used to calculated the
even- and odd-mode characteristic impedances of coupled line (see appendix E).

The element values g1, g2, -+, gn Of the prototype low-pass filter (see appendix C),
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which may be calculated for either Butterworth or Chebyshev responses [35]. The
design examples are done with n = 2, 3, and 4 and FBW = 5% for Butterworth and
Chebyshev responses (ripple = 0.0434 dB). The passband bandwidths of
Chebyshev and Butterworth responses are determined from the passband edge
frequencies and 3-dB cutoff frequencies [35], respectively.

Fig. 6.8 (a) shows the variation of coupling coefficients and Z; in case of n = 4,
FBW = 5%, Rs= 20 Q, RL= 50 Q, and K = 0.7 with Chebyshev and Butterworth
responses. Ci (i=1, 2, ---, n) are the coupling coefficients of the coupled lines.

As can seem in Fig. 6.8(a), the first and last coupled line are required stronger
coupling than the intermediate coupled line. As Z> increase from 5 to 100 Q, the
coupling of first and last coupled lines are become looser, however, the Z; is
increased from 7.14 to 142.85 Q. Also, the intermediate coupled line are constant
with Z increasing. Moreover, the couplings of coupled line of the Butterworth
response are looser than the Chebyshev response. Fig. 6.8(b) shows the variation of

coupling coefficients and Z; in case of n = 4, FBW = 5%, Rs=15Q, RL. =90 Q, and

K = 1.5. In this case, the coupling coefficient of the first and last coupled lines are
looser than Fig. 6.8(a). As Z> increase from 5 to 150, the Z; is increased from 3.33

to 100 Q, while the intermediate coupling of coupled lines are constant.
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Fig. 6.9(a) shows S-parameter characteristics of parallel coupled line SIR BPF
for Chebyshev response with different of n. As seem in the figure, the stopband

attenuation characteristics become steeper as n increases. Also, the second
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Fig. 6.9. S-parameter characteristics of Chebyshev response with different (a) n and (b) K.
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harmonics frequency is located at 2.25 fo with chosen K of 0.7. The simulation is
done using Rs=20 Q, RL =50 Q, Z> =50 Q, and n varied from 2 to 4. Fig. 6.9(b)
shows the S-parameter characteristics with a different of K. Base on the above
analysis, the spurious frequencies are moved far away from passband of 1.77 fo to
2.8 fo with K decrease from 1.5 to 0.4. The bandwidth of the passhband is still
maintained the same although spurious frequencies resonant bandwidth are narrow.
The simulation is done using Rs = 20 Q, R. =50 Q, n =4, Z, =50 Q, and K varies
from 0.4 to 1.5. The calculated all variable values of the simulation in Fig. 6.9 are
shown in Table 6.1.

TABLE 6.1 CALCULATED VALUES OF CHEBYSHEV RESPONSE COUPLED LINE SIR BPF wiITH

DIFFERENT OF N AND K

fo=1GHz, FBW =5%, Rs =20 O, RL.=50 Q, La, = 0.0434 dB

=500, K=0.7
60.83/42.47|94.52/35.31
56.26/44.99(56.26/44.99
55.46/45.52|54.1/46.48
n=4

72.34/38.45
68.93/39.39
67.85/39.72

2
3
4

86.42/36.02
55.46/45.52

83.98/36.31

K [8(°
ZOe/ ZOo ( )

()

69.98/39.02

55.29/45.63

53.98/46.57

55.29/45.63

89.54/35.37

0.4132.3

69.03/39.33

55.36/45.59

54.02/46.53

55.36/45.59

87.01/35.77

0.5135.3

67.85/39.72

55.46/45.52

54.1/46.47

55.46/45.52

83.98/36.31

0.7(39.9

66.91/40.06

55.59/45.43

54.2/46.4

55.59/45.43

81.59/36.79

1145

66.15/40.34

55.77/45.31

54.33/46.31

55.77/45.31

79.68/37.21

1.5(50.8

Fig. 6.10(a) shows the S-parameter characteristics of SIR parallel coupled line BPF
with different of Z> by fixing K = 0.7 and n = 4. In this case, the passband

characteristic is constant with different Z,. However, the stopband characteristics of
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Fig. 6.10. S-parameter characteristics of Chebyshev response with different (a) Z> and (b)
termination impedances.

the low and higher bands are improved with a high Z. Thus, higher Z> is preferable
for high stopped band attenuation, but it can cause the realization difficulty of high

