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Nomenclature

Capacitance

Parasitic capacitance to each other
Parasitic capacitance to ground

Frequency

Center frequency
Normalized frequency
Self-inductance
Mutual-inductance

Characteristic impedance

Even-mode characteristic impedance

Odd-mode characteristic impedance

Image impedance
Scattering matrix

Transfer matrix
Admittance matrix
Impedance matrix
Propagation number

Air dielectric constant
Relative dielectric constant
Electrical length
Wavelength

Angular frequency
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Abstract

A Design of Compact Planar Low-Pass Filter for Hamnms and
Spurious Suppression

Rui Li
Dept. of Radio Sciences & Engineering
Graduate School, Korea Maritime Univ.

Supervisor: Prof. Dong Il Kim, Ph. D

Low-pass filters are often employed in many comroation
systems to suppress harmonics and spurious sigmhish demand
compact size, low insertion loss, and high atteéooat The
conventional low-pass filters, such as open-stwb-pass filters and
stepped impedance low-pass filters can not meeteheirements for
modern communication systems because of their simpeand narrow
stopband.

In this dissertation, a novel compact structure hwthree
controllable finite attenuation poles at stopbarasd\proposed. The new
structure is composed of a pair of symmetrical lpelreoupled-line and
a capacitive load. With this configuration, thr@até attenuation poles
are available, which can improve the stopband chberiatics of low-
pass filters or the upper stopband performancelaafi-pass filters.
The research method is based on transmission-logtehfor tuning the
finite attenuation poles. In order to examine tleasfbility of the
proposed structure, the new type low-pass filtehvaroad stopband
and sharp cutoff frequency response based on rrigrasructure was

Viir



designed, fabricated, and measured. The experiinesgalts of the
fabricated circuit agree well with the simulatiomdaanalytical ones. In
addition, a semi-lumped low-pass filter was desigrfabricated, and
measured, which can suppre$§ 3¢ and 4' harmonics. In addition,
any of the unwanted signals can be eliminated usiisgdesign method
by adjusting the electrical circuit parameters.
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CHAPTER 1 Introduction

The microwave region of the electromagnetic spettroas
certain properties. These enable microwave sigiwagsopagate over
long distances through the atmosphere under altHmitmost severe
weather conditions. Both civilian and military ajgptions abound,
including radar, navigation, and the latest “hoplagation,” wireless
communications. However, the microwave spectrumaisfinite
resource which must be divided according to frequdsee Fig. 1.1).
And this is where microwave filters come in [1]].[Microwave
filters are important components in a variety odcélonic systems
including cellular radios, satellite communicaticarsd radars [3], [4].
They are used to separate or combine differenuéeges. Emerging
applications such as wireless communications coatito challenge
RF/microwave filters with ever more stringent reguments such as
higher performance, small size, lighter weight, andre important
factor-lower cost. The recent advances in novel emas and
fabrication technologies, including high-temperatsuperconductors
(HTS), low-temperature co-fired ceramics (LTCC),[®honolithic
microwave integrated circuits (MMIC), micro-elecimeechanic
system (MEMS), and micromachining technology, hstiaulated the
rapid development of new microstrip and other rdtefor
RF/Microwave applications [6].



RF & Microwave spectrums
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Fig. 1.1 RF/ Microwave spectrums.

There are several different classification methioddilters. It is
well known that they can be divided into four typesf filters in
RF/Microwave system mainly in terms of frequencyesgvity
characteristics, such as Low-Pass Filter (LPF)hHRgss Filter (HPF),
Band-Pass Filter (BPF), and Band-Stop Filter (BSFheir
representative frequency responses are shown in ERy And

following the different implementation methods dftefrs, there are



+ Bandpass » Lowpass

__Y_H_ﬁ
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s N
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L

Increasing Freguency

Fig. 1.2 Classification in terms of frequency responses.

two main kinds, such as lumped-elements and diggthelements
filters. Lumped-elements filters are frequently la&ab in low-

frequency band because the wavelength of the opersignal will be
comparable to the size of the lumped-elementsf,itsdiereas the
distributed-elements filters can be used in higlyfiency band
extending to decades and hundreds of GHz (giga)he&s a typical
representative, the RF filters based on microdinig-structures have
some excellent advantages such as low cost, eagbtcate and
integrate, and so on. That is why this kind ofefit finds a wide

application in modern communication systems.



1.1 Background and purpose

A. Harmonic signals

Fundamental
Frequency

f

2nd Harmanic

Magnitude

3rd Harmonic

4th Harmonic

L

Fig. 1.3Graphic description of harmonics.

Frequency

As is well known, a harmonic is a signal or wave og
frequency is an integral (whole-number) multipletloé frequency of
some reference signal or wave. The term can afeo t@ the ratio of
the frequency of such a signal or wave to the feeqy of the
reference signal or wave (see Fig. 1.3) [7]. Umd@y, harmonics are
usually generated in active components, such ap®&er amplifier),
LNA (low noise amplifier), mixer, and so on (seg.F1.4) because of
the transistors being used in these componentsaft],these active
components are necessary to transceivers. Thereforstudy on

harmonics is great significant to modern commuiocasystems.
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Fig. 1.4 Harmonics generation.

However, there are two roles harmonics play in dcaiver
system. One is the specific harmonics of RF sigoafsbe utilized to
be a source of an oscillator and frequency syrekeskor example, a
harmonic frequency of 300-Hz developed on a 60-¥tesn is the
fifth harmonic (5 x 60 Hz = 300 Hz). On the contathe
presentations of harmonics cause some problemsrtonanication
systems, such as harmonics distortions. Harmogitats can reduce

level of efficiency of any communication systemsr Examples, the

(F" harmenic + 1* harmonic

0" harmonic + 1* harmonic + 3" harmonic

Voltage, volis

Time, nsec

Fig. 1.5 Harmonics distortion description.
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| Analyzer

Fig. 1.6 Test system for harmonics.

fundamental signal, which is a sine wave in theetidomain with a
frequency of 1 GHz, when it is added by the 1st arttharmonics,
the result in the time domain is not a standare@ smave any more.
This is shown in Fig. 1.5. In this case, the harit®mnfluence the
quality of the communication systems strongly, esply signal

integrity [9].

A typical setup to perform a harmonic distortionaserement is
shown in Fig. 1.6 above. A low-pass or band-pagerfipasses the
fundamental signal while suppressing its harmoniibss setup injects
a very clean sinusoidal signal into the device uandst (DUT). Any
harmonic content at the DUT output is assumed tgdoerated by the
DUT instead of the source [10].

Harmonic distortion can be effectively reduced iy aeal world
system through the use of low-pass or band-pdsesitfig).

B. Spurious signals



With the exception of harmonic signals, there ateosignals
which have to be eliminated in communication systeta be called
spurious signals. Here, the spurious signals meaticabove refer to
non-harmonics spurious signals. They appear usumllghe planar
circuits based on strip-lines, microstrip-linextdines and coplanar
structure due to the intrinsic characteristics lid planar structures.
However, they have valuable features as electroptagwave filters:
a simple structure, a small size, and the capglufivide application
to various devices. Moreover, the most attracteagudre of microstrip-
line, strip-line or coplanar-line resonators istttfey can be easily
integrated with active circuits such as MMICs, hese they are
manufactured by photolithography of metalized fiim a dielectric
substrate [11],[12].

Particularly, microstrip-line filters, as very pdpu and
important components, have been employed widebpmmunication

[
Operation
band
w (N 1st spurious -7
o
3 band
E 2nd spurious
t StopBand g
o
2| | |=-————-
—
StopBand
fe fs1 fs2

Frequency

Fig. 1.7 Spurious band description.



systems. Generally, this kind of filters utilizésetresonators df/4,
M2 and SIR (Stepped-Impedance Resonator) [6]. Asels known,
these filters have the periodic frequency resporiBesrefore, one of
the significant disadvantages is that the firstrigus passband of the
conventional type of filters appears so closely atrdngly that the
rejection of the upper stopband is worse than tifathe lower
stopband as shown in Fig. 1.7. Sometimes, the uppgsband
rejection may be as bad as 10 dB, especially ire aafs wide
bandwidth filters. Therefore, the selectivity penfance of filters will
be decreased to a large extent.

