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Electrical length of the transmissiameli
Coupling coefficient

Wavelength



List of Tables

Table 2.1 Parameters of filters for different clgp coefficients.

Table 2.2 Parameters of filters for different éleal length.

Table 3.1 Physical dimensions of transmissiorsliiog the filter.

Table 3.2 Measured results of the experimentairfil

Fig. 2.1
Fig. 2.2

Fig.2.3

Fig. 2.4
Fig. 2.5
Fig. 2.6

Fig. 2.7

Fig. 2.8

List of Fig.s

M4 transmission line and its equivalent circuit.

(a) Diagonally shorted coupled lines. Eljuivalent circuit
of the coupled lines.

(&) Equivalent circuit of Hirota’s redueside A/4 line
including artificial resonance circuits. (b) Thendl
equivalenf/4 transmission line circuit.

Generalized band-pass filter structure.

The shorted coupled lines.

The equivalent circuit of the shorted mled lines.

An equivalent circuit of the miniaturiz®@t transmission
line.

Relation between the coupling coefficiand the
bandwidth of the filter.

Fig. 2.9 Relation between the bandwidth of theeffiltand the

electrical length of the coupled lines.



Fig. 3.1 One-stage bandpass filter.

Fig. 3.2 Two-stage bandpass filter.

Fig. 3.3 An extremely miniaturized two-stage baamtpfilter.

Fig. 3.4 Layouts of the bandpass filter in HFSS.

Fig. 3.5 (a) S for different lengths of the inter-stage line. &)
for different lengths of the inter-stage line.

Fig. 3.6 Layout of the designed bandpass filter.

Fig. 3.7 Photograph of the fabricated band-pass filter.

Fig. 3.8 Structure of the MIM capacitor used fongation in
HFSS.

Fig. 3.9 Simulated and measured results.

Fig. 3.10 Simulated and measured S-parameter & fih broad

range.



Abstract

Miniaturized microwave bandpass filters are alwaysiemand
for systems requiring small size and light weightis demand is
much increased recently by rapidly expanding catlul
communication systems.

In this thesis, a novel miniaturized UHF bandpatsrfusing
diagonally end-shorted coupled lines and lumpedaciaps is
proposed. With this new method, the size of the passli filter can be
reduced to just a few degrees without sacrifichmg¢haracteristics of
the conventional filter at the operating frequenicy.addition to it,
this new filter also shows a wider upper stopband.

A two-stage bandpass filter using this method heenldesigned
and fabricated at a midband frequency of 300 MHth weiectrical
length of 5.2. Both theoretical and experimental performances ar
presented. The total physical size of the fabratdier is only 17
mm, 95% reduced compared with the conventional ORiee
fabricated filter exhibits good filtering charadstics with a wider
upper stopband. This extremely miniaturized bargspdter holds
promise for MMIC (Monolithic Microwave Integrated ir€uits)
technologies which can be applied to mobile comweations and
other applications.



CHAPTER 1 Introduction

Filters form an indispensable component group innyna
RF/microwave applications. Nowadays, emerging appbns
continue to challenge filters with ever more stengrequirements.
High performance bandpass filters with miniaturizgéde, narrow
bandwidth, wide stopband and low cost are requirednodern
wireless communication systems, especially in neohihd portable
internet systems. Planar filter structures whiclm &g fabricated
using printed-circuit technologies would be preddrivhenever they
are available and are suitable because of smalies @ind lighter
weight. Recent advance in high-temperature supdtaimg (HTS)
circuits and microwave monolithic integrated citsu{MMIC) has
additionally stimulated the development of varicplanar filters,
especially narrow-band bandpass filters which playmportant role
in modern communications systems [1], [2].