Z1. The simulation is done using Rs =20 Q, RL =50 Q, n =4, K=0.7, and 2
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varies from 25 to 75 Q. Similarly, Fig. 6.10 (b) shows the S-parameter
characteristics with different termination impedance. The termination impedances
are chosen randomly. As can seem in Fig. 6.10(b), the stopped band characteristics
are different according to termination impedance. As the ratio of termination
impedances is higher, the stopband characteristic is slightly more attenuated.
However, the characteristics near to the passband are similar. Thus, the changing
termination impedance is not effected to the operating band characteristics. The
simulation is done using Z, = 50 Q, n = 4, K = 0.7, and randomly termination
impedances. The calculated values of the Chebyshev response in Fig. 6.10 are

shown in Table 6.2.

TABLE 6.2 CALCULATED VALUES OF CHEBYSHEV RESPONSE COUPLED LINE SIR BPF wiITH

DIFFERENT OF Z; AND TERMINATION IMPEDANCE

fo = 1 GHz, FBW = 5%, n = 4, K = 0.7 L, = 0.0434 dB .,
Rs=20 Q,R.=50Q
39.37/18.55 (27.73/22.76 | 27.05/23.24 [27.73/22.79|55.66/17.38 | 25
67.85/39.72 |55.46/45.52 | 54.1/46.48 |55.46/45.52|83.98/36.31 | 50
2J7s, 95.7/61.76 (83.19/68.28(81.15/69.71 |83.19/68.28[112.83/56.69| 75
Q) Z, =50 Rs/R. (Q)
97.23/35.15|55.46/45.52| 54.1/46.48 |55.46/45.52(61.58/42.12 | 75/10
67.85/39.72|55.46/45.52| 54.1/46.48 |55.46/45.52| 83.98/36.31| 20/50
64.85/40.76|55.46/45.52| 54.1/46.47 |55.46/45.52105.54/34.84 15/90

The following cases are considered the Butterworth response. Similar to the
Chebyshev response, S-parameter of SIR parallel coupled line BPF with

Butterworth responses are shown in Fig. 6.11(a) with different n. The stopband
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attenuation is steeper as n increase. However, the bandwidth of passband is
narrower than Chebyshev response as seen in Fig. 6.11(a). The simulation is done
using Rs =20 Q, RL =50 Q, K =0.7, Z, =50 Q, and n varies from 2 to 4. Also, Fig.
6.11(b) shows the moving of spurious frequency from the passband with K increase.
The calculated values of the Butterworth response in Fig. 6.11 are tabulated in

Table 6.3.

TABLE 6.3 CALCULATED VALUES OF BUTTERWORTH RESPONSE COUPLED LINE SIR BPF WITH

DIFFERENT N AND K

fo =1 GHz, FBW =5%, Rs=20 Q, R_.=50 Q
£=50Q,K=0.7

Zoel Zoo
(@)

63.72/41.21

54.15/46.44

75.04/37.83

2

67.07/39.98

54.15/46.44

54.15/46.44

82.23/36.55

3

70.35/38.98

55.01/45.83

53.12/47.23

55.01/45.83

89.73/35.68

4

n=4

K16

72.9/38.23

54.86/45.93

53.02/47.3

54.86/45.93

96.93/34.68

0.4(32.3

71.76/38.56

54.91/45.89

53.06/47.27

54.91/45.89

93.64/35.11

0.5(35.3

70.35/38.98

55.01/45.83

53.12/47.23

55.01/45.83

89.73/35.68

0.7(39.9

69.22/39.34

55.13/45.75

53.19/47.17

55.13/45.75

86.68/36.19

1145

68.31/39.65

55.29/45.64

53.29/47.09

55.29/45.64

84.25/36.65

1.5(50.8

Similarly, Fig. 6.12 (a) shows the S-parameter characteristics of SIR coupled
line BPF with different Z». Also, the stopped band attenuation is more attenuated
with the higher Z>. Fig. 6.12(b) shows the S-parameter characteristics with different
termination impedances. As the ratio of termination is higher, the stopband
characteristic is slightly more attenuated. The calculated values of the Butterworth

response with different of Z, and termination impedance are shown in Table 6.4.
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Fig. 6.11. S-parameters characteristic of Butterworth response with different (a) n and (b) K.
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TABLE 6.4 CALCULATED VALUES OF BUTTERWORTH RESPONSE COUPLED LINE SIR BPF WITH