C. Solutions to these two problems

Present research on microwave filters is very actigcause of
the continuous demands of high-performance circudgen modern
communication and electronic systems. To suppressdnics and
spurious signals, many researchers have taken afleffort. For
instances, K. H. Yi and B. K. Kang employed operbstof A/4n
wavelength into conventional Wilkinson power dividéor nth
harmonics suppression [13], W. H. Tu and K. Changppsed a
compact second harmonic-suppressed band-stop aadpbas filters
[14], and so on. In a different view, C. Quendo &dRius integrated
an optimized low-pass filter in a band-pass filter out-of —band
improvement [15]. A semi-lumped low-pass filter fearmonics and
spurious suppression was proposed by Jyh-Wen §hégm addition,
PBG (Photonic Band-Gap) and DGS (Defected Groumrdcitre)
techniques have been widely used to improve stapbharacteristics
of filters [17], [18], like a design of the novebupled-line band-pass
filter using DGS with wide stopband performancepased by J. S.



Park and J. S. Yun. All the methods mentioned-abosguire

complicated analysis and optimization processes.slinplest method
for harmonics and spurious suppression is applgingw-pass filter
into the integrated circuits.

As is well known, the low-pass filters are oftenptoyed in
many communication systems to suppress harmonic spogious
signals [19], with the demand for compact sizeygadntegrate, low
insertion loss, wide out-of-band, and high atteiwmatlevel. The
conventional low-pass filters, such as open-ciszlistub low-pass
fillers and stepped impedance low-pass filters oah meet the
requirements for modern communication systems Isecai their
large size and narrow stopband. For sharper cudoifl high
attenuation at stopband, the order of the steppgedance low-pass
filter must be very high [1], [2], thereby the airtsize and insertion
loss will be increased. In literature, many desapproaches have
been proposed to improve the low-pass filter’'s grenfince. The low-
pass filters using PBG and DGS structures can iugprihe skirt
characteristic and provide wide and deep stopbancbmpared with
the conventional low-pass filters, however, faliita@a process
becomes difficult and EMC/EMI problems will be pradd due to the
defected ground. A low-pass filter using multiplascaded hairpin
resonators that can provide sharp cutoff frequeasponses with low
passband insertion loss has been demonstrate@]in?22]. However,
this type of design approach is a little complidagad just used to
synthesize some parts of available prototype logspélters. In
addition, W. H Tu and K. Chang have proposed a @mnmicrostrip
low-pass filter with sharp rejection characterist[22]. This kind of
filters can provide two transmission zeros throstgpband.



In this dissertation, a novel and more compact ctire
fabricated on microstrip line structure is proposed a new type of
low-pass filter based on this structure, which cstesof a pair of
symmetrical parallel coupled-line and a capacitoas, is developed.
Its equivalent circuits are extracted and the &etaf extraction
process for the equivalent circuits are depictedhis work. The
proposed structure demonstrates many attractiveréesa simple and
compact structure, low passband insertion lossadstopband, sharp
skirt characteristic and three controllable trarssioin zeros which can
suppress the harmonics and specific spurious signal

1.2 Research contents

Chapter 1 briefly presents classification of fiteand discusses
the importance of the suppression for harmonicssaious signals.
In addition, the former research achievements is tegion are
proposed in this chapter.

In chapter 2, the basic theory of low-pass filtars introduced
briefly. The structure is proposed and its equinalgrcuit extracted
from Chebyshev low-pass filter prototype is deriaed discussed in
detail. Simulating by using ADS simulator (Advand@esign System),
the skirt characteristics and rejection bandwidtbug-of-band can be
optimized. And a low-pass filter designed by thisgmsed method is
fabricated and measured. However, by comparingsitmellated and
measured results, we find a shortcoming aboutttusvalent.

-10-



Chapter 3 focuses on the problem found out in @rapt and
based on this point, the equivalent circuit progose chapter 2 is
improved by changing the circuit topology to deptice frequency
responses of the proposed compact structure mootlyexa

In chapter 4, the circuit proposed in this thesiaswbeen
analyzed by using even-odd mode method, and fram ahalysis
results, it is found that there are three transmisgeros through the
whole stopband which can be controllable to supprspecific
harmonics and spurious signals. Based on this nles&gthod, a low-
pass filter has been designed, fabricated and mezh$or suppressing
the 29 the ¥ and the # harmonics signals. By comparing the
simulated and measured results, the feasibilithisfapproach can be
confirmed.

Chapter 5 is the conclusion of this research waowk presents a
future plan.

-1 1-



CHAPTE 2 Compact Low-Pass Filters

2.1 Basic theory for a low-pass filter design

As is well-known, there are generally four typesloiv-pass
filler prototypes applied in RF/Microwave circuitssuch as,
Butterworth-type (also called maximally flat), Clyshev-type,
Bessel-type, and Elliptic function type, etc [3]ll &ese types have
distinguishing characteristics, respectively. Thanes we should
select an appropriate type prior to design workosetiag to the
required filter's specifications, and the desigongass is as shown in
Fig. 2.1.

FM' S S ]

P T O TR S =
Hs i | =
~le (Sl

Implementation

Fig. 2.1 Low-pass filters implementation.

To better understand the operation mechanism ofplass filters,
and how to select an appropriate low-pass filtgyfse we need for
some real-world applications, therefore some coniparéeatures of
the above-mentioned four types of low-pass fili@rs discussed as
following:

-1 2-



A. Butterworth filters

The Butterworth filter is one type of electronic filter design. It
is designed to have a frequency response whichsisfla as
mathematically possible in the passband. Anothenenéor them is
'maximally flat magnitude’ filters. The Butterwortype filter was first
described by the British engineer Stephen Buttetwor his paper
"On the Theory of Filter Amplifiers" [23]. The fregency response of
the Butterworth filter is maximally flat (has nopples) in the
passband, and rolls off towards zero in the stogpb@ren viewed on
a logarithmic Bode plot, the response slopes afédrly towards
negative infinity. As shown in Fig. 2.2, its netwotopology and
frequency responses are presented.

2458nH  T.858nH  2.459nH

e, Lt g g T i

50.00Hm 50.00Hm

2atapF 2.A87apF

(a)
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-40

Ist order
2nd order
3rd order ———
-60 4th order ———
5th order

Gain (dB)

-80

_100 1 1 1
0.01 0.1 1 10 100

Frequency (rad/s)

(b)

Fig. 2.2 (a) Network topology (for 5th order at 2 GHz) arig) Ccomparison of

frequency responses of Butterworth low-pass filteith different order.

For a first-order filter, the response rolls off-#& dB per octave
(-20 dB per decade). (All first-order filters, rediess of name, are
actually identical and so have the same frequerspanse.) For a
second-order Butterworth filter, the response desae at —12 dB per
octave, a third-order at -18 dB, and so on. Butbettwfilters have a
monotonically decreasing magnitude function with. The
Butterworth is the only filter that maintains tlsiame shape for higher
orders (but with a steeper decline in the stopbamkgreas other
varieties of filters (Bessel, Chebyshev, elliptigve different shapes
at higher orders.

-1 4-



Compared with a Chebyshev Type I/Type Il filteraor elliptic
filter, the Butterworth filter has a slower rollfpand thus will require
a higher order to implement a particular stopbapeécsication.
However, Butterworth filter will have a more lingainase response in
the passband than the Chebyshev Type I/Type |edipdic filters.

B. Chebyshev filters

Chebyshev filters are widely-used a type of filters having a
steeper roll-off and more passband ripple than éBwtirth filters.
Chebyshev filters have the property that they misemthe error
between the idealised filter characteristic andeatteal over the range
of the filter, but with ripples in the passband.isTtype of filters is
named in honor of Pafnuty Chebyshev because thathematical
characteristics are derived from Chebyshev polyatsjB].

They are divided into two types: Chebyshev Type nd a
Chebyshev Type Il with respect to the differentwoek topologies.
Type | are the most common Chebyshev filters. Theero of a
Chebyshev filter is equal to the number of reactemponents. Type
Il is also known as inverse Chebyshev, this typdess common
because it does not roll off as fast as type |, eeqglires more
components. It has no ripple in the passband, bes dhave ripple in
the stopband. Because of the passband ripple mhareChebyshev
filters, filters which have a smoother responsé¢h@ passband but a
more irregular response in the stopband are pesfefor some
applications.
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0.5 Fesponsea
1.0
1.5 =
2.0
2 5=
-3.0 ;

Q.0 0.4 Q.5

(b)

Fig. 2.3 (a) Network topology (for 5th order and 0.5 dBple at 2 GHz) and (b)
comparison of frequency responses of Type | Cheabydbw-pass filters with

different order.

As shown in Fig. 2.3, the network topology and trexacy
responses are demonstrated.
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C. Elliptic filters

An elliptic filter (also known as &auer filter) is a filter with
equiripple behavior in both the passband and tbebsind. For a
specified minimum ripple in the pass band and tbp band, no other
filter of equal order can do better than an eltigtiter. It minimizes
the maximum error in both bands, as opposed to ebynev filter
which exhibits equal and minimized ripple in thespdand, or the
inverse Chebyshev filter which exhibits equal aridimized ripple in
the stop band. In addition, the Elliptic Filter tams a sharp cut off,
high group delay, and greatest stop band attenuatitke the
Chebyshev Type | Filter, the Elliptic pass ban@ratttion is defined
to be the same value as the pass band ripple achpliHowever,
Filter Solutions allows the user the option of stfey any pass band
attenuation in dB's that will define the filterst @if frequency.

