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Nomenclature

Zy: Characteristic impedance

Z, : Even-mode characteristic impedance
Z,, : Odd-mode characteristic impedance
Y,: Characteristic admittance

Y,: Even-mode characteristic admittance
Y,,: Odd-mode characteristic admittance
o Electrical length
: Angular frequency

C: Capacitance

L: Inductance

S: Scattering parameter

T : Transmission coefficient
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Abstract

Recently, the area of radio frequency (RF) and microwave has been rapidly
developed because it is widely used in wireless communication systems. The
special function of RF front-end in the wireless communication transceiver makes it
be the key and difficult in the research of wireless communication domain all
around the world. In RF circuits, diagonally shorted and parallel end shored coupled
lines of lumped capacitors which frequently can be used as RF basic components in
many kinds of RF circuit such as balanced mixers, power amplifiers, and antenna
feed networks. Thus, it is significant to reduce the size of transmission line and
restrain harmonic to make RF bandpass filter (BPF) systems compact and
implement easily. High performance is also needed while we seek the compact size.
There are many problems in the some compact transmission filter, such as poor

balanced port matching, which will limit their application.

In wireless applications, baluns which frequently connect a bandpass filter
with a balanced component are significant system factors but usually occupy much
of the volume of the systems. Thus, with the speedy development of modern
communication, reducing the size of balun is the main challenge in making RF
systems compact. In this paper, a new size-reduction method of balun filter using
coupled lines with open-stub is presented. The characteristic of the new design was
simulated on ADS and HFSS before fabricated on the FR4 epoxy glass cloth
copper-clad plat (CCL) PCB substrate at center frequency of 0.88 GHz.

The theory and method related are fully explained in this paper. An extremely
miniaturized transmission line filter based on diagonally shorted coupled lines of
lumped capacitors which consisted of 18.7 degree coupled lines and operating at
center frequency 0.88GHz has been fabricated on PCB substrate. The insertion loss

of the balun filter is —3dB. The size of the overall circuit is 30 mm X16mm.
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Measurements results consisted with the simulated ones in acceptable sense. And
theoretical, simulated and measured results are all demonstrated in the paper. The
final experimental verification confirms the practicality and advantages of the

proposed transmission line filter, etc.

KEY WORDS: miniaturization, coupled lines, isolation balun, bandpass filter,

open-stub , harmonic suppression
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CHAPTER 1 Introduction

1.1 REF filter introduction and basic parameters

There are many types of filter and can be divided into many kinds. Filters
include low-pass filter, high-pass filter, band-pass filter, and band-stop filter
according to frequency band; In terms of the frequency characteristic of insertion
attenuation, there are bartwatts (smooth) filter, chebyshev filter and elliptic function
filter; According to bandwidth, there are the narrow-band filter, medium-band filter
and broadband filter, etc[1].

RF/Microwave filter has become a very important RF/Microwave components.
For the low-frequency radio frequency signals, such as below 500 MHZ, lumped
components may be used for the design of filter circuit. But the circuit parasitic
parameters cannot be ignored when the RF signal at high frequency, the distributed
parameter circuit is used to implement filtering circuit causing by the circuit
parasitic parameters cannot be ignored[2]. The distribution parameters of the filter
are mainly implement through transmission line. According to the transmission line
type to points, filters can be divided into waveguide filter, coaxial line and

microstrip line, stripline filter filter filter, etc[3].

A large amount of filters is needed as the multi-frequency works are more and
more common because of the increasing on corresponding to the requirement of
space frequency increase. The application of microwave solid state devices also
have a role to the development of filter, such as microwave solid doubler circuit
components are more frequency work, needs the corresponding filter. At the same
time, the electronic equipment to reduce volume, weight, has become an important
problem that induces a development trend of microwave electronic devices to
develop highly integrated and miniaturization[4]. Therefore, microstrip filter with

the significant advantages of microstrip line is developingrapidly.



The main difference among Microstrip filter, waveguide and coaxial
microwave filter lies in the form of transmission line. In terms of main
characteristics, such as using a lumped parameter or distributed parameter structure
is the same, so about some basic concepts of microwave filter and the basic design

method of microstrip filter applies [4].

There are two kinds of method to analysis and design Microwave/RF filter
named distributed parameters and lumped parameters, respectively. And he lumped
parameter can be divided into two small classes, imaging method and the network
synthesis, respectively[5]. Distributed parameter method is inserted according to
insertion attenuation and phase shift function, finding the microwave filter element
structure under application of the theory of transmission line or waveguide directly.
Imaging method based on image parameter can get the equivalent circuit of the low
frequency network theory to design each component using microwave structure to
simulate. Network synthesis is based on the attenuation and phase shift function,
using the theory of network synthesis, first take the lumped element low-pass
prototype circuit (using appropriate frequency transformation function, can
transform for the need of qualcomm, bandpass, band stop), then, then lumped
elements, each element in the prototype circuit structure with microwave to achieve
[5]. Distributed parameter method and the image parameter method calculation of
the two methods of multifarious, degree of approximation is poor, and unable to
export the best design, so now the design of microwave filters used more based on
network synthesis method of lumped element low-pass prototype circuit, all kinds
of low-pass, high-pass, band-pass, the transmission properties of band-stop filter are

derived based on the prototype characteristics.