A traditional end-coupled microstrip half-waveleimgtesonator
filter is a typical narrow-band bandpass filtersjrite of that, at lower
mobile communications bands, its physical lengtkots long, even
on a higher dielectric constant substrate. Anoth&aidvantage is that
it has a spurious passband at®here f§is the midband frequency of
the filter. TheA/2 hairpin resonator [3] and slow-wave resonator
filters [4] of planar structure are not only compaze due to the
slow-wave effect, but also have a wider upper saagbresulting
from the dispersion effect. However, this type iitefs is still too
large to be inserted into commercial transceivetesy. The quarter
wavelength ceramic combline filter having high dattic material



[5] is another type of miniaturized bandpass filiéevertheless, the
electrical length of the transmission line itselfthis combline filter
is not reduced. The lumped-element approach [§], Which uses
spiral inductors and lumped capacitors leads tdlsmauit size, and
this type of filter ideally does not have any spus passband at all.
However, the design of lumped-element circuits nhestsomewhat
empirical, and it needs precise inductor modelsedasn careful
measurements of test elements. Moreover, the dekapomes

difficult at frequencies above 20 GHz.

In this thesis, a novel extremely miniaturized filtesulting from
Hirota’'s reduced A4 transmission line is introduced. The
size-reduction method proposing by Hirota [8] isaattive in view of
using short transmission line and lumped capacitiesvertheless,
the circuit size could not be much reduced duéedimitation of the
high impedance of the transmission line. In thigests, a new
size-reduction method fok/4 transmission line using diagonally
end-shorted coupled lines and lumped capacitopdposed. With
this method, the size of the bandpass filter can cbatrolled
arbitrarily in theory and reduced to just a few m&g without
sacrificing the characteristics of the conventiorfdler at the
operating frequency. In addition to it, this nevefi shows a wider
upper stopband. A two-stage bandpass filter is gaesi and
fabricated at 300MHz to maximize the effect of simauction
method since the lower the resonant frequency, ltmger the
electrical length.



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

Chapter 2 presents a comprehensive circuit theiosize reduction
method. This new method utilizes combinations o&gdnally
end-shorted coupled lines and shunt lumped capacittis chapter
also explains the key factors which effect on tlaadwidth of the
filter.

Chapter 3 describes a design of two-stage bandittassn detail,
including theoretical analysis, circuit design amchulated results by
ADS and HFSS. The experimental results of the ¢albed filter are
also demonstrated and discussed.

Chapter 4 is the conclusion of this thesis. It sampes the
research work and proposes applications of thistype of filters.



CHAPTER 2 The theory of size reduction method

2.1 Introduction of filters

A microwave filter is a two-port network used tontwl the
frequency response at a certain point in a micrewaystem by
providing transmission at frequencies within thegiand of the filter
and attenuation in the stopband of the filter. €hare general four
types of filters: low-pass, high-pass, bandpass laamdstop. The
low-pass filter allows low-frequency signals to toansmitted from
the input to the output port with little attenuatidHowever, as the
frequency exceeds a certain cut-off point, thenatéon increases
significantly with the result of delivering an antptie-reduced signal
to the output port. The opposite behavior is tareaf high-pass filter,
where the low-frequency signal components are figttenuated or
reduced in amplitude, while beyond a cut-off freguie point the
signal passes the filter with little attenuatiomnBpass and bandstop
filters restrict the passband between specific towed upper
frequency points where the attenuation is eithar (bandpass) or
high (bandstop) compared to the remaining frequéany.

Filters have become indispensable devices not iontlye field of
telecommunication, but also in many other types etéctrical
equipment. Due to the variety and diversity of filier types, it often
becomes necessary for a designer to carefully dengihich filter to
adopt for a particular application.



2.2 Size reduction method

Miniaturized microwave bandpass filters are alwimydemand for
systems requiring small size and light weight. Tdesnand is much
increased recently by rapidly expanding cellulampwnication
systems. Although parallel-coupled microstrip fdte with
half-wavelength resonators are common elements ianym
microwave systems, their large size is incongruwitls the systems
where the size reduction is an important factor.