5.72nH T.044nH 4114nH

e e e

50.00H 50.00H

asta”

1.376nH  4.269nH
1562pF  0.9753pF

(a)
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(b)

Fig. 2.4 (a) Network topology (for 5th order with 0.5 dpple at 2 GHz) and (b)

comparison of frequency responses of elliptic-fiorctow-pass filters.

In order to have a sharp cutoff frequency respotise elliptic-
function low-pass filters have been employed widahygl frequently.
The frequency responses and network topology arersim Fig. 2.3.

D. Bessel filters

In electronics and signal processin@essel filteris a variety of
linear filter with a maximally flat group delay ifiear phase response).
Bessel filters are often used in audio crossovstesys. Analog Bessel
filters are characterized by almost constant grdefay across the
entire passband, thus preserving the wave shapkeoéd signals in
the passband. Here, the network topology is sinagButterworth
prototype low-pass fiter, and the frequency respsmse ommited.

E. Brief comparison description
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Based on above-mentioned four types of low-pagergil we
should draw a conclusion about how to select amogpjate type for
specific application?

Here are some images showing a comparison of fregue
responses and group-delay characteristics betwidfenedt low-pass
filters with the same number of coefficients:

Hu[[l_' racrth [':||l-.|1_yxhl_.'\.' I_L'rle' |

0 G2 04 0.6 0.3 I I
Chebyshev type 2 Elapsic
1 | '-—--.._____-_._’,.r-\-q =
1H] (LR
(I o = 06 |- =
k4 [LES
D2 - 2 |-
0 T i : i 0 i i ! i
0 G2 04 0.6 0.3 I 0 0z .4 0f % I
@)
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Time
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Frequency (Hz)

(b)

Fig. 2.5 (a) Frequency responses and (b) group delay ctiesistics.

By comparing the frequency responses and grouprdela
characteristics of these different low-pass filtdhe advantages and
disadvantages are showing as following:

— Butterworth maximally flat magnitude

Advantages:

Maximally flat magnitude response in the pass-band.
Good group-delay performance than Chebyshev.
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Rate of attenuation better than Bessel.

Disadvantages:

Wide transition band and poor attenuation level.
— Chebyshev equal ripple magnitude
Advantages:
Better rate of attenuation beyond the pass-bandBodterworth.
Disadvantages:

Ripple in pass-band, high insertion-loss than Buibeth type.
High group delay than Butterworth and Bessel types.

And Chebyshev type Il (inverse Chebyshev type) dmqs-ripple in
stop-band but not in pass-band.

— Bessel - also called Thomson
Advantages:

Best group-delay characteristics than other types.
Disadvantages:

Slower initial rate of attenuation beyond the plaged than
Butterworth, Chebyshev and Elliptic-function types.



— Elliptic-function
Advantages:

Best attenuation rate in transition and high ation level than
other types.

Disadvantages:

Poor group-delay characteristic than Chebyshev. type

More lumped-elements required dude to its comptatetwork
topology.

By enumerating the advantages and disadvantage® addrief

flow-chart is made to easily select an approprigie for a specific
application, as shown in Fig. 2.6 below.
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Linear phase Bessel

Yes High order
Butterworth

Narrow
transition band

Ripple, ok?

.. Yes
Elliptic ; = : Low order
functi on<_| Narrowest possible transition region? Butterworth
Ripple in Inverse
passband, ok? Chebyshev
Ripple in
PP Chebyshev

stopband, ok?

Fig. 2.6 Flow chart for filter-type selecting.
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2.2 Conventional microstrip low-pass filters

As is well known, RF filters based on microstripusture have
some excellent advantages such as low cost, eagbtcate and
integrate, and so on. Therefore, the low-pass rdiltbased on
microstrip structure have been the main emphagissafarches [2].

The conventional low-pass filters based on micipstme
structure include several types, such as stepppddance low-pass
filter, open-stub low-pass filter, and quasi-eltipfunction low-pass
filter, etc. As follows, they are introduced belowmcluding their

circuit layout and corresponding frequency respsnse

The stepped-impedance and open-stub low-passsfitten be
transformed from Chebyshev, Butterworth, and Bepsatotype. As
shown in Fig. 2. 7, the prototype circuit comprisefl lumped-
elements and the planar circuits based on micpobi@ structure are

demonstrated.

g1 23 S+l
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(b)

Fig. 2.7 (a) General network topology using lumped-elementd (b) stepped-

impedance low-pass filter based on microstrip $trecture.

where the physical parameters of the stepped-inmped#éow-pass
filters can be approximately derived. As shown iig.F2.8, the
conventional transmission line can be represented-type and//-

type network comprised of lumped-elements inductois capacitors.

> i 5 d
iz, lzm% iZe rzm’[T jZ,sinfid
—_—Y s YO
—
a N
Z,.p.d 2 — 5 AT
o — P B
» . jsinfd jtan— —|_ Jlan—
owZo W high Zo W
.!.'_n";"_ == -'I-Znﬁ
— I 7 — —_rT
Z,.pd<nl4 - JwC :_,F'/Bc.fr Z,.Bd<nl4
De— ——

Fig. 2.8 Transform from lumped-elements to planar comptsien
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In the case of low-impedance, the series-indudtofistype can
be omitted due to the low value of the characterishpedance;
therefore the low-impedance line can be used toabeapacitor
approximately. And in the case of high-impedandee tshunt-
capacitors can be neglected because of the higadamze-value, the

transformation processes and the formulas are showig. 2.9.

where @ g: ... grare the elements values in prototype circuits, they
can be found in the authorities’ published tabl&s, is the
characteristic impedanck;, C; ... C, represent the lumped-elements
values,. means the wavelength of the operation frequenayamc

are the length of the high- and low-impedance lirffesieans the

central operation frequency.

The previous stepped-impedance low-pass filterizeslthe
shunt-capacitors of the low-pass prototype as lowedance lines in
the transmission path. An alternative realizatiba shunt capacitor is
to use an open-circuited stub subject o wheredime on the left-hand
side is the susceptance of shunt-capacitor, whareaserm on the
right-hand side represents the input susceptanopest-circuited stub,
which has characteristic impedangégand a physical lengththat is

L=2, s l@LiZ, )ix

o =& - Zyfom- f 5
Jor Y1.. gn| e Tl=niee >
c, gm."2x -z =3, ter (@, €2, )f2x

Fig. 2.9 Transformation processes and formulas.




Fig. 2.10 Open-stub low-pass filter based on microstrig.lin

smaller than a quarter of guided wavelendgth Therefore, the
following type of low-pass filter based on micragstline structure is
referred to as open-stub low-pass filter, andag®ult is as shown in
Fig. 2.10. Also, the transformation process andntdas are all the
same with the stepped-impedance low-pass filtershasvn in Fig.
2.8~2.9.

The next planar low-pass filter based on microsstipicture is
very popular in RF/microwave circuit because of stsarp skirt-
characteristics and high attenuation level. Thatliptic-function low
—pass filter whose layout can be derived from tberesponding
elliptic-function prototype, as shown in Fig. 2. 11.

All the three types of the conventional microstap-pass filters
cannot meet the demands for modern microwave tirfwe want to
realize a low-pass filter with high-attenuation asftarp transition-
band, the lumped-elements will be six or more his tase, however,
the circuit size will be so large that the integmatwith other RF
components becomes difficult. So the compact pldiers with
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Fig. 2.11 (a) Prototype network and (b) circuit layout dipgic-function low-pass

filter based on microstrip line structure.

high-performances, easy-to-integrate, low cost, ilnsertion-loss and
high attenuation level at out-of-band have to beettged to satisfy
the increasing requirements.
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2.3 Compact planar structure
2.3.1 Low-pass filter with compact planar structure

Recently, some compact low-pass filters have beepgsed in
published papers, including the compact low-pa#ierfiusing the
cascaded stepped-impedance resonators by L. Hh ldeek K. Chang
in Jan. 2003, a compact microstrip low-pass filt@h sharp rejection
using inter-digital capacitor reported by W. H. @nd K. Chang in
June, 2005, a representative design of the low-plss using the
novel microstrip defected ground structure propdsgd. Ahn, J. S.
Park, C. S. Kim, J. Kim, Y. Qian, and T. Itoh in dA\l2005.