The prototype circuit aims to use inductor L, capacitance C as lumped
parameters of low frequency circuit components. By using different integrated
design methods, can obtain a series of normalized element values of capacitor C
and inductor L values[6]. Usually, the prototype low-pass filter mainly includes bart

watts (flat) prototype filter, chebyshev (corrugated) prototype filter and elliptic

o
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function prototype filter. The first step for integrated design prototype low-pass
filter, is to determine the order of filter through insert attenuation characteristics and
out-of-band attenuation performance requirements. The network structure of
prototype low-pass filter is determined while the order is determined. And the
parameters of the prototype low-pass filter can be achieved through the look-up
table. According to certain transformation of the low-pass filter design, translate the
low-pass prototype based on a certain transformation relationship circuit component
parameters into actual component values of the filter when making a specific filter
design. Then convert lumped components to the distribution parameters, the actual

RF distribution parameters filter is designed.

In this thesis, a novel extremely ease processed filter is designed using open-
stub equivalent circuit to replace capacitor based on diagonally and parallel shorted
miniaturized coupled lines. Using diagonally and parallel shorted miniaturized
coupled lines can largely reduce the electrical length of transmission lines while
maintaining acceptable characteristic around the center frequency. The method of
using open-stub can make the circuit in a plane to achieve and can be easily realized
on printed circuit board(PCB). Theoretical analysis and design formulas are derived.
To demonstrate the feasibility and validity of the design equations, experimental
verification of such a compact transmission filter working at 0.88MHz is presented.
It is simulated by Agilent ADS and HFSS and implemented on printed circuit board
(PCB). The fabricated transmission filter has a small area of 30mmx16mm, not
including the extended space for testing, a wider upper stopband and phase
difference of 182 degree at the two balanced ports over the operating frequency
band. The measurement results agree well with the simulation, which demonstrates

that the proposed filter has great application potential.

1.2 Background and Introduction of Balun

Balun are key components in many wireless and mobile communication
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systems as well as microwave, millimeter-wave and RF circuits such as double
balanced mixers[7][8], push-pull amplifiers[9], frequency doublers[10], multipliers
and antenna excitations in order to reduce the noise and higher-order harmonics and
improve the dynamic range of the systems. Functionally, a balun is a device
intended to act as a transformer, matching an unbalanced circuit to a balanced one,
or vice versa, with minimum loss and equal balanced impedances. The signal of a
balanced circuit structure comprises two signal components with the same
magnitude but 180 phase difference [11] [12].There are several types of baluns that
are either active or passive. The major advantage of active baluns is the small size,
which makes them suitable to integrate into ICs. However, the performances of
active baluns including linearity, noise figure, and balance property are usually not
satisfactory as well as exhaust more energy [13]. Passive baluns can be classified as
lumped-type [14], coil-type [15], and distributed-type baluns [12]. The advantages
of a lumped-type balun are small volume and light weight. However, it is not easy
to maintain 180 phase difference and identical magnitude between the two signals.
Coil-type baluns have been widely used in lower frequency and ultra high
frequency (UHF) bands. When a coil-type balun is used in higher than the UHF
band, it usually has a drawback of having considerable loss. Distributed-type baluns
can further be classified as a 180 hybrid balun and a Marchand balun. A 180 hybrid
balun has a fairly good frequency response in the microwave frequency band.
However, its size often poses a problem when it is used in the radio frequency range
between 200 MHz and several GHz.

Among the various kinds of baluns, a planar version of Marchand balun,
illustrated in Fig. 1.1, has been adopted for a long time due to its planar structure,
good amplitude, phase balance characteristics and inherently wide operation
bandwidth. Both phase difference and power distribution of a Marchand balun are
reasonably good. A Marchand balun is commonly used in the industry comprises
two sections of quarter-wave coupled lines [16] which may be realized using
parallel-coupled microstrip lines [17], Lange couplers [18], multilayer coupled

structures [19], or spiral coils [13]. Nevertheless, the Marchand balun consisting of
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two identical A4 coupled lines still occupies a big area, especially at low

frequencies.

Un—balanced
Input

O_
L L

Balanced
Output

Fig. 1.1 A planar version of Marchand balun

The first transmission line balun was described in the literature by Lindenblad
[20] in 1939 and variations on his original scheme soon followed. Among these was
that of Marchand, who introduced a series open-circuited line to compensate for the
short circuited line reactance of the two wires. Three other variations were
cataloged and described by the Harvard Radio Research Laboratory staff [21].
Harvard’s Type II balun is similar to Marchand’s variation but without
compensation. Because of the compensating feature of Marchand’s variation, the
author suggests the name “compensated balun” to distinguish it from the others. In
1957, Roberts [22] apparently reinvented the compensated balun and the author
used Roberts’ paper as a starting point of his initial analysis [23]. In 1958,
McLaughlin, Dunn, and Grow [24], using Marchand’s paper, designed a 13-to-1
bandwidth compensated balun which is the broadest thus far published. Bawer and
Wolfe [25] subsequently applied the compensated balun to a broadband spiral

antenna.