DIFFERENT Z> AND TERMINATION IMPEDANCE

fo= 1 GHz, FBW = 5%, n=4, K= 0.7 .,
Rs=20 Q, R, =50 Q
41.67/18.2 | 27.5/22.96 |26.56/23.61| 27.5/22.91 | 62.4/17.47 | 25
70.35/38.98 [55.01/45.83(53.12/47.23 |55.01/45.83|89.73/35.68 | 50
2J7s, 98.44/60.72 |82.51/68.75[79.67/70.84 |82.51/68.74[118.63/55.58| 75
Q) Z, =50 Rs/R. (Q)
106.37/34.83/55.01/45.83| 53.12/47.23 |55.01/45.83|63.06/41.47 | 75/10
70.35/38.98| 55.01/45.83| 53.12/47.23 |55.01/45.83| 89.73/35.68 | 20/50
66.85/40.05(55.01/45.8353.12/47.23 |55.01/45.83117.16/34.79| 15/90

6.2 Simulation and Measurement

Based on the above analysis, a microstrip line SIR parallel-coupled line BPFs
with arbitrary termination impedances are designed and implemented on substrate
of RT/Duriod 5880 with a dielectric constant (&) of 2.2 and thickness (h) of 31 mil.
In order to design a proposed BPF, three filters are designed at the operating
frequency of 2.6 GHz with termination impedances (Rs, Ru), Z2, K, n, and FBW.
Then, the design variables can be calculated using (6.9)-(6.11) (see appendix E).
From (6.9)-(6.11), the elements values are calculated and tabulated in Table 6.5.

The electromagnetic (EM) simulation was performed using Ansys HFSS.
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TABLE 6.5 CALCULATED VALUES OF PROPOSED BPF WITH DIFFERENT OF N AND TERMINATION

IMPEDANCE

fo=2.6 GHz, FBW = 5%

Rs=20Q,R =500, 22,=60,K=0.5,n=2, Lo,=0.0434dB | ¢ 13t
filter

85.33/46.48 | 72.75/51.08 | 110.43/42.3 35.26

ZoelZoo|Rs=50 Q, RL=100 Q, =90, K=1.5,n=3, La=0.0434dB 6§ | ond
(9)] filter

128.64/69.78 |101.78/80.67 | 101.78/80.67 | 152.83/65.73  |48.75
Rs=90Q, R, =500, Z=70,K=05n=3 o | g
130.26/49.22| 75.69/65.1 | 75.69/65.1 |107.99/52.25 35.26)| filter

6.2.1 Two stages Chebyshev response

The first BPF was designed with Chebyshev response with ripple = 0.043 dB,
Rs=20Q,R.=50Q, 2, =60 Q, K=0.5n=2, and FBW = 5%. Fig. 6.13 shows
the layout and photograph of fabricated filter. According to the above substrate, the
final dimensions after EM simulation optimization are shown in Table 6.6. The

total circuit size of proposed BPF is 34 mm x 23 mm.

—La |
W {S

cl W
W, 3502
|
¥S
I T 0

(@) (b)

20

Fig. 6.13. Two stage SIR BPF: (a) layout and (b) photograph of fabricated circuit.
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TABLE 6.6 PHYSICAL DIMENSIONS OF FABRICATED TWO STAGES SIR BPF wiTH CHEBYSHEV

RESPONSE. (unit; mm)

W;=W,=1.8 | Wc;=1.36 |W,=W5=0.4| L,=8.05| L=8.6
L1=L4=12.8 85120.23 WC2:1.65 chzl
Lc1=8.49 [Lo=L3=17.1 S»=0.5 |S4=0.102

The EM simulated and measured S-parameters are compared in Fig. 6.14. The
measured results are agreed well with the simulations. The first spurious resonance
occurs at the 2.5 time above the center frequency. The measured insertion loss is
0.63 dB at the lower band edge of 2.54 GHz, 0.55 dB at center frequency of 2.6
GHz, and 0.65 dB at the upper band edge of 2.66 GHz. Also, the input and output
return loss within the whole passband (FBW = 4.6%) are better than 20 dB.
Moreover, the lower and upper stopband rejections of 20 dB is obtained from DC

to 2.35 GHz and 3.1 to 5.74 GHz, respectively.