Planar filter structures which can be fabricatedingis
printed-circuit technologies would be preferred néneer they are
available and are suitable because of smaller sizédighter weight.
The M2 hairpin resonator and slow-wave resonator §ltef planar
structure are not only compact size, but also haweider upper
stopband. However, this type of filters is stilbttarge to be inserted
into commercial transceiver system. Although thmped-element
approach, which uses spiral inductors and lumpedators, leads to
small circuit size, they suffer from higher lossdapoorer power

handling capability.

The size-reduction method proposing by Hirota igsaative in
view of using short transmission line and lumpedoacitors.
However, the circuit size could not be much redudee to the
limitation of the high impedance of the transmissiline. It is
therefore desirable to develop new types of micmsbandpass

filters which actually meet the requirement of drsale.



2.2.1 Hirota’s size reduction method fo transmission

line

The reduced/4 transmission line using combinations of shortene
transmission line and shunt lumped capacitors @egdy Hirota is
shown in Fig. 1. A transmission line shorter tharmyuarter of a
wavelength has a lower inductance and capacitareeapproach is
to offset the inductance drop by increasing the rattaristic
impedance of the transmission line and to offsetdapacitance loss
by adding lumped capacitors. TABCD-matrices of the circuits in
Fig. 2.1 (a) and (b) are as follows,

0 jZ
[ABCD]=| | 4 (2.1)
ZO
[ABCD]_ 1 0 co_se JZsin6 1 0
joC, 1 j? co® || joC, 1
(2.2)
co9-oC, Zsirm jZsind

j%whzjmclco@-j(mcl)zzgrﬂ cod)-C,Zsir

where Zo, Z, 8 and o are the characteristic impedance of the
quarter-wavelength line, the characteristic impedanof the
shortened line, the electrical length of the shwteline, and the



angular frequency, respectively.

(@)

(b)

Fig. 2.1 A4 transmission line and its equivalent circuit) (@4
transmission line. (b) Shortened transmission &geivalent to the

M4 transmission line.

From equation (2.1) and (2.2), we obtain
Z=2Z,lsind (2.3)
oC, = (1/Z,)co® (2.4)

The characteristic impedance Z of the shortenegliSnnclined to
be higher as the electrical lengtlof the shortened line goes smaller.



If 6 is very small, Z will become too high to attainp tb now, the
limitation of the electrical length of the transsien line is about
n/8~n/12. Therefore, it is necessary to overcome tha higpedance
of the shortened transmission line.

2.2.2 New size reduction method

Fig. 2.2 (a) and (b) show the diagonally shortedpted lines and
its equivalent circuit [9]. ThABCD-matrix of the circuits is,

1 O|[ co® jZsind 1 0

[ABCD]=| 1 S 1, @9
Z ,tand A 1Z tang

The characteristic impedance of the diagonally teldocoupled lines

is given by

7 = 220l o0 (2.6)
Z.-Z

We can see from the equation that the shorted edulphes are
proper for extremely miniaturizeéd4 transmission line since the high
characteristic impedance can be easily attainethbgsing Z.~ Z,.
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(@)
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L I

(b)
Fig. 2.2 (a) Diagonally shorted coupled lines. (b) Equinaleircuit
of the coupled lines.

In Fig. 2.3 (a), the artificial resonance circudse inserted to
Hirota’s lumped distributedA/4 transmission line. The high
impedance transmission line with shunt lumped itohgc can be
replaced by coupled lines shown in Fig. 3 (b). Phds in two dotted
square boxes are equivalent when the following ®ous are
satisfied [10]:

oL, = Z tam (2.7)



olL,= (2.8)

C=C, +G (2.9)

A
Y

Fig. 23 (a) Equivalent circuit of Hirota’'s reduced-si2é4 line
including artificial resonance circuits. (b) Thendl equivalent\/4

transmission line circuit.
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The final miniaturized/4 transmission line is shown in Fig. 3 (b).
It is feasible to obtain very high impedance usiogpled lines. The
peculiar feature of this extremely miniaturized transmission line
Is that resonance circuits are located at edge sifithe transmission
line. When the miniaturize@/4 transmission lines are connected in
series, the cascade circuit becomes a typical lzsdidter shown in

Fig. 2.4, since th&/4 section can be used as an admittance inverter.

om [maisl] | W | [mam] | ow (adet] | b | [Bcel] S

Bn(w): Resonance circuit
Jon+2: Admittance inverter

Fig. 2.4 Generalized bandpass filter structure.