In this paper, we proposed a new compact microfwppass
filter with broad stopband and sharp skirt chamasties. The
philosophy of the structure behind this novel mstnp low-pass filter
is simple as it is comprised of a pair of paratlelipled-line and an
open-stub. With this configuration, a finite attatian pole near the
stopband cutoff frequency is available, and themd&tequency can be
well controlled by adjusting the circuit parametei&he design
formulas are derived by using an equivalent-cirmwidel of a parallel
coupled transmission line. In order to validate feasibility of the
proposed design method, a 3-order Chebyshev low-plisr with
0.01-dB ripple is designed, fabricated, and meakuExperimental
results agree well with the simulation and anahftresults.
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2.3.2 Proposed compact structure

Fig. 2.12 Layout of the proposed compact low-pass filter.

Fig. 2.12 shows the layout of our proposed low-gdaies. This
low-pass filter consists of an open-stub with threglth ofls and a pair
of parallel coupled-line with the length tf. Zs is the characteristic
impedance of the open-stub, whif®e and Zoo represent the even-
and odd-mode impedance of the parallel coupled-tespectively.

To analyzer this compact structure simply, we lirassume that
the structure is lossless and the width of theifeglines is negligible.
Under these assumptions, this type of compact tsteiccan be
divided into two sections, namely open-stub sectaod parallel

coupled-line section.
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A. Modeling of the open-stub

Q o)
Z, g, p— T T

Fig. 2.13 Equivalent circuit of an open-stub.

The open-stub section is modeled as an equivabgdoitor, as
shown in Fig. 2. 13. The open-stub can be consideseal quasi-MIM
capacitor, and the equivalent capacitance can taenall from [24]:

Y. =Y tand (2.2)
where Y,° is an input admittance from the starting pointref open-
stub, Y, is the characteristic impedance of the open-stub

transmission line, anddy is the electrical length of the open-stub.

For a load capacitor shown in the right of Fig. .1its input
admittance can be calculated as following:

Yio =]j@Cs (2.2)
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where Y, means the input admittance of the load capacitay, is

operation frequencyC¢ represents the capacitance value.

Therefore, by equalizing the right parts of Eqn. &&hd (2), the
relationship between the open-stub and the loadaitw can be
obtained, as shown in Eqn. (3) below:

Ys[tan@
Cs =Ts (2.3)

For a parallel-plate capacitor, the capacitancelmagalculated
by Eqgn. (4) [25]:

W 10"
C=¢,c£ -

Wi

whereg, is the relative dielectric constary, |, andd are the width,

length, and thickness of the parallel-plate capaciespectively.

B. Modeling of the parallel coupled-line with ftg-end shorted
Comparing with the modeling of an open-stub, a Ipra

coupled-line with its far-end shorted is a litteneplicated. First of all,

as depicted in Fig. 2.14, the symmetrical paratlelpled-line is

modeled as a transmission line section.

The relevant parameters can be obtained from [3]:
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Fig. 2.14 Equivalent circuit of a symmetrical parallel céegzline with its far-end
shorted.

Z|= Z 7 (2.5)

oe 00

tan@l) == b Fe

Z.cotf —Z_ tand. 26)
Z%—mﬁﬁ
cos@) == 2.7)

Z*+wﬁ@

00

where Z, is the image impedancepl is the image propagation
function for the transmission line section. In fafdr the case of a
uniform transmission line, the image impedancehefline is also its

characteristic impedance and the image propagédtiociion is also

the electrical length of the line.



(a) Pi-type

0 Z o = I C
— p1— 17

(b)  T-type

Fig. 2.15 Equivalent circuit of a transmission line section

From the basic theory of network-transformationde t
transmission line section can be transformed inm-types of
network comprised of lumped elements, suchPag/pe andT-type
[26], [27], as shown in Fig. 2.15. In this work, wleoose th&-type as
the one we need here to simplify the analysis mE®ce

For a lossless single transmission line sectioh witength of,
its ABCD matrix is given by



A B| | cos@l) jY,sin(l)
{ }' jiY,sin@l)  cos@l) 28

C D
whereY, =1/ 7 is the characteristic admittance of the singie.li
The ABCD matrix of the equivalenf-type network is

|:AT B, } _F"‘ Z Yo Z (2+ ZLYC)i|

C, D, Y. 1+Z, Y, 29)

whereZ, =jwlp, Yc = joCp,andw is the angular operation frequency,
andLp andCp are the equivalent inductance and capacitancéeof t
single transmission line. Comparing (2.8) and (2198 Lpr andCp can
be obtained as

_ Y, [sin(A)
Co=————
w (2.10)
and
Z, Eﬁan(ﬂ)
LP :—2
w (2.11)

Furthermore, by combining the equivalent-circuitdels of the
open-stub and the symmetrical parallel coupled-lime whole
equivalent-circuit in terms of lumped elemeritsand C can be
achieved, as shown in Fig. 2.16, where the shupaatance is the
sum ofCs andC.
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Fig. 2.16 A whole equivalent circuit of the open-stub mdwiglcircuit and the

parallel coupled-line modeling circuit.

Table 2.1 Element values for Chebyshev low-pass fiters @it dB ripple

VALUE
OF & ] 2] 3 By L L1 &r L &y g LT
0.01 db ripple
1 0.0960 | 1.0000
2 0. 4488 | 0.4077 | 1. 1007
3 0.6291 | 0.9702 | 0.6291 | 1, 0000
4 0.7128 |1.2003 | L3212 | 0.6476 | 1.1007
] 0.7363 | 1.3049 | 1.5773 | 1.3049 | 0.7563 | 1.0000
[ 0.7813 | 1.3600 | 1.6896 | L5350 | 1.4970 {0.7098 [ 1.1007
7 0.7969 1 1.3924 | 1.7481 | 1.6331 [ 1.7481 | 1.3924 | 0.7969 | 1.0000
8 0.8072 | 1.4130 | 1,7824 | L.66833 [ 1.8529 |1.6193 | 15554 | 0.7333 | 1.1007
9 0.8144 | 1.4270 |1.8043 | 1.7125 [ 1.9057 |1.7125 | 1.8042 | 1,.4270 | 0.6144 | 1.0000
10 0.8196 | 1.4369 | 1.8192 | 1.7311 | 1.5362 |1,7550 | 1.9055 |1.6527 | 1.5817 {0.7446 | 1.1007
0.1 db ripple
1 ,3052 § 1.0000
2 0.8430 | 0.5220 !1.3554
3 1.0315 | 1.1474 | 1.udls | L.000D
4 1.1088 ) 1.3061 | 1.7703 | 0.8180 | 1.3554
3 1.1468 11,3712 | 19750 | 1.3712 | 1.14628 |1.0000
G 1.1681 | 1.4039 | 2.0362 | 1.5170 | 1.9029 |0.8618 | 1.3554
7 1.1811 [ 1.4228 | 2.0966 | 1,5733 [ 2.0966 | 1.4228 1.0000
1 B 1.1897 | 1.4346 2.1199 | 1.6010 | 2.1699 | 1,5640 | 1.9444 | 6.8778 | 1.3554
9 1.0956 [ 1.4425 | 2.1345 | 1.6167 [ 2.2053 | 1.6167 | 2.1345 | 1.4425 | 1.1956 | 1,0000
10 1.1999 [ 1.4481 {21444 | 1.6265 [ 2,2253 |L1.6418 1.5821 [1.9628 | 0.8853 | 1.3554
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2.3.3 Compact Low-pass filter implementation

Port 2
(a)
2.503nH 2.503nH
-y A
——1.5344pF

-

(b)

Fig. 2.17 Low-pass filter using one-unit. (a) Layout. (lojuévalent circuit.

Up to now, the proposed compact structure and gtsvalent
analysis process have been discussed above. ltvisusly that the
whole equivalent circuit has an identical netwodpdlogy as the
conventional low-pass filter prototype. Therefovee will design a
low-pass filter based on the published table ohaliyshev prototype
low-pass filter as shown in Table | below.
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A. Low-pass filter using one-unit structure

To validate the proposed design approach, a 3-dbd&t-dB
ripple Chebyshev low-pass prototype filter with @B cutoff at 2
GHz is synthesized. By using the 0.01-dB ripple,ane can obtain a
very low insertion-loss through the passband.

Fig. 2.17 shows the geometry and equivalent ciraiditthe
Chebyshev low-pass filter using one-unit structémd the equivalent
inductancd_p and the sum of the equivalent capacitar@eare 2.503
nH and 1.544F, respectively, and the physical dimensions extdct
by Egn. (2.1) ~ (2.11) are shown in Table Il. Thepass filter is
designed and fabricated on a 1.524 mm thick Tac®@& with a
relative dielectric constant of 3.5.