0 -
-10 4
o -20 -
2
5 80~
£
5 -40 -
© ——EMS _ —=—Mea. S
Q_ -50 4 11 11
%) —e—EMS  ——Mea. S,
-60 — —o—EMS, ——Mea.S,
—0—EMS,, —+—Mea.§,,
-70 — 1 rr r rr 1 r 1 r 1T T T 7
0 1 2 3 4 5 6 7
Frequency (GHz)

Fig. 6.14. Simulation and measurement results of two stage SIR BPF with Chebyshev response.
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6.2.2 Three stages Chebyshev response

The second BPF was designed with Chebyshev response with ripple = 0.043 dB,
Rs=50Q, R. =100 Q, Z> =90 3, K =1.5, n = 3, and FBW = 5%. Fig. 6.15 shows
the layout and photograph of fabricated filter. The final dimensions after EM
simulation optimization are shown in Table 6.7. The total circuit size of proposed

BPF is 30 mm x 57 mm.

L 5
W, Sees
cc3
L,
- L L.
Sccat Weog 1 W, 100Q
(@) (b)

Fig. 6.15. Three stages SIR BPF (a) layout and (b) photograph of fabricated circuit.

TABLE 6.7 PHYSICAL DIMENSIONS OF FABRICATED THREE STAGES SIR BPF wiTH CHEBYSHEV

RESPONSE. (unit: mm)

L1=Ls=9.95 | Scca=0.5 |Scp=1.47| Scez=1.45 [Lces=11.4| W s=0.55
LCC1:11.2 WCC2:0.8 W2:W3:W4:l.45 L2:L3:L4:23.5

The EM simulated and measured S-parameters are compared in Fig. 6.16. The
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measured results are agreed well with the simulations. Because of K = 1.5, the first
spurious resonance occurs at the 1.8 time above the passband center frequency. The
measured insertion loss is 1.75 dB at the lower band edge of 2.54 GHz, 1.6 dB at
center frequency of 2.6 GHz, and 1.76 dB at the upper band edge of 2.64 GHz.
Also, the input and output return loss better than -18 dB are obtained from 2.54 to
2.64 GHz. With n = 3, the stopband characteristics are obtained higher selectivity

and wide stopband attenuation.
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Fig. 6.16. Simulation and measurement results of three stages SIR BPF with Chebyshev response.

6.2.3 Three stages Butterworth response

The third BPF was designed with Rs =90 Q, RL=50Q, Z, =70 Q, K=0.5,n =
3, FBW = 5%, and Butterworth response. Fig. 6.17 shows the layout and
photograph of fabricated filter. The final dimensions after EM simulation
optimization are shown in Table 6.8. The total circuit size of proposed BPF is 23

mm x 50 mm.
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Fig. 6.17. Three stages SIR BPF (a) layout and (b) photograph of fabricated circuit.

TABLE 6.8 PHYSICAL DIMENSIONS OF FABRICATED THREE STAGES SIR BPF WITH BUTTERWORTH

RESPONSE. (unit: mm)

Whi=Wps=1 [ Wpc1=0.9 | Lpco=8.37| Lincz=8.33|Wpe3=1.33 Lps=8.62
Lp1=Lps=8.44| Spc1=0.2 Sbc2:1-3 Sbcgzl.l Sbc4:0-21 Wbc4:0.89
LbC1:8.8 Wbc2:1-33 WbZZWb3:Wb3:O.27 Lb2:Lb3:Lb3:17.39

The EM simulated and measured S-parameters are compared in Fig. 6.18. The
measured results are agreed well with the simulations. The first spurious resonance
occurs at 6.4 GHz (2.46 times) above the passband center frequency. The measured
insertion and return loss at center frequency of 2.6 GHz are 1.7 dB and 31.9 dB,
respectively. The FBW of the cut-off frequencies are 5% extend from 2.546 to 2.66
GHz. The stopband rejection of 50 dB is obtained from DC to 2.2 GHz of the low

band and 3.1 to 5.7 GHz of the upper band.
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Fig. 6.18. Simulation and measurement results of three stages SIR BPF with Butterworth response.

6.3 Summary and Discussion

The stepped impedance resonator parallel coupled line BPFs with arbitrary
termination and image impedances have been proposed and demonstrated in this
chapter. The design equations for the proposed filter have been derived based on
multi-stages coupled line filter theory. In order to show the validity of the proposed
design equations, three design examples of coupled line SIR BPF with Chebyshev
and Butterworth responses have been fabricated and measured. The simulation and
measurement results are well agreed with the analysis. The new derived equations
will be advantage in many applications such as power divider, matching network,
and power amplifier design. Furthermore, the new design equations can provide

more accurately and faster design.
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CHAPTER 7

CONCLUSION AND FUTURE WORKS

This chapter presents the conclusion of this dissertation and some future
research directions of unequal termination impedance bandpass filters with a high

selectivity characteristics.