In design of a coupled-line Marchand balun, various analysis methods were
presented. They are usually designed through circuit simulations using full-wave
electromagnetic analysis [7] or lumped-element models [14]. Various synthesis
techniques using coupled-line equivalent-circuit models and analytically derived

scattering parameters have also been reported [26]. In [8], use of the relationships of

7
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the power wave in a balun to derive the scattering parameters can analyze a
symmetrical Marchand balun, but the exact prediction is only valid at the center
frequency. In [27], inclusion of the parameter of the electrical length of the
transmission line can predict broadband performances, but the approach lacks
generality. Furthermore, to achieve wider bandwidth, multiconductor coupled lines
to realize tight couplings were presented. Another method is the even- and odd-
mode analysis method. However, it is limited to the case of a symmetrical coupled-

line Marchand balun with the maximally flat responses.

In addition, most of the work on improving the planar Marchand balun has
focused on achieving wide-band performance and miniaturization. The issue of
balun output matching and isolation has not been addressed. This may be attributed
to the well-known fact that a lossless reciprocal three-port network such as the
balun cannot achieve perfect matching at all three ports. In many applications,
however, balun output matching and isolation can enhance circuit performance. In
double-balanced diode mixers, good output matching of the local oscillator (LO)
and RF baluns at the diode interfaces can reduce LO power drive requirements and
improve conversion loss. In push—pull amplifiers, isolation between the transistors
provided by the balun outputs can enhance amplifier stability. In [28], a resistive
network connected between the balun outputs is proposed to achieve balun output
matching and isolation. Combining this technique with impedance transforming
Marchand baluns, a class of perfectly matched impedance-transforming baluns can

be realized. Whereas, this bulky resistive network consumes a large circuit area.

In some wireless applications, especially for WLAN and Bluetooth systems,
the balun frequently connects a bandpass filter (BPF) with a balanced component,
such as low noise amplifier (LNA), monolithic microwave integrated circuit
(MMIC). Hence an integration of a BPF and a balun is necessary to reduce the cost
and the size of the functional block in the systems. Recently, to meet the need, a
balanced filter has been reported. However, the balanced filter, simply, uses an

integration concept of the two components using an inter-matching circuit and,

o
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hence, the resultant filter is a very complicated component.

In this thesis, a novel balun filter for size extremely miniaturization is
demonstrated utilizing the combination of diagonally shorted coupled lines and
parallel end shorted coupled lines. The method of adding open-stub acting as
lumped capacitors to the conventional coupled line section can largely reduce the
required electrical length of coupled line while maintaining approximately the same
characteristic around the center frequency and effectively suppress the spurious
passband. Furthermore, by employing an improved the value of capacitors and the
size of open-stubs , the perfect balanced ports matching and isolation can be
achieved. Theoretical analysis and design formulas are derived. To prove the
feasibility and validity of the design equation, experimental verification of such a
compact balun filter working at 0.88MHz is presented. It is simulated by ADS and
HFSS and implemented on printed circuit board (PCB). The fabricated balun filer
has a small area of 32mmx17mm, not including the extended space for testing, a
wider upper stopband and phase difference of 180 degree at the two balanced ports
over the operating frequency band. The measurement results agree well with the
simulation, which demonstrates that the proposed filter has great application

potential.

1.3 Organization of the Thesis

The contents of the thesis are illustrated as follows:
Chapter 1 briefly introduces the background, purpose and outline of this work.

Chapter 2 describes the size-reduction method for quarter-wave transmission
line by using parallel and diagonally end shorted coupled lines both with shunt

lumped capacitors. After that, the open-stub circuit method is introduced. Then it
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presents the design procedure of such a new configuration filter based on quarter-

wave transmission line.

Chapter 3 displays the simulated results by ADS and HFSS and the

experimental and measured results of fabricated balun filter.

Chapter 4 gives the conclusion of this work.

10
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CHAPTER 2 Balun Filter Design Theory

The conventional parallel coupled lines are useful and widely applied
structures that provide the basis for many types of components, including
directional couplers, power splitters and combiners, duplexers, filters, phase shifters,
transformers and the aforementioned baluns. The microstrip parallel coupled filter
is first proposed by Cohn in 1958 [29]. This type of filter is popular because of its
planar structure, insensitivity to fabrication tolerance, wide realizable bandwidth
[30]-[32], and simple synthesis procedures [33]. However, despite its advantages,
the traditional parallel coupled-line filter has several shortcomings. One of the
disadvantages is that it suffers from spurious responses that are generated at the
multiples of operating frequency due to the unequal even- and odd-mode phase
velocities of the coupled line. The stopband rejection performance is thus severely
degraded. Another is the whole length of the filter is too long. Both disadvantages
greatly limit the application of this type of filter. To overcome these problems, the

size reduction methods are introduced in this chapter.

2.1 Size Reduction Method

As is well known, the quarter-wavelength transmission line has been playing a
very important role in many microwave circuits. However, in many cases, it is too
large to be compatible with other parts of microwave systems. The size reduction
method proposing by Hirota [34] is attractive in view of using lumped capacitors
and short transmission line. But the circuit size could not be much reduced due to

the limitation of the high impedance of the transmission line.

11



2.1.1 Diagonally Shorted Coupled Lines with Lumped

Capacitors

The reduced quarter-wavelength transmission line using combination of
shorted transmission line and shunt lumped capacitors proposed by Hirota is shown
in Fig. 2.1.