As shown in Table 2.2, the dimensions of the caldiilee are
fixed, as the shorter the coupled-line is, the mdiiicult the
fabrication becomes. Furthermore, we investigatesl frequency
responses of the proposed low-pass filter withedgit open-stub

Table 2.2 Physical dimensions of the proposed low-pasarfilt

. Open-stub )

Parallel coupled-line Effective area

No. width Length
(mm) (mm x mm)

(mm) (mm)
1 Width: 0.36 12.06 4.03 12.06< 9.58
2 Space: 0.67 7.17 5.96 7.1% 11.51
3 Length: 5.55 3.40 9.37 3.40x 14.93




Return/insertion loss (dB)

Frequency (GHz)
(b)

Fig. 2.18 (a) Layout in ADS momentum simulator (b) simuthtesults following

the physical parameters in Table 2.2.

length. The layout and the simulated results bggighhe Agilent ADS

momentum simulator are shown in Fig. 2.18.
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Returnfinsertion loss {dB)

&0

2 4 6 8 10 12

Frequency (GHz)

Fig. 2.19 Comparison between the two simulated resulthe®fproposed one-unit

structure and its equivalebhtC circuit.

Fig. 2.18 shows that the insertion loss within passl and the
attenuation characteristics within stopband becbetter as the length
of open-stub gets shorter. On the contrary, thauitieffective area is
increased, as shown in Table Il. We therefore ambfie 2ndet of
dimensions to implement a compact low-pass filkerthis case, the
simulated results show that the passband insddsmis less than 0.3
dB over the whole passband, and the return lobstier than -20 dB
from DC to -1.7 GHz, and the attenuation leveldssl than -20 dB
within a very broad stopband up to about 10 GHz.

A comparison between the two simulated resulthefproposed
one-unit low-pass filter and its L-C equivalentcait using the
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lumped element values indicated in Fig. 2.17(b) besn made, as
shown in Fig. 2.19. Viewing the comparison resuttee proposed
low-pass filter has very broad stopband as welhasprototype L-C
low-pass filter, and has much sharper skirt charestic but a little

more insertion loss compared to the convention@l dre.

Following the above analysis, a photograph of tiwi€ated 3rd
Chebyshev low-pass prototype filter using the psgub one-unit
structure is shown a compact microstrip low-paserfihas been
fabricated based on a Taconic PCB with 0.35 thiskrend relative
dielectric constant of 1.524, as shown in Fig. 2&td the measured

results are compared with the simulation study i 2.21. As is

Fig. 2.20 A photograph of the fabricated compact microdtig-pass filter.



----- measured
——  simulated

Return/insertion loss (dB)

ou T T T T T T T T T T

0 2 4 6 8 10 . 12
Frequency (GHz)

Fig. 2.21 Measured and simulated frequency responses.

depicted, the simulated results and the measudiseagree well,
obviously.

B. Low-pass filter using cascaded structure

In order to have a better skirt and stopband reégect
characteristics, a low-pass filter using two casthdtages are
developed, the layout and lumped equivalent mogedire described
in Fig. 2.22(a) and Fig. 2.22(b), respectively. Eamwith the one-
stage low-pass filter, a 5-order 0.01-dB ripple Gfshev low-pass
prototype filter with 3-dB cutoff frequency at 2 Gkre employed in
this case, and the lumped elements values areailedidn Fig. 2.23.
The physical dimensions of the two-stage low-paKksrfcan be
obtained by the same method used in the one-stesge Eowever, the



Port 2

(@) (b)

Fig. 2.22 Low-pass filter using cascaded structure. {ayout. (b)equivalent

circuit.

lumped elements values of the 5-order Chebyshetofype low-pass
filter are not available, if the two stages arekdid directly. Because
the inductance values bf, L, L3, Lan, andLs can be set to 3.009 nH
as shown in Fig. 2.22(b), but a sum of the indumavalues ot z,,
and L3y is a litter less than the inductance valuelgf Therefore, a
short single transmission line with a length lgé which can be
modeled as a series inductor, is embedded betveetwb stages to
meet the specific inductance valuelaf Moreover, the width of the
embedded transmission line is set to the same stlgeasymmetrical
parallel coupled-line to avoid the transmissiore lgiscontinuity. The
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L, =3.000nH L,=6276nH L;=3009nH

— M M MM

C,=2.07TpF —_ —_ C,=2077pF

Fig. 2.23 5th Chebyshev prototype low-pass filter.

Table 2.3 Physical dimensions of the proposed two-stagefass filter

Embedded
Parallel coupled-line (mm) Open-stub (mm) transmission line

(mm)

Width Length Space Width Length Width Length

0.65 7.60 0.65 6.8 6.8 0.65 0.5

length oflspis given by [28]

ISP =@sin‘l wC—LSP (2.12)
2n Zy
where g and Zo. are the guided wavelength and characteristic
impedance of the embedded transmission line,anid the angular
cutoff frequencyLsp is the inductance value of the equivalent series
inductor.
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Lep =Ls —Lsa —Lgp (2.13)

wherelL; = 6.276 nH]3; = L3, = 3.009 nH.

Table 2.3 shows the extracted physical dimensiohshe
proposed two-stage low-pass filter from the eqe@malircuit, based
on a 1.524 mm thickness Taconic PCB with a relatiigectric
constant of 3.5. As shown in Fig. 2.24, a comparisamade between
the dimensions of the proposed and conventionglpst:impedance
low-pass filters. The proposed one is more compaditructure than
the conventional one, and obviously, the largeadttteer number of the
prototype filter is, the more relatively compactaarea-effective the
proposed one becomes. The optimized simulationltseesaf the
proposed two-stage low-pass filter are shown in. RA¢@4, and
compared with those of the conventional steppeceoapce and

Unit: mm

(a) (b)

Fig. 2.24 Layouts of (a) the proposed two-stage and (b)eotional stepped-

impedance low-pass filter.
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equivalentL-C prototype low-pass filter. Inspecting the simudati
results, the two-stage low-pass filter using theppsed structure
provides a much sharper skirt characteristic arapeéerejection band
compared to the results of the conventional one.

A photograph of the proposed two-stage low-passrfis shown
in Fig. 2.26. The measured frequency responseshanen in Fig. 2.27
in comparison with the simulated ones. As showrFiop 2.27, the
measured and simulated results agree very wels fliter has a 3-dB
cutoff frequency at 1.99 GHz. The return loss isager than 20 dB
from DC to 1.67 GHz. The insertion loss is lessitBa® dB from DC
to 1.6 GHz. The rejection is greater than 20 dBnfx32 to 8.5 GHz.
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Fig. 2.25 Simulated frequency responses of the filter ugiqgivalentL-C tables,

conventional stepped-impedance and two-stage cadcalicture.
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Fig. 2.26 Photograph of the proposed two-stage low-pates. fil

Returnfinsertion loss {dB)

1 2 3 4 5

Frequency (GHz)

@

_47-

6 7 8 9



----- Simulated results
— Measured results

Return/insertion {dB)

0.6 -

0.8

T . T . T . T : T
0.3 06 0.9 1.2 1.5

Frequency {GHz)

(b)

Fig. 2.27 Measured and simulated: (a) frequency responsghky S1 within the
3-dB bandwidth for the filter using the two-stageusture.

In this chapter, a new compact low-pass filter widry simple
structure and its equivalent-circuit model haverbdeveloped in this
paper. A 3- and a 5-order Chebyshev prototype lassilters have
been synthesized from the equivalent-circuit usthg published
element-value tables to validate its correctnesaseB on our
observations on simulation performance and measmeEnthe new
type of compact low-pass filter demonstrated magsirdble features:
low passband insertion loss, sharp skirt charatieriand broad
stopband. Also, our design can be further exteradetiused in more
high order design process to achieve more sharp characteristic
and deeper rejection band.
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The low-pass filter proposed here is quite useafulapplications

in modern communication systems.

However, from the comparison results between theulsited
results of the proposed low-pass filter based omwraostrip line
structure and its equivalent circuit based on Chhby prototype, we
found that the proposed compact low-pass filterthassame cut-off
frequency as the equivalent circuit, but the trassimn-zero point
cannot be represented by the equivalent circuiterdfore, the
equivalent circuit should be improved to descripe tfrequency

responses of the proposed compact structure mawlgx

In next chapter, a modified equivalent circuit viié proposed.
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CHAPTER 3 Equivalent Circuit Analysis

To develop a more exact equivalent circuit, we pegpa new
scheme in this chapter. Also, the proposed compg#cicture is
divided into two parts, one is the parallel couglieé with its far-end
shorted and the other is the open-stub. Howeverpénallel coupled-
line section is transformed into a different netéopology as the
one above-mentioned in chapter 2.