7.1 Conclusion

The dissertation presents design and synthesis of general coupled line unequal
termination impedance BPF. Within six chapters, one of them was achieved with
the original contribution that presented in journals and conference proceedings. The
works are listed in the "publication” section in this dissertation.

In chapter 2, the general theory of two-ports network was presented. The
described theories are frequently used to analyze the RF/microwave BPFs.

In chapter 3, the design of impedance transformer with ultra-high transforming
ration were presented based on two cascade coupled lines. The analytical design
equations are derived with different matching regions. By choosing the properly
matched region, two transmission poles in the passband and a frequency selective
transmission characteristics are obtained.

The chapter 4 presented the arbitrary termination impedance BPF using lumped
elements. The design equations were derived from the prototype of the

conventional low-pass filters.
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Chapter 5 presented the new analysis of unequal termination impedance parallel
coupled line BPF. The new design formulas are able to design parallel coupled line
BPF with n-resonator, real-to-real arbitrary termination impedance, and arbitrary
image impedance by using low-pass prototype elements value. The BPF with
Chebyshev and Butterworth responses were designed, simulated, and fabricated at
the operating center frequency of fo= 2.6 GHz.

In chapter 6, a new analysis BPF using parallel coupled stepped impedance
resonators was presented. The new design equations were able to calculated with n-
resonators, arbitrary termination impedance, arbitrary image impedance of coupled
line, and control spurious frequencies. Three design examples of SIR coupled line
BPF with Chebyshev and Butterworth responses have been fabricated and
measured. The new derived equations are more advantage in many applications
such as power divider, matching network, and power amplifier. These new analyses

are significant impact on the modern wireless communication systems.

7.2 Direction to Future Research

The methodology and structure presented in this dissertation could be applied
to design the higher stage filters with unequal termination impedance. Further, the
design method presented in chapter 6 of this dissertation is much significant on
controllable spurious frequency of unequal termination impedance BPF. Moreover,
a high selectivity characteristic can be obtained by increasing number of stages.
However, a circuit size and insertion loss were enlarged and high when the number

of stages increase. Therefore, a size reduction, low insertion loss, and high

118



selectivity are important in the view of design cost and performance. Thus, a
miniaturized structure and high performance technology could be considered for
this purpose.

The dual-band and multi-band filter with unequal termination impedance is one
of research topics. So the resonators would be modified and designed with multi-
mode resonators. A dual-band of unequal termination impedance BPF can directly
matched the input/output termination impedance of an amplifier with dual-band

operation without matching network.
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APPENDIX A: MatLab Coding

%%% Impedance Transformer filter (ZS>ZL)

clc; clear all;

f=linspace(0.1,2.9,16001); % Vary the frequencies

£0=1; % Center frequency
theta=0.5*pi*f/£0; % Theta depending on varying
frequencies

ZS=input ('input load impedance ZS='");

ZL=input ('input load impedance ZL='");

r=72S/7L

Z0oel=input ('input load impedance Z0o='); % Setting value of Z0o
of both coupled line

%% Find Z0e2

S11 dBl=input ('Input load Magnetude S11 (dB)=");

S11 L=10"(-S11 dB1/20);

w=input ('l=over-, 2=under-, 3=perpectly-matching:");

for x=w

if x==

o\°

% For over-matching

M=sqgrt ((1-S11 L)/ (r*(1+S11 L)));

A=M"2+M; B=Z0oel* (2-M"2-3*M); C=(3*M-M"2-4)*Z0ocel” 2-
(M+1) *4*r*ZL"2; D=(Z200el”3* (2-M+M"2) )+ (4*r*ZL"2*Z00el* (M-3)) ;

Z0e 1=[A B C D]; ZOel=roots(z0e 1);

o\°

Z0eel=Z0el (2)
Z0eel=max (Z0el)
Z0ee2=70eel*M+Z00el* (1-M)
end

if x==

o\°

% For under-matching
N=sqgrt (1/r*(1+S11 L)/ (1-S11 L)); % equation (10)
An=N"2+N; Bn=Z0o0el* (2-N"2-3*N); Cn=(3*N-N"2-4)*Z00el"2-
(N+1) *4*r*zL"2; Dn=(Z200el”3* (2-N+N"2) )+ (4*r*Z2L"2*Z00el* (N=-3)) ;

Z0el ul=[An Bn Cn Dn]; Z0Oel u=roots (z0el ul);
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o

Z0eel=Z0el u(2)

ZOeel=max (Z0el u)