N /2 >

o— —o

(a)

HA

—— 6, ——>
[ ==

(b)

Fig. 2.1 Quarter-wave transmission line (a) and its equivalent shorted transmission

line circuit (b)

The relations between the quarter-wavelength line and the reduced line can be
estimated using ABCD matrices.

rA B—| [ cosf jZ.sindl, [, 0 jZW—\
_ S ¢ (2.1-1)
LC J | j_l_sine cos@ | | J_l_ 0|
12
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[A Bl T oo 9% zsili o1 g
C D equivale)tt L]@‘ﬂ 1 |]Z Sl]fﬂ COQ ]@41 IJ
A
{ cof) 0,7, sinf) JZsinf) —|
= 2

2

Li(2E, co]+Ysinf]—aC,y Z,sif]) cof) -, Z,sinf] |

(2.1-2)

By equating ABCD matrices of (2.1-1) and (2.1-2), equations for calculating

values of Z4 and Ca; are derived.

Then we can get the related equations are as follows,

Z
A (2.1-3)
sinf,,
o, _0osl, (2.1-4)
Zy

where ZA, 70, 6A and o are the characteristic impedance of the shorted
transmission line, the characteristic impedance of the quarter-wavelength line, the

electrical length of the shorted line and angular frequency, respectively.

From (2.1-3), it is clear that the characteristic impedance of the shorted
transmission line Za goes higher as the electrical length 6 goes smaller. When it is
highly miniaturized, the impedance Za will too high to obtain. In order to reach
very small electrical length up to several degrees, the coupled line component was

adopted.

Fig.2.2 (a) and (b) show the diagonally shorted coupled lines and its equivalent
circuit[35]

13
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o. 1
I+

33

(b)
Fig. 2.2 Diagonally shorted coupled lines (a) and its equivalent circuit (b)

The characteristic impedance of the diagonally shorted coupled lines can be

represented by the even-mode and odd-mode characteristic impedance and thus is

given by:
— 2ZAerAoo
=
Zioe ~ ZLtoo (2.1-5)

Aoe

Z

In Fig. 2.3, the artificial resonance circuits are inserted to Hirota’s lumped

distributed transmission line. Compare the dotted box part in Fig. 2.3 and the

14
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equivalent circuit of the coupled lines in Fig. 2.2 (b). If the following equation is

satisfied, the dotted box part in Fig. 2.3 can be replaced by the coupled lines [36].

B a)LAO ZAoe tal’lgA (2.1'6)

Resonance Circuit

_ 5
J_CA(%::CAI

=
o
oo AL
= =
= .

Fig. 2.3 Equivalent circuit of Hirota’s reduced-size transmission line including

artificial resonance circuits

Fig. 2.4 Final diagonally shorted miniaturized coupled lines with lumped capacitors

equivalent to quarter-wave transmission line

15
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Finally, the two capacitors in each side of the Fig. 2.3 can combine
mathematically. The structure of the diagonally miniaturized coupled lines with

lumped capacitors appears as shown in Fig 2.4.

1 N cosf,
A& joo tanb, o7, (2.1-7)

CA = CAO + CA1:

2.1.2 Parallel End Shorted Coupled Lines with Lumped

Capacitors

As is well known, the quarter-wavelength transmission line also can be made

equivalent to a lumped circuit, as given in Fig. 2.5, and the value of CB1 is given by

(2.1-8)

OJ_ “g:‘ J_O
C C
]::131 ]::Bl

Fig. 2.5 Equivalent lumped circuit of the quarter-wavelength transmission line

In order to replace the lumped inductor, firstly, the artificial resonance circuits
are inserted to the circuit again at each side of the lumped inductor, as illustrated in
Fig. 2.6. Furthermore, the dotted network can be made equivalent to the parallel end
shorted coupled line section with electrical length of 6B in Fig. 2.7 (a) and (b) when
(2.1-9) and (2.1-10) are satisfied [35].

16
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X yo =Zy,, tan0, (2.1-9)

X — 2ZBoe ZBoo tan9

B

5L zsoe = Lpoo (2.1-10)

where ZBoe, ZBoo are even- and odd-mode impedances of the parallel end

shorted coupled line, respectively.

Fig. 2.6 Equivalent circuit of a quarter-wavelength transmission line with

artificial resonance circuits inserted

7T

Zg

le——

(a)

17
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YASA

Boe”™ Boo

Z Boe ~ % Boo

Z
ZBoe ZBoe
0, 0,
N

/

(o,

(b)

Fig. 2.7 Parallel end shorted coupled lines (a) and its equivalent circuit (b)

Fig. 2.8 is the schematic diagram of the initial miniaturized bandpass filter

configuration and the value of the capacitors can be deduced from (2.1-9) as:

1
afBO — AN N B
Z 5oe tan§ (2.1-11)
C,=Cy+C ! 1
= — +
B BO Bl g, tan@ O (2.1-12)
18
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i -

T T

Fig. 2.8 Final parallel end shorted miniaturized coupled lines with lumped capacitors

equivalent to quarter-wave transmission line

With (2.1-10), if defining the relationship between the characteristic

impedance of the coupled-line and its even- and odd-mode impedances, we get:

27,2,

Boe ““Boo Zn
= 0
Zyoe - Zs,, ~ tanf, (2.1-13)

When the electrical length 6B is very small for compact size, ZB becomes very

large. This large Zg can be easily achieved by making Zg.. and Zgo, nearly the same.