3.1 Equivalent circuit analysis

As shown in Fig. 3.1 below, the parallel coupletelwith its far-
end shorted can be approximately modeled as tnansfowith one-
end shorted.

Zoe and Z,, represent the even- and odd-mode impedance of the
parallel coupled-line, respectively. is the electrical length of the
coupled-line. L and M mean the self-inductance and mutual-
inductance of the two identical inductof®, and Gare two parasitic
capacitors.
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PARAMETERS: Zoe, Zoo, B

PORT2 o— Z—o PORT3
PORT 1 'D—-:p"'r = ‘,.;—-ﬂ POHT 4

()

PARAMETERS: Cg, Ce, L, M

Fig. 3.1 (a) A parallel coupled-line section and (b) itrresponding equivalent

circuit.

The values fot, M, C; andCy in terms ofZ,e, Zoo andé are as
follows:

(2, +2Z,)sin6
B A

L

(3.1)

-51-



_ (ZOe - Zoo)sinH

M
ot (3.2)
_tan(6/2)
" "7 21 (3.3)
1 1 )tan(g/2)
C. = .
c (zoo ZOJ 4t (34)

The values of the lumped element model are giveterims of
coupled line parameters in a homogeneous mediurce @re lumped
elements are determined, any structure which vyidhis correct
lumped element values may be used, whether oramabbenous.

In this case, the parasitic capaci@@ can be eliminated because
the far-end of the parallel coupled-line is shorted addition, the
other parasitic capacit@y can be omitted due to its very small value.
Therefore, the parallel coupled-line with its fardeshorted will be
approximately modeled as a transformer. And thenegteb is
modeled as a capacitor as shown in Fig. 2.13. §ata proposed
compact structure can be modeled as shown in Rig. 3



Port 1 Port 2

" ]
“ena”

o— M Lo

#1 #2
(b)

Fig. 3.2 (a) Layout of the proposed LPF and gbperal equivalent circuit.

Here, the present transformer can be father tramsfo intopi-
type network without mutual-inductance, as depiateldig. 3.3.
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i

vuast D =
oty M il _LLA.A.J_
#1 w2 L,

Fig. 3.3 Coupled-inductor model.

The relationship between the transformer gidype network
can be obtained by the following equations [290]{3

L,=L+M (3.5)
L, =(L>-M2)/m (3.6)

3.2 Discontinuity model
To obtain a more exact equivalent circuit, the aiigmuity
between the parallel coupled-line and the open-stabhnot be

neglected. The discontinuity modeling is descrilve#lig. 3.4 and the
element values can be calculated by Eqgn. (3.7)1.)3[28],[32]
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Fig. 3.4 Discontinuity model.

2
Lok 0.000987h( ;J (3.7)

d

C, =0.00137h\/z?'( J [ &+ 03 ]E{W /h+0264] (3.8)

u u - 0.258 d/h+08
Z,\E
u =#Ls (39)
c
Z,A\E
g =T (3.10)
c

where h and ¢ represent the thickness and the relative dietectri
constant of the microstrip substrate, respectivelis the velocity of
the light, W, and Wy represent the widths of the corresponding
transmission lines as shown in Fig. 3.4.

Therefore, the final equivalent circuit is showrfig. 3.5 below.



Fig. 3.5 Proposed equivalent circuit.

Table 3.1 Proposed compact low-pass filter Table 3.2 Equivalent circuit

Faramelers FParamelers

i Width 7.0 mm £y 4.70 nH

SB | ength | 6.00 mm %, 9.30 nH

Width 0.36 mm £y 0.72 nH

Coupled | | sngth | 5.50 mm & 0.17 nH
fine

Space 0.67 mm Cy 0.13 pF

£,= 3.5, Substrate thickness: 1,524 mm c, 1.20 pF
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The physical dimensions of the designed compactdass filter
are shown in Table one, where the relative diglecionstant is 3.5,
and the substrate thickness is 1.524 mm. Basedhenbgfore-
mentioned formulas, the lumped elements valuestofequivalent
circuit are calculated and shown in Table 3.1 a2d 3

To examine the validity of the equivalent circaitcomparison of
simulated results between the proposed microstrigctsire and its
equivalent circuit was made. From figure 3.6, wa fiad that the
simulated results of the proposed low-pass filtesadibed as the
circle-marked line and the simulated results ofeitgiivalent circuit
described as the solid-line agree very well. Anehtikompared with
the conventional stepped-impedance low-pass filler proposed one
has broad rejection bandwidth and sharp skirt dterstics due to a

0 -

.10-
=20 4
-30 43

40 -

o TN

! Equivalent Circuit
-60 - S —o= Proposed Structure
—4— Steppeddmpedance LPF

'?0 T T T T T T L T S 1

Return & Insertion Loss (dB)

0 2 4 6 8 10 12
Frequency (GHz)

Fig. 3.6 Comparison between the two simulated resulthefpgroposed structure

and its equivalent circuit.
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= 604 \ s1 P
= 1 s —— Cgo=1.2pF
@ -0+ «« Cgq=15pF
]
- 11 3 P
'80 T T T T T T T T T T T
0 2 4 6 8 10 12
Frequency (GHz)

(@)

Return & Insertion Loss (dB)

-80 r T T — T T T T T T
0 2 4 6 8 10 12

Frequency (GHz)

(b)
Fig. 3.7 Low-pass filters with (a) different open-stopdgm, namely, with different
Cs, (b) different length.

finite attenuation pole near to the cut-off freqgcyenMoreover, the
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proposed low-pass filter has low insertion lospassband.

To find an optimal frequency response for this tgpdow-pass
filter, we have performed two tests for the tunofdinite attenuation
pole. One is by changing the open-stub length basedhe same
dimensions of the parallel coupled line. The otilseby changing the
coupled-line length without changing the open-stutimensions. As
shown in Fig. 3.7(a), we can observe that thediaittenuation pole
shifts to the upper frequency as the shunted cepaalue decreases,
at the same time, the insertion loss increases. andhown in Fig.
3.7(b), the finite attenuation pole shifts to thgher frequency as the
coupled-line length decreases, and simultaneotistyjnsertion loss
decreases.

In order to validate the proposed design approacimicrostrip
low-pass filter unde€s = 1.20pF is fabricated based on a 1.524 mm
thickness Taconic substrate with relative dieleatonstants of,.= 3.5.
The low-pass filter is measured with Anritsu 37369@twork
analyzer. A photograph of the fabricated filterstgown in Fig. 3.8,
and the measured results are compared with thelaiom study for
Cs = 1.20pF. As shown in Fig. 3.9, the measured and simulated
results agree very well. A finite attenuation palgpears at 3.5 GHz
up to 53 dB to improve selectivity characteristiclaw-pass filter.
The return loss within passband is less than -20rd& DC to 1.8
GHz. The insertion loss is very low and it is alinkess than 0.25 dB
from DC to 1.75 GHz. The rejection level within gband is greater
than 20 dB from 3.1 to 9.5 GHz, which is a verydutoejection band.
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Returnfinsertion loss (dB)

Fig. 3.8 A photograph of the fabricated low-pass filter.

simulated

Frequency (GHz)

10 12

Fig. 3.9 Measured and simulated frequency responses.



From the above analysis, the equivalent circuipppsed in this
chapter has more exact performances as the compmcostrip
structure; particularly the first transmission ze@rdrequency domain
can be controllable by adjusting the physical patans.

As is well know, it is very convenient that an apgmiate
equivalent circuit can be employed to design aribisted circuit.
However, the equivalent circuit comprised of theaped elements has
their limitations in frequency responses. Because microwave
circuits made of the distributed elements have skimé of periodic
frequency responses which can not be describedlgxaterefore,
the frequency responses should be validated basedistributed

transmission line-model; these will be discussedeaxt chapter.
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CHAPTER 4 Transmission-Line Model

In this chapter, the proposed compact structurebailanalyzed
based on a transmission-line model using even-oddemanalysis
method and basic two-port network theory. A dedaglysis process is
introduced step-by-step.

4.1 Review of two-port network theory

A. Definition of two-port network and its netwqrameters

I I 1':
-1 £
0 — -— ],
Z, l ; Two-port r
]PI'[ L 5 Z
¥ network ol @
EQ b=~— —=b,
. ?
s &

Fig. 4.1 General Two-port networlg].

Most RF/microwave filters and filter components chae

represented by a two-port network, as shown inreigul, where/;,
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V, andly, I, are the voltage and current variables at the doesd 2,
respectively,Zo; and Zy; are the terminal impedances, dgsl is the
source or generator voltage. Note that the voltagel current
variables are complex amplitudes when we consideuseidal

quantities.