Z0ee2=7Z0eel*N+Z0oel* (1-N)
end
if x==

%% For perfeclty-matching

Ap=(1/xr)+(1/sqgrt(r)); Bp=z0oel* (2-1/r-3/sqrt(xr));
Cp=(3/sqgrt(r)-1/r-4)*Z00el”2-(((1/sqgrt(r))+1) *4*r*7Z2L"2);

Dp=(Z00el"3* (2-

1/sqrt(r)+1/r))+(4*r*ZL"2*Z00el* (1/sqrt(r)-3));

Z0el ul=[Ap Bp Cp Dp]; Z0el u=roots (z0el ul);

o\°

Z0eel=Z0el u(2)
ZO0eel=max (Z0el u)
Z0ee2=70eel/sqrt(r)+Z0o0el* (1-1/sqgrt (r))
end
end
%% Substitute
Zml=70eel-Z00el; Zpl=Z0eel+Z0oel;
Zm2=7%0ee2-7200el; Zp2=70ee2+Z00el;
%% find transmission zero frequency and bandwidth
fl=(2/pi) *acos (sqrt ((Zml 2-(r*Zm2"2)) / ((Zpl+Zp2) * (Zpl-(r*Zp2)))))
£f2=2-(2/pi) *acos (sqgrt ( (Zm1"2-(r*Zm2°2)) / ((Zpl+Zp2) * (Zpl- (r*Zp2)))))
720el=720eel; Z0e2=720ee2;
Cl dB=20*1ogl0((Z0el-z0oel)/ (20el+Zz0oel))
C2 dB=20*10gl0((Z0e2-z0oel)/ (z0e2+Z0oel))
FBW=(f2-£f1)/£0*100
% odd-mode equations
for a=l:length (theta)
Z11l=-3* (Z2pl/2) *cot (theta(a));
733=7211; 7244=711; 7Z14=-3* (Z2pl/2)*csc (theta(a));
741=714; Z13=-3*(Zml/2) *csc (theta(a)); 7231=7213;
7Z43=-3* (Zml/2) *cot (theta(a)) ; 734=743;
%% even-mode equation

Aet=((Zp2+Zpl) *Zpl* (cos (theta(a)))*2-Zml"2) / (Zml*Zm2) ;
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Bet=j*cos (theta(a))* (((Zpl*Zm2°2)+ (Zml"2*Zp2) -

(Zp2+7Zpl) *Zpl*Zp2* (cos (theta(a)))"2)/ (2*Zml*Zm2*sin (theta(a))));
Cet=j* ((2*sin(theta(a)) *cos (theta(a))) * (Zp2+Zpl) )/ (Zml1*Zm2) ;
Det=((Zpl+Zp2) *Zp2* (cos (theta(a))) "2-z2m2"2) / (Zml1*Zm2) ;

%% S-parameter of the full circuit
Slle=(Aet*ZL+Bet-Cet*r*7ZL"2-

(Det*r*zZL) )/ (Aet*ZL+Bet+Cet*r*ZL"2+ (Det*r*zL) ) ;

Slle dB(a)=20*1oglO (abs(Slle));
S2le=((2*zL*sqgrt (r))/ (Ret*ZL+Bet+Cet*r*ZL" "2+ (Det*r*ZL))) ;
S2le dB(a)=20*1ogl0 (abs(s2le));

S21=S2le/sqrt(2) ;

S21 dB(a)=20*1ogl0 (abs(S21));

S22e=((-Aet*ZL) +Bet—-

(Cet*r*zL"2)+(Det*r*ZL)) / (Aet*ZL+Bet+Cet*r*ZL "2+ (Det*r*zL) ) ;
S22e dB(a)=20*1ogl0 (abs (S22e));

end

% plot

plot (f, Slle dB,f, S22e dB, f, S2le dB,'linewidth', 3);

axis([0.1 2.9*f0 -60 07) % limited display

legend('s 1 1 e','S 2 2 e','S 2 1 e');

ylabel('|S i j| (dB)','fontsize',16);

xlabel ('Normalized frequency (f£/f 0)','fontsize',16);

grid on;

130



APPENDIX B : MatLab Coding for Unequal Termination Impedance
Lumped Elements Coupled Resonator BPF

%% Chapter 3

clc; clear all; format long

disp ('*LUMPED ELEMENTS COUPLED RESONATOR BANDPASS FILTER*')
disp('* PROGRAMER: PHIRUN KIM *1)

%% Calculating Value

g0=1; f0=1*1e9;