2.2 The Open-stub Equivalent Circuit

The method of using open stub for nth harmonic suppression in modified
Wilkinson power divider where n is the harmonic number is presented[37]. As
shown in that paper, by placing a open stub at the center of each branch of the
power divider and shunting the output ports with a parallel connection of a resistor
and an inductor, the nth harmonic component and its odd multiples are suppressed
without sacrificing the characteristics of the conventional Wilkinson power divider
at the operating frequency. The T-type or m-type capacitive load flexible to the

length is presented to suppress multiple harmonics[38]. This method also play a role

19
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to reduce the generalized transmission line. By using T-type or m-type capacitive
load equivalent to the quarter-wavelength transmission line, we can remove lumped

inductor and the multiple harmonics can be suppressed.

In this paper, using a open stub at each side of the coupled line is presented

to suppress multiple harmonics.

The open stub equivalent to capacitive load is shown in Fig.2.9.

Zos Bos

_—L_c - T
I

Fig. 2.9 The open stub equivalent to the lumped capacitor C.

In the case of open stub, the input impedance is expressed as follows,

1

Z in(d ) = _jZos YN
tan(f5d ) (2.2-1)

When Zos, d are the characteristic impedance and the length of the open stub,
respectively. It would be equivalent to a capacitive behavior if the length of the

open stub is less than quarter-wavelength of the transmission line.

1
z (d)=—-j__
oC (2.2-2)

20
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From (2.2-1),(2.2-2), we obtain

wC _t ; o
(2.2-3)

tan@),.Z ,sin6,
cos0,

/ =

oS

(2.2-4)

As we know, at the fundamental {0, the A/4 open stub shorts the circuit and no
transmission from the input to output ports. We use this fact to suppress harmonics
by making the length of the open stub to A/4n. In this case, at the nth harmonic
frequency nf0, A/4n open stub shorts the circuit and make it more stable and easy to

implement because of the ability of regulating the value of capacitance.

2.3 Ordinary Balun Design

Among the various kinds of baluns, a planar version of Marchand balun has
been adopted for a long time due to its various advantages. This kind of balun has
been well developed in [27]. A block diagram of the balun is shown in Fig. 2.10. It
provides balanced outputs to load terminations Z, from an unbalanced input with
source impedance Zi. In general, the impedances Zi;and Z, are different. Thus, in
addition to providing balanced outputs, the balun also needs to perform impedance

transformation between the source and load impedances.

As shown in Fig. 2.10, the planar Marchand balun consists of two coupled
sections, each of which is one quarter-wavelength long at the center frequency of
operation. For symmetrical baluns, the scattering matrix of the balun can be derived
from the scattering matrix of two identical couplers. We just consider the case
where the source and load impedances are equal to Z1. The scattering matrix for

ideal couplers with infinite directivity and coupling factor k is given by
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{ 0 N 0 ]
[Slopr=| . K 0 0 14| (2.4-1)
A 0 0 i ‘
L o —AE k 0o |
Coupler 1

| Port 2

- «— /4 —> ;
Port 1 2

Z

| Port 3

Coupler 2 Zs

Fig. 2.10 Block diagram of a symmetrical Marchand balun as two identical couplers

The S-parameters of the balun can then be obtained, which has the form

2 2 2
1-31«2 jzk\/i? M
1+ k 1+ k 1+ k?
[S L = jL“{_kQ i 2 (2.4-2)
o 1+ k° 1+k22 1+k§ '
|_.2k34—k2 2k 1-k
Tk R T
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Collection @ kmou



Equation (2.4-2) shows that the use of identical coupled sections results in
balun outputs of equal amplitude and opposite phase, regardless of the coupling

factor and port terminations. To achieve optimum power transfer of -3 dB to each

port, we require

1
‘Sbalun ,21‘ = ‘Sbalun ,31‘ = ﬁ (2.4-3)

With (2.4-2) and (2.4-3), the required coupling factor for optimum balun

performance is given by

ks —— (2.4-4)

When (2.4-4) is satisfied, the balun S matrix with parameters given by (2.4-2)

reduces to

|
~
_ W

ol
S GETH
[S]bmﬁlé % %‘ (2.4-5)
!‘—" oL
L\/E 2 2J
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[Y]balun :\ __’QIL 0 0 (24-6)

2.4 New Structure for Miniaturized Balun Filter

Most of the work on improving the planar can achieve a perfect matching at
the unbalanced port, but its poor balanced port matching and isolation limits its
applications. For example, an extra output impedance-transforming matching
network is needed for a push-pull amplifier design if a balun is applied at the power

amplifiers' output.