Because it is difficult to measure the voltage andrent at
microwave frequencies, the wave variables b, and a,, b, are
introduced, witha indicating the incident waves ardthe reflected
waves. The relationships between the wave varisdnesthe voltage
and current variables are defined as:

V,=4Z, (a, +b,) (4.)

1
|, = a, —b, 4.2
Zon ( ) ( )
or
[ V
a, =— =+ Z, ]
n 2( Zon on nJ (43)

N
bn_2 \/TOH Zonln (44)

- Impedance parameters
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Impedance oF parameters of a two-port network are defined as

\% \%
Zn _|_1 VAP _|_1
1h,=0 211,=0
\% \%
Zy _|_2 v Ly _|_2 (4.5)
111,=0 211,=0

wherel,= 0 implies a perfect open-circuit at portThese definitions

e -
VZ Z21 Z22 |2 .

The matrix, which contains thé&parameters, is denoted bxj.[

can be written as

For reciprocal network<i, = Z;. If networks are symmetricafy, =
Zy,and Zy, = Zpy. For a lossless network, the parameters are all
purely imaginary.

- Admittance parameters

Admittance orY parameters of a two-port network are defined as

|
, Y“:V_i

V,=0
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4.7)

1lv,=0 Ve V=0

whereV,= 0 implies a perfect short-circuit at part The definitions
of theY parameters may also be written as

[Il} |:Y11 le]tﬁvl}
= 4.8
|, Yo Yol [V, “9

where the matrix containing théparameters, is denoted byj.[ For
reciprocal networksYi, = Ya1. If networks are symmetrica¥y; = Yz
andYiz = Yz1. For a lossless network, theparameters are all purely
imaginary.

-ABCD parameters

TheABCD parameters of a two-port network are given by
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p=_1

(4.9)

1
V2 I,=0 ! 2 lv,=0

These parameters are actually defined in a sébedl equations

MA R ] e

where the matrix comprised of thRBCD parameters is called the

in matrix notation

ABCD matrix. Sometimes, it may also be referred to astthansfer or

chain matrix. ThéABCD parameters have the following properties:

AD-BC=1 for areciprocal network (4.11)
A=D for a symmetrical network  (4.12)

If the network is lossless, thénandD will be purely real and®

andC will be purely imaginary.

The ABCD parameters are very useful for analysis of a cormple
two-port network that may be divided into two orma@ascaded sub-
networks.

- Scattering parameters

The scattering o8 parameters of a two-port network are defined
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in terms of the wave variables as

Sy = & , S = ﬂ
& a,=0 a, a,=0
b b
S, =-*% , S, =%
21 a, oo 22 a, w (4.13)

wherea, = 0 implies a perfect impedance match (no reflectrom
terminal impedance) at pant These definitions may be written as

HiECI
b2 SZl S22 a2 .

where the matrix containing th® parameters is referred to as the
scattering matrix o matrix, which may simply be denoted [§.[

The parametersS;; and S, are also called the reflection
coefficients, S, and $; the transmission coefficients. These are the
parameters directly measurable at microwave frecjgen The S
parameters are in general complex, and it is cdemério express
them in terms of amplitudes and phases, &= | S €™ for m,

n = 1,2. Often their amplitudes are given in deagh@B), which are
defined as
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20log|S,, [dB  m,n=12 (4.15)

where the logarithm operation is base 10. This Ww#l assumed
through this book unless otherwise stated. Foerfiltharacterization,
we may define two parameters:

L, =-20log|S,, [dB  m,n=212(m # n)
L, =20log|S,, |dB n=12 (4.16)

where L denotes the insertion loss between portand m and Lg
represents the return loss at portinstead of using the return loss,
voltage standing wave ratSWRmaybe used 0f SWRs

+[S,, |

VSWR =—— "
=18 |

n=12 (4.17)

B. Network connections

Often in the analysis of a filter network, it ism@nient to treat
one or more filter components or elements as iddai sub-networks,
and then connect them to determine the networknpeters of the
filter. The three basic types of connection that asually encountered
are:
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I, I L A
v, v Nl oy | N
o—0 = == ek

(©)

Fig. 4.2 Basic types of network connection: (a) parallle),series, and (c) cascade.
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1. Parallel

2. Series

3. Cascade

Suppose we wish to connect two netwdxksand N in parallel,
as shown in Figure 4.2, An easy way to do this type of connection

is to use theil¥ matrices. This is because

REHR RN

Therefore,

el )
= : 7 p " 4.18
[Iz (Yﬂ Yol Yo Yal)lv,| @™

or theY matrix of the combined network is:
[YI=[Y]+[Y] (4.19)

This type of connection can be extended to mora tha two-
port networks connected in parallel. In that cabe, short-circuit
admittance matrix of the composite network is giamply by the
sum of the short-circuit admittance matrices of timelividual

networks.

Analogously, the networks of Figure 4p(are connected in
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series at both their input and output terminalsiseguently

=l o e [

This gives

vl}_ [z;l z'lez;; zz'lmu]
= ! , " " 4.20
|:V2 ( 221 Zzz Zzl Zzz |z ( )

and thus the resultadtmatrix of the compaosite network is given by
[Z]1=[Z]1+][Z] (4.21)

Similarly, if there are more than two two-port netks to be
connected in series to form a composite network, dgpen-circuit
impedance matrix of the composite network is equahe sum of the

individual open-circuit impedance matrices.

The cascade connection of two or more simpler netsvappears
to be used most frequently in analysis and desfgfilters. This is
because most filters consist of cascaded two-pamponents. For
simplicity, consider a network formed by the cascadnnection of
two sub-networks, as shown in Figure 4.2(c). TH®¥ong terminal
voltage and current relationships at the termirzdlgshe composite
network would be obvious:
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It should be noted that the outputs of the firdt-setworkN are

the inputs of the following second sub-netwbrk namely

]

If the networksN andN" are described by th®BCD parameters,
these terminal voltage and current relationshipwgether lead to

(e SHESTHEIE 2] e

Thus, the transfer matrix of the composite netwsri&qual to the
matrix product of the transfer matrices of the eaed sub-networks.
This argument is valid for any number of two-potworks in
cascade connection.

4.2 Transmission line modeling
As discussed in chapter 1 and chapter 2, two kih@gjuivalent
circuits have been proposed. It is very convenibat the equivalent

circuit is extracted. However, due to some limidas of the
equivalent circuit comprised of the lumped-elemente exact
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Port1 O O Port 2

Fig. 4.3 Transmission line model.

frequency characterizations cannot be describeglataty. Therefore,
the frequency responses based on transmissiomiauling have to
be investigated. In this section, the detail inigadion process is
introduced next.

As shown in Fig. 4.3, the transmission line modehimost the
same as the proposed compact structure. Howeverciticuit is
analyzed by using the basic two-port network theamg even-odd
mode method.

As depicted in Fig. 4.4(a), the tot@-matrix of a serially
connected network can be given by the equationibelo
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+ o o +

(b)

Fig. 4.4 (a) Serially connected two-port network. (b) Deposition diagram

of the proposed structure.
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[z:]=[z,]+[z.] (4.23)

where [q] is the totalZ-parameters,4,] is the Z-parameters of the
upper sub-network, andz|[] is the Z-parameters of the lower sub-
network, respectively.

Referred to Fig. 4.4(b), the parallel coupled-liaad the
capacitive load sections can be seen as the uppdowaer networks,
respectively. For the upper network, the elemefitthe impedance
matrix [Zy] can be calculated by using even-odd mode analysis

method.

A Upper sub-network (coupled-line)

+O—l l__°+

#1 #2

s s

Fig. 4.5 Upper sub-network
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zY =iz, tand, +z  tand,)/2 (4.24)

zY =iz, tang, - Z_, tand,)/2 (4.25)

As indicated in Eqn. (4.24) and (4.25%,, is the sum of
Zz¢/2 and Z2/2, and ZJ, is the difference of Z: /2 and

Z° /2. 0, 0, represent the even- and odd mode electrical length

respectively.
B Lower sub-network (load capacitor)

For the lower network, the elements #i][are all the same and

can be derived as:
Z,, == j/laCs), mn=12 (4.26)

From the relationship between the impedance antiesicay
matrices, the transmission parameter of the netwark be obtained
by [24]

< - 2217,
= (Z]-.rl + Zo)(zgz + Zo) - Zszzgl

(4.27)

where Zp is the input and output microstrip line charactéci
impedance. The finite attenuation poles are locatedhe angular
frequenciesw where S1(w) = 0 or Z,(w) = 0. Therefore, the
frequencies of the finite attenuation poles shaaltisfy the following
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+o o+

#1 #2

Fig. 4.6 Lower sub-network

equation derived from (4.25) and (4.26):
(z,.tand, -z, tand,)/2=1/(aC,) (4.28)

Inspecting (4.28), the frequencies of the finiteeratiation poles
can be determined by the capacitive lo@gd and the electrical
parameters of the parallel coupled-line. Fig. (#skows the pictorial
descriptions of varying the capacitand@s. There are three
intersections between the upper reactance funetion (Zoee tande —
Zoo tandy)/2 and the lower on&, = 1/wCs through the stopband. It
means that three finite attenuation poles will beated through the
stopband at the same frequencies as the intemseckietween the
upper and lower reactance functions. As illustrateftig. (4.7b), the
predicted results are confirmed by the simulateddency responses.
The locations of the transmission zeros are altih@ssame as those of
the intersections shown in Fig. 4.7(a).
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Fig. 4.7 Compact structure with different capacitive loafg Pictorial reactance
descriptions. (b) Simulated frequency responses wiite following electrical

parameterd, = 7.0 mms= 0.5 mm, anav = 0.23 mm.
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Fig. 4.8 Compact structure with different capacitive loa@g Pictorial reactance
descriptions. (b) Simulated frequency responses wite following electrical

parametersCs = 1.3 pFs= 0.5 mm, andv = 0.23 mm. (c) Partial enlarged view.