RS=input ('Input Source Impedance RS (ohm) =");
XS=input ('Input Source admittance XS (ohm) =");
RL=input ('Input Load Impedance RL (ohm) =");
XL=input ('Input Source admittance XL (ohm) =");
FBW=0.05;%input ('Input fractional bandwidth FBW (%) =');
GA=1/RS; GB=1/RL; WO=2*pi*f0;

%% Calculate the shifting frequencies
f1=£f0* (sqrt (1+ (XS*FBW/ (RS*2*g (1)) ) "2)+ (FBW*XS/ (2*RS*g (1))))
W1l=2*pi*fl;
£2=£0* (sqrt (1+ (XL*FBW/ (RL*2*g (n)) ) *2) + (FBW*XL/ (2*RL*g (n) ) ))
W2=2*pi*f2;
%% Setting Inductance of resonators
Lrl=4*1e-9; Lr2=4*1e-9; Lr3=Lr2;
%% Calculate Capacitance of resonator
Cr(l)=1/(Lrl*Wl~2);
for k=2:n-1
Cr(k)=1/(Lr2*W0"2);
end
Cr(n)=1/(Lr2*W2"2);
%% Calculate J-inverter
J(1)=sqrt ((GA*W1*Cr (1) *FBW) / (g0*g(1)));
J(2)=FBW*sqrt ((Cr (1) *W1*Cr (2) *W0) / (g (1) *g(2))) ;
for k=3:n-1
J (k) =WO*FBW*sqgrt (Cr (k-1) *Cr (k) / (g (k-1) *g (k) )); %Calculate J2,3

end
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J(n) =FBW*sqgrt ((Cr (n-1) *WO*Cr (n) *W2) / (g(n-1) *g(n)));
J(n+1)=sqrt ((GB*W2*Cr (n) *FBW) / (g(n) *g(n+1)));

o

% Calculated Series Capacitance
CS(1)=J(1)/ (WO* ((sgrt(1-(J(1)*RS)"2))+(XS*JT(1))));
for k=2:n

CS(k)=J (k) /WO;
end
CS(n+1l)=J(n+1)/ (WO* ((sqgrt (1-(J(n+l)*RL)"2))+(XL*J(n+1))));
%% Calculated the additional Capacitor
COle=((CS(1)*(1-(WO*CS(1)*XS)))/ ((RS"2* (WO*CS(1))"2)+(1-
WO*CS (1) *XS)*2) )= ((J (1) ~2*XS) /WO) ;
Cne=((CS(n+1) * (1= (WO*CS (n+1) *XL)) )/ ((RL"2* (WO*CS (n+1))"2)+(1-
(WO*CS (n+1) *XL) ) "2)) = (((J(n+l))~2*XL) /WO) ;
%% Calculated Capacitance of Shunt Resonators
C(l)=Cr(l)-CO0le-Cs(2);
for k=2:n-1

C(k)=Cr(k)-CS(k)-CS(k+1);
end
C(n)=Cr(n)-CS(n)-Cne;
%% Disply values
CS(n); C(n) ;
disp ('Resonator Capacitance (pF)'"'); disp(CS*1lel2);

disp('Series Capacitor value(pF)'); disp(C*1lel2);
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APPENDIX C: MatLab Coding for LPF Prototype Value

%% coding to find value of g0, gl, g2 ... to gn
RLo=input ('input the passband Return loss S11(dB)='"); % [S11]
Lar=-10*10gl10(1-10"(0.1*RLo)); S%Passband Ripple

H=input ('Chebyshev (1) and Butterworth (2)=");

n=input ('Insert number of stang n="'); % input number of stages
for W=H
if w==
beta=log (coth(Lar/17.37)); Gamma=sinh (beta/2/n) ;

%% Calculated value of lowpass prototype
for k=1:n
a(k)=sin((2*k-1)*pi/2/n); b (k) =Gamma”"2+ (sin (k*pi/n)) "2;
end
for k=1l:n+l
if k==
g(k)=2%*a (k) /Gamma;
elseif k==n+l
if mod(n,2)==
g (k)= (coth (beta/4))"2;

else

else
g(k)=4*a(k-1)*a(k)/b(k-1)/g(k-1);
end
end
end
if w==
%% Calculated value of Butterworth
for k=1:n
g(k)=2*sin ((((2*k)-1)*pi)/(2*n)); g(n+l)=1;
end
end

end
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APPENDIX D : MatLab Coding for Unequal Termination Impedance
Parallel Coupled Line BPF

clc; clear all; format long

disp (' *UNEQUAL TERMINATION PARALLEL COUPLED LINE BANDPASS FILTER*')

disp('* PROGRAMER: PHIRUN KIM 1)
RS=input ('Input Source Impedance RS (ohm) =");
RL=input ('Input Load Impedance RL (ohm) =");