First of all, because of the two kinds of miniaturized coupled lines provided in
before, we can use these two section to achieve an extremely miniaturized balun
filter. The corresponding Y parameters of two kinds of coupled lines expressed in
Fig.2.11 in terms of the even and odd mode characteristic admittances Yoe and Yoo

are given in [37]

f] ] | All l|7 J 2 Ane COtQA _J )IA(m - )71‘1(78 CSCQ] (2'5_1)
couplerd - Y Y + Y
LY AzzJ L— JoAe Aeese, j e e cot |
2 2 ]

rYBll Y312—| ’7 ] Boo Boe COtQB ] YBoo - YBoe COt@—| (2'5_2)
ﬁot{plerB ] | | = | Y — Y Y + Y

| Ysor  Yno | L joe Boe cotd , —j B Boe ¢t |

2 2 5 |
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———————————————————————————————————————————————————————————————————————————

Ca
o—— '=
Input | [T
%CB 1 %C om;fm
Coupler B
Part B = __E

Fig. 2.11 New structure for miniaturized balun filter

After shunting the capacitors at each side of the coupled lines, the Y

parameters of two parts are

[¥ ]{YA“W“C yoa ] (2.5-3)
A21 A22 AJ
[Y + jaC Y ﬂ

[V ]=| 21y % v (2.5-4)
L B21 322+ B

As a series of relationship about the properties of two kinds of coupled lines

are deduced above, every element of Y parameters in (2.5-3) and (2.5-4) can be

worked out
YA

. 00+ YAoe
Yy joE, =Y, o, =] Tcotf+j( _ —___ Mﬁ«pj
A11+J 4 422 +J 4 5 p ZAoe 0, * 0

(2.5-5)
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. Yoo - oe =—7 YA
Yio=Yp =—J > 3 . CSCQA_ J 0
sind ,

=-jY

Yoo + Yoo . 1
Y, jaCB =Y,,, jaCB =—j B Thecot +j( L 4+ )

b B Zy,, tanG, Z,
=j(-_ Y cotd — Y cotd +Y cotl + ! )
B Boe B
2 Boo B 2 Boe ZO
“y, 1 1. | 1 LN
— Boo Boe + = 7(— + _) = 0
=/ 2 tan@, Z)} 3 ZpytanO, 7,

.Y, Y,
Yy, =Yy = J%COtQB—Jt_YBQ_ =jY,
an

here Yo is the characteristic admittance of the equivalent quarter-wave

transmission line of the two kinds of coupled lines. Y1 is assumed as the

characteristic admittance from the input sight. Since it is a power splitter, the

relationship below is satisfied

Y,

Yo=f

Thus, the Y parameters of the whole tri-port circuit can be derived

IVYAu"'YBua)"']aC + jiy Y., Yo —‘

L Yoo Y + jd, 0 ’

| Y 0 Y0 +jaCBJ
b, MmN

[0 -in JYOT| v NI 42

“lyyoo0 o !'=lT 0 o
7 B |
Ly, o ol [Jy
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Based on the port terminations defined in Fig. 2.11, (2.5-10) can be converted

to the scattering parameter matrix

[s]= v I-[rDr J+ D"

[Yl_Yll -Y, -Y; —[Y +1 Y,
[S]=| -, Y-Y, ~ Y, | Y+ Y,
|-y, -Y (Ee J{ no e
jY TjY jv: =y
1 1 1 1
IR N N
Ll | K
3 _/-_ 1 /52 2, 3,22
21l =, ~NN IV Vi
0 Y, L 1
L V2 J{ > )

Yi3 —‘71

Y, |
Y1+Y33J|

[ i =Jl

‘ 0 7 ﬁl (2.5-11)
_ b1

| 7 7

2

This is same with (2.4-5), the S matrix of the ordinary Marchand balun. It is

the best attainable S parameter matrix of a lossless balun which is matched at the
input (S11=0) and has transmission coefficients of -3dB (|S21| = |S31] = (1/2)%%)
with opposite phase. The outputs, however, are not matched or isolated. Both the
output matching and isolation have a value of -6dB (|S22|= |S33|=S23|= |S32]

=1/2).

To achieve perfect output port matching and isolation, some form of resistive

network need to be added between the output ports which are drawn in Fig.2.12 just

as in the Wilkinson power divider. Y parameters will be used to derive the required

resistive network. The S parameters matrix of a balun with perfect output matching

and isolation has the form
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Part A O Output

A
Resistive
C Network
Input
Part B O Output
B

Fig. 2.12 Sketch of perfect output port matching and isolation balun with resistive network

[ o Jl
[S |perfect = W Ao 0 25.12
‘ \5 (2.5-12)
—J
y— 0
% J
Similarly, the S matrix in (2.4-12) is converted to the Y matrix
N O VW
‘ e L\
[¥Iperfect =] /" —{1 L (2.5-13)
' o2 2
JY Y Y
1 1
V2 2 2]

Comparing (2.4-11) and (2.4-12), it can be deduced that the Y matrix of the

resistive network has the form

lo= L1 (2.5-14)
27,11 1]
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[Yr] is the Y parameter matrix between 2 and 3 port of the novel balun. And
where Y is assumed as the characteristic admittance form the input sight. And then,
compare the (2.5-6) and(2.5-13), there should be a network who’s Y parameters
matrix is (2.5-6) between port 2 and 3, like the Fig.2.12. [YR] is the Y parameter

matrix between 2 and 3 port of the novel balun.

Then we get the ABCD matrix from (2.5-6)

ra 8)=1T ‘ﬂz_ﬂ'rl ;} (2.5-15)
|C D [0 _IIGJ

0 1]

In equation (2.5-15) we can see there is a -1 before the ABCD matrix, that
means the resistance network is supposed to have a 180 degrees phase delay. And
we also can conclude that the impedance of the resistance network value at 2/Y},
in other words is 2Z;. And the value Z; is500hm.