The simulated results with three different capacéa values
demonstrate that the first and third finite attdrarapoles shift to the
upper frequency as the capacitance value decreambshe second
finite attenuation pole has almost no-shift. Moreg\the slope factor
of the cut-off transition is about the same. Thaemef the cut-off
frequency can be adjusted easily by selecting aprogpiate
capacitive load, but without changing the sharpioésise cut-off.

The first and second finite attenuation poles, ha@uewill be so

close as to produce just one transmission zero wiercapacitance
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value is selected to be small enough. To continyoumspect the

effects on the frequency responses of the propstsediure caused by
the parallel coupled-line, a comparison has beedenamong three
different structures with different length of thargllel coupled-line

based on same capacitive load. As shown in Figaj.&ll three

intersections shift to the upper frequency as émgth of the coupled-
line decreases gradually, especially the secondtlaind ones. The

frequency responses demonstrated in Fig. 4.8(b)mkssent the same
characteristics. Furthermore, from the partial edd view as

depicted in Fig. 4.8(c), as the length of the cedgdlne increases, the
cut-off sharpness becomes more abrupt.

Fig. 4.9 Modeling in Ansoft HFSS simulator.
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By the above graphic analysis, the proposed comgtactture
can provide a wide rejection band with three firdteenuation poles,
and these finite attenuation poles can be adjustesily just by
changing the capacitive load value and the len§the coupled-line.
This attractive feature can be used to improve #tepband
characteristics of low-pass and band-pass filtersharmonics and
spurious suppression. To verify the proposed ambroa low-pass
filter with its cutoff frequency at 2.0 GHz is ddéeped. The low-pass
filter is designed and fabricated on a 0.76 mmkifiieconic PCB with
a relative dielectric constant ef = 3.5. The capacitive load can be a
chip monolithic multilayered ceramic capacitor omatal-insulator-
metal capacitor. In this case, we select an opeted stub to be the
capacitive load for simple fabrication and low irga loss. By
applying the rules examined in Section Il, as veall optimized by
Ansoft HFSS Simulator for considering the discouitin effect at a
step between the open-circuited stub and the pa@upled-line, as
shown in Fig. 4.9, the physical dimensions of threuit, as depicted
in Fig. 4.10(a), are determined &= 4.0 mm,|, = 7.0 mm,. = 9.0
mm,w = 0.25 mm, and = 0.36 mm. The fabricated low-pass filter is
measured with Anritsu 37369D vector network analyAs shown in
Fig. 4.10(b), the measured results agree well wighsimulated ones.
This low-pass filter has a 3-dB cutoff frequencyla®9 GHz. The
insertion loss is lower than 0.5 dB from DC to GHz. The rejection
band is extended from 2.7 to 8.35 GHz over 20 dil three finite
attenuation poles are located at 3.05 GHz with 5B5at 5.45 GHz
with 64.1 dB, and at 8.05 GHz with 53.0 dB, respety.
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Fig. 4.10 (a) Layout comparison between the proposed aedctimventional

stepped-impedance LPF. (b) Simulated and measaseits.
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4.3 Low-pass filter with harmonics suppression

In this paper, we also develop a new kind of semiged
compact low-pass filter to suppres} 2, and & harmonics. In this
case, a chip capacitor is used to replace the sp#nas the load
capacitor in order to reduce the effective ciranéa. By using the
same optimizing method proposed in the fore meptiatesign.

A semi-lumped low-pass filter with its cutoff fregcy at 1.3
GHz is developed. The electrical parameters ofpéduallel coupled-
line and shunted capacitor are selected to suppines&nd, 3rd, and
4th harmonics, simultaneously. A compact low-pd$arfis designed
and fabricated on a 0.76 mm thickness Taconic P@B avrelative
dielectric constant ofs, = 3.5. Adjusting the locations of the reactance

intersections by adjusting the circuit parametassyvell as optimized

Table 4.1 Comparison of the physical dimensions

Proposed LPF Stepped-impedance LPF
Coupled-line | Capacitor | High-impedance |Low-impedance
(mm) (pF) line (mm) line (mm)
Tonght: Lo Length: 1151 | Length: 8.45

Width: 0.4 Cs 1.3
Space: 0.4 Width: 0.22 Width: 4.54

Substrate thickness: 0.76 mm, relative dielectric: 3.5
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(a)

Unit: mm

(b)

Fig. 4.11 Layouts of (a) the proposed low-pass filter amdopnventional stepped-

impedance low-pass filter.
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Fig. 4.12 Frequency responses of the employed load capacito
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by Agilent ADS software, the circuit electrical pameters are
determined as shown in Table 4.1, and a compamgahe circuit
layouts between the proposed compact low-passr fidted the
conventional stepped-impedance one has been mailastaigted in
Fig. 4.11.

The employed load capacitor is a Murata produch wi SRF
(series resonance frequency) of 6.09 GHz. The &equ responses
are investigated, as shown in Fig. 4.12. With gslrfrequency
responses, the semi-lumped compact low-pass @iterbe optimized
by using commercial RF simulator tools.

A photograph of the fabricated semi-lumped low-phker is
shown in Fig. 4.13(a). The fabricated low-pas=fitvas measured
with Anritsu 37369D vector network analyzer. As whoin Fig.
4.13(b), the measured results agree well with tmellated ones. This
low-pass filter has a 3-dB cutoff frequency at GBiz. The three
finite attenuation poles at stopband are locateé?l @GHz, 3.85 GHz,
and 5.35 GHz with insertion losses of 46 dB, 4789 and 35.5 dB,
respectively. The locations are almost same as?tfe3?, and &'
harmonics of the cutoff frequency. Thereby the lamts can be

eliminated effectively.
Moreover, any of the unwanted frequencies can buiredted

using this kind of circuit by adjusting the electi circuit parameters

effectively.
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CHAPTER 5 Conclusions

In this dissertation, a new compact structure fmprioving
stopband performance of low-pass filter or bandspfiker. This
compact structure has many attractive advantagey: sSrmple, easy-
to-integrate, easy-to-fabricate, broad rejectionndvéadth, and
controllable transmission zeros for harmonic anatispis suppression.

To design this new kind of low-pass filter, two-#inf equivalent
circuit comprised of lumped-elements can be anrradteve. One is
Chebyshev prototype, but this kind of equivalemtwi can be used
just if the cutoff frequency is important not thartsmission zeros for
the filter's specifications. However, it's very gie and easy-to-
design. The other one is a kind of equivalent @iraith a transform,
by which the first transmission zero can be adfisbemeet the design
requirement of skirt characteristics. In additi@antransmission-line
model was proposed in this paper, by which thragsimission zeros
at stopband can be controlled just by adjustingdieuit electrical
parameters easily. These transmission zeros caenh@oyed to
suppress harmonics and spurious signal, which arng imnportant in
modern communication system.

To verify the feasibility of the proposed metholee low-pass

filters based on microstrip line structure have rbedesigned,
fabricated, and measured. Based on the observatibissmulation
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performance and measured results, the equivaledelsidnave been
verified. The most important thing is that a trarssion-line model
for this new type of compact structure was devedopBy this

equivalent model, three transmission zeros can oetrallable

completely to suppress harmonics and spurious Isigia semi-

lumped low-pass filter was designed, fabricated, measured.

This kind of low-pass filter demonstrates some raéxe features
compared with the conventional one, such as shakpt s
characteristics, and harmonics and spurious sugiprest stopband.
In addition, the proposed approach can be furtkegneled and used
in high-order design process to achieve sharpet skaracteristics
and broad rejection band with much deeper attemdgivel.
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