FBW=input ('Input the fractional bandwidth FBW='");

Z0=input ('Input the Image impedance of coupled line Z0='");
g0=1; GS=1/RS; Y0=1/7Z0; GL=1/RL;

AS=Y0/GS; AL=Y0/GL;

%% Calculate J-inverter

for x=n
if x==

ml=AS* (pi/2) *FBW; m2=(g0*g (1))~ ((pi/4) *FBW* (AS-
(1/AS)));

J(1)=Y0*sqgrt (ml/m2) ; % Calculate JO,1

J(3)=Y0*sqgrt ( (AL* (pi/2) *FBW) / ((g(2) *g (3)) - ((pi*FBW/4) * (AL~
(1/AL))))); % Calculate J2,3

J(2)=FBW*YO* (pi/2) *sqrt (((((J(1)"2/(2*Y0"2))* (1-

(L/AS72)))+1) * (((J(3)"2/(2*Y0"2) ) * (1-
(1/AL"2)))+1))/(g(1l)*g(2))); % Calculate J1,2

else
ml=AS* (pi/2) *FBW; m2=(g0*g (1) )-((pi/4) *FBW* (AS-
(1/AS)));
J(1)=Y0*sgrt (ml/m2) ; % Calculate JO,1
m3=(((J(1)"2/(2*Y0"2))*(1-(1/AS"2)))+1);
J(2)=((FBW*pi*Y0)/2) *sqrt (m3/(g (1) *g(2))); % Calculate JI1,2

J(n+1)=Y0*sqrt ( (AL* (pi/2) *FBW) / ((g(n) *g (n+l)) -

((p1*FBW/4) * (AL-(1/AL))))); % Calculate Jn,n+1
J(n)=((pi*YO*FBW) /2) *sqrt ((((J(n+1) "2/ (2*Y0"2) ) * (1-
(1/AL"2)))+1)/(g(n-1)*g(n))); % Calculate Jn-1,n

for k=3:n-1
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J(k)=((pi*YO*FBW) /2) *sqrt (1/ (g (k-1) *g(k)));

end

end
end
%% Calculate Even- and odd-mode impedance
for k=1:n+1

Z0e (k)=20* (1+ (J (k) *Z20) + (J (k) *Z20) *2) ;

Z0o (k)=Z0* (1-(J (k) *Z0)+(J (k) *Z20) ~2) ;

end
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APPENDIX E : MatLab Coding for Unequal Termination Impedance
Parallel Coupled Line SIR BPF

clc; clear all; format long

disp (' *UNEQUAL TERMINATION PARALLEL COUPLED SIR BPF*')

disp('* PROGRAMER: PHIRUN KIM *1)
RS=input ('Input Source Impedance RS (ohm) =");
RL=input ('Input Source Impedance RL (ohm) =");
FBW=input ('Input Source Impedance FBW (%) =");
Z2=input ('Input Source Impedance Z2 (ohm) ="');
RZ=input ('Input Impedance Ratio RZ=722/7Z1 =');
g0=1; GS=1/RS; Y2=1/22; GL=1/RL;

thetalO=atan (sqrt (RZ2)) ;
Y1=Y2*RZ; z1=1/Y1; L=thetal0* (180/pi) % length of TL
AS=Y2/GS; AL=Y2/GL;
%% Calculate J-inverter
for k=2:n
J(1)=Y2*sqgrt ((AS*2*thetaO*FBW) / (gO*g(1))); % Calculate JO,1
J(k)=(2*theta0*Y2*FBW) *sqrt (1/ (g (k=1) *g (k) ) ) ;
J(n+1)=Y2*sqrt ( (2*AL*theta0*FBW) / (g (n) *g(n+1))); % Calculate Jn,n+1
end
%% Calculate Even- and odd-mode impedance
for k=1:n+1
Z0e (k)=(22* (1+(J (k) *Z2*csc (theta0) )+ (J (k) *Z2) ~2)) / (1-
(J (k) "2*z2"2*cot (thetal) ~2)) ;
Z0o (k)=(22* (1-(J (k) *Z2*csc (theta0) )+ (J (k) *Z2)*2)) / (1-
(J (k) "2*z2"2*cot (thetal) ~2)) ;
end
disp (J)
disp (Z0e)
disp (Z00)
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