So now we know the resistance network is supposed to have a phase inverter

and series with resistor value at 1000hm.

o——  Phase Inverter Resistor 27 2

Fig. 2.13 Sketch of resistive network

But in this paper, the experiment only carried out until the design of combining
two kinds of coupled line immediately causing by the short of time for my

experiment.
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CHAPTER 3 Simulation, Fabrication and

Measurement

This chapter introduces the complete design procedure of a miniaturized
bandpass filter including open stub with the specifications listed in Table 3.1 in
greater detail based on the size reduction approach expatiated in last chapter to
validate its availability. According to the above analysis, the coupled lines with
short electronic length and high characteristic impedance are required for the
miniaturized band-pass filter. To validate the analytical results and demonstrate the
design approach in a time-efficient way, the circuit parameters are converted and
simulated by circuit simulation software Agilent Advanced Design System (ADS)
and full-wave 3-D EM simulation tool Ansoft HFSS. In order to simplifying the
fabrication procedure as easy as can be realized in author’s laboratory room, the

circuit is implemented on printed circuit board (PCB).

Table3.1 Ideal specifications of the proposed filter

Center frequency (GHz) 0.88 GHz

Fractional bandwidth (%) 13.75%
Insertion loss ( dB) -3.1 dB maximum

Stopband rejection ( dB ) <-60 dB up to 101y

3.1 Circuit Simulating by ADS and Analysis

We can confirm the theoretical values that calculated through the deduced
equations through ADS simulation and obtain the width and length of each

transmission line by ADS Line Calculation Tool. However, the ADS simulation and
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calculation are carried out in ideal cases and have not taken many potential factors
that may affect the performances of the band-pass filter into consideration. As its
simulation speed is much faster than HFSS and the alteration tendency of the result
can be observed easily while the circuit factors are tuning. So, simulation is carried
out by ADS at the first step.

The initial miniaturized balun filter model illustrated in Fig. 2.11 with
electrical length of coupled-line being 18.7° was obtained. When the even-mode
impedance Zoe was arbitrarily chosen as 79Q, the value of the odd-mode
impedance of the coupled-line Zoo was 45Q, making the coupling coefficient K
being 0.274. The coupling coefficient K of the shorted coupled-line can determine
the bandwidth of the proposed balun filter. The bandwidth increases as the coupling
coefficient K does [34].

K:Zoe—izoo (3.1-1)
ZO€+ZOO

When the quarter-wavelength transmission line was miniaturized, one can
choose a proper coupling coefficient according to the required bandwidth of the
bandpass filter. However, to achieve a broad bandwidth, the coupling coefficient K
should be made as large as possible, which means the difference between Zoe and
Zoo should be large. It will result in a small characteristic impedance of the coupled
lines and hence a large electrical length of them. Therefore, a necessary design

trade-off between broad bandwidth and small circuit size should be considered.

With the obtained circuit parameters, the ADS model of the initial size-reduced
balun filter was built as shown in below step by step and its frequency and phase
response are also shown also from which we can observe the great agreement with

our expectation.

In many filter application, in order to reduce interference by keeping out-of-

band signals from reaching a sensitive receiver, a wider upper stopband is
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required. However, many planar filters which are comprised of half-wavelength
resonators have an inherently spurious passband at 2, where is the center frequency.
In this thesis, the proposed filter is reduced to just 18.8 degree using combinations
of two kinds of coupled lines and open-stubs acting in capacitive. Therefore, the
first spurious frequency can be shifted to much higher frequency for the electrical

length of the resonant is very small.

The broadband transmission characteristic of the ADS simulation result is
illustrated in Fig. 3.2. It could be noted that there is no spurious response occurs for
the frequency below 10GHz. In this case, the first spurious frequency is shifted to

the position which is more than 10 times of the fundamental frequency.

3.1.1 Circuit Simulating of original coupled line circuit

First step, using the Final diagonally shorted miniaturized coupled lines with
lumped capacitors equivalent to quarter-wave transmission line to get a
characteristic as filter. The ADS model of the circuit was built as given in Fig.3.1(a)
and its frequency and phase response are also shown in Fig. 3.1 (b) and (c),

respectively, from which we can observe the great agreement with ourexpectation.
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Fig. 3.1 ADS model of the final diagonally shorted miniaturized coupled lines with
equivalent to quarter-wave transmission line (a) and its frequency response of S11, S21 (b)
and phase response (c)

3.1.2 The equivalent Circuit Simulating by adding a

open-stub to act in capacitive

Using the open stub acting in capacitive at high frequency and divide it into
two parts to make the size more reasonable. The ADS model of the circuit was built
as given in Fig.3.2(a) and its frequency and phase response are also shown in Fig.
3.2 (b) and (c), respectively, from which we can observe the great agreement with

our expectation.
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Fig. 3. 2 ADS model of the initial miniaturized filter using open-stubs (a) and its frequency
response of S11, S21 (b) and phase response (c)

And then combine the two kinds of the coupled line circuit we can get the final

ADS mode of the balun filter using open-stub for harmonic suppression as shown in
Fig.3.3.
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(c)
Fig 3. 3 ADS model of the initial balun filter using the open-stubs for harmonic
suppression(a),and its frequency response of S11, S21 S31 and phase response (c)