2.3 Bandwidth of the bandpass filter

However, due to the artificial resonance, the nturiaed filter has
narrow bandwidth which can be controlled by the plimg
coefficient since the bandwidth of diagonally em$ed coupled
line is closely related to the coupling coefficidad]. In addition,
another factor, the electrical length of the traission line, may also
affect the bandwidth of the filter. So it is nea@aysto investigate the
relationship between the bandwidth, coupling ceeadfit and the
electrical length of the circuit.

-11-



2.3.1 The coupling coefficient and the bandwidth.

In order to examine the relationship between thedbadth and the
coupling coefficient of the coupled lines, we ficstnsider the phase
variation ofA/4 transmission line.

In Fig. 2.5, Y1 and Y,, are respectively the driving—point
admittance at port 1 and port 25.Yand Yz; are respectively the
reverse transfer admittance and the forward tramsfeittance.

#lo

S T
#2
I —=5 =

Fig. 2.5 The shorted coupled lines.

The admittance matrix is as follows,

Y Y _j Yoo ; Yoe COt@ 'j Y 00-2Y oecsw
MEINEENE 2.10
e v v vy @10

21 22 . 002 %t ~s i oo2 %coto

Since the circuit is symmetric,;¥=Y 2, and Yi2=Y»; are obtained.

The characteristic admittance of the coupled lisgs

-12-



Y =~ ce (2.11)

Fig. 2.6 shows an equivalent circuit of the shodedpled lines.

Fig. 2.6 The equivalent circuit of the shorted coupleddine

The admittance parameters are expressed as follows:

— —_ 'Y00+Yoe 'YOO-YOE _
Y, =Y, +Y = Tcote + ] 2 csdH =Y, (2.12)

Y,=-Y,,= j%oso@ (2.13)

If capacitors are added to each side of the cishoivn in Fig. 2.7,
it becomes the equivalent circuit of the miniatadz/4 transmission
line in Fig. 2.3 (b).

13-



Fig. 2.7 An equivalent circuit of the miniaturized/4 transmission
line.

The Y-parameters of the circuit in Fig. 2.7 aréa®ws,

Yu=YutjeC

(2.14)
YI12 = 'Y12
(2.15)
The admittance matrix is,
+ -
. , _jﬁcote + j(DC jYLYoeCS(ﬂ
[Y‘] — Y11 Y12 — 2 2
Y, Y, Y,,-Y Y +

—2—%csd j——= Y ®cotd + joC
2 2
(2.16)

S, of the circuit in Fig. 2.3 (b) can be represerdasdollows,

-14-



- '2Y21‘Yol

Sy Ay (-1) (2.17)
N |

Y, =Y,= z (2.18)

AY = (Y111+Yo)(Y 22'+Y ()'Y 1¥ 2I1 (2.19)

Upon using equation (2.18) and (2.19), IS obtained,

J(Yog Y ) CSCOXY g

S =
T e T

(2.20)

Thus, the phase of;Sin the miniaturized/4 transmission line can
be represented as follows:

§7t+taﬁl—1
2,

{Ym;Yoe cob-aC Y°52Y m(s(ﬁ}taﬁl—ér( CAPN IO ‘92( }

(2.21)

Since the coupling coefficient
K —_ YOO-YOE‘

B YOO + YOE
(2.22)

-15-



From equation (2.11) and (2.22), we obtain,

Yoo;Yoe :Y? (2.23)

Then the phase ofScan be adjusted as follows,

§n+tan'1i[L cob - »C +Y—} +tan‘l—1[Y— co@-mC-Y—}
2 LK sind o LK sin6

(2.24)

From the equation (2.24) we can see that the pblaSg is fixed to

3n/2 regardless of all the value of k@ifequals 90