3.2 Simulation by HFSS and Optimization

The theoretical values calculated through the deduced equations have been
confirmed through ADS simulation. However, the ADS simulation and calculation
are carried on in ideal cases, which have not taken many potential factors that may
affect the performances of the coupler into consideration. At the same time two very
sensitive composing parts of this coupler, capacitors and the connecting lines must
be studied as they will be proved to be very sensitive in this designed circuit. For
the above reasons, we used an electromagnetic simulator Ansoft HFSS to simulate
the designed coupler before fabrication. On the other hand we can get to know the
different parts that affect the performances of the whole circuit, and moreover we
can save both the fabrication cost and time. The width and length of each
transmission line can be obtained by ADS Line Calculation Tool, as given in Fig.
3.4.
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Fig 3. 4 Detailed value of coupled lines calculated by ADS Linecalc

Once the filter equivalent circuit model was built, physical filter structures
such as resonators and coupled-line sections can be designed. However, one thing
needs to be kept in mind that due to the parasitic components (both internally and
externally) the synthesized filter model cannot be transformed into physical
structures at one shot. As a result, some necessary tuning of the filter responses and
optimizations of the filter physical dimensions should be carried out. Generally, it is
carried out with Ansoft HFSS before fabrication until the full-wave electromagnetic

(EM) simulation shows a good performance that close to the target one.

A transmission line filter working at 880MHz was designed to confirm the
theories in the above chapters. Table 3.2 gives the design parameters of the HFSS
simulation. Fig. 3.5 (a), (b) and (c) show the layout of the filter drawing in HFSS

and its two kinds of simulation results, respectively.

Since considering the reciprocity between physical lines and optimizing  the
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results to an expecting one. The values of the coupled lines element have been
modified slightly. We can observe that final responses simulated by the full-wave

simulator are almost the same as the responses optimized by the circuit simulator

ADS. This proves the validity of this design method.

Table 3. 2 Design parameters of the HFSS simulation

Center frequency 0.88GHz
Substrate thickness 0.8 mm
Substrate permittivity 4.4
Dielectric loss tangent 0.02
Copper thick ness 35um
Copper cond uctivity 6.17x107
Width of coupled lines 0.7mm
Length of coupled lines 10 mm
Slot of coupled lines 0.5 mm
Ports impedance 50 Ohm
Circuit size 30 mmx16mm
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Frequency respond

ang_deg(S(2,1)) [deg] = - = ang_deg(S(3,1)) [deg]

(c)

Fig. 3.5 Layout of filter drawn by HESS(a) frequency response(b) phase response (c)

3.3 Fabrication and Measurement

The layout of the filter used in fabrication which is drawn through Auto
Computer Aided Design (AutoCAD) is given in Fig. 3.6, with the dimensions of the
circuit area being 30mmx16mm. The filter is realized on the FR4 epoxy glass cloth
copper-clad plat (CCL) PCB substrate having thickness 0.8mm and dielectric
constant er=4.4. For the measurement convenience, all the balanced and unbalanced
ports impedances are assumed to be 500hm. The photograph of the fabricated
structure is displayed in Fig. 3.7.
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Fig. 3.6 The circuit of balun fiter drawn out through Auto CAD

(a)
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Frequency respond

(b)

Phase respond

200 1 -105.61

(c)
Fig. 3.7 Fabricated balun filter(a), Measured frequency response(b), phase response(c)

The figure of measurement frequency respond with narrow frequency

bandwidth, shown in Fig.3.8, which is much clear and distinguishable. So that it can
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be ease to catch sight of the characteristic on the center frequency. Then we can get
that the maximum of S,; and S31 are -4.2dB, -2.9dB at 872MHz and 886MHz,
respectively. And there is phase delay about 186 degree at 880MHz between the two
outputs. The inherently harmonic moves to 2.3GHz that around 2.6. Both of the

frequency and phase respond are basically satisfying with the simulation results.

Freguency respond
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Fig. 3. 8 Measured frequency response with narrow frequency bandwidth
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Chapter 4 Conclusion

In this thesis, we carry out the design theory and procedure for a novel balun
filter extremely miniaturization utilizing diagonally and parallel end-shorted
coupled lines with open-stubs for harmonic suppression. Shunt lumped capacitors
can offer great amplitude and phase balance performance. It shows a wider upper
stopband and broad bandwidth over the operating frequency. But when we adding a
open-stub acting in capacitive, the amplitude might be not very good. The method
of adding open-stubs to the conventional coupled line section can largely reduce the
required electrical length and can make it in planar structure which can be ease
realized by PCB. To demonstrate the feasibility and validity of the design equation,
the size of 30mmx16mm, not including the extended space for testing, miniaturized
balun filter is designed and fabricated on PCB substrate with the thickness of
0.8mm. The electrical length of the coupled lines is reduced to around 18 degree.
According to the measurement results, it exhibits a bandwidth of 121MHz and 186
degree phase difference at the center frequency of 880MHz. The measurement
responses basically agree with simulation result curves. This class of matched
baluns is invaluable in the design of balunced microwave circuits that it makes this
design suitable for microwave integrated circuit(MIC) and MMIC applications. It
goes without saying that the theory of using open stub for harmonic suppression

still requires a lot of research so as to gain more theoretical supports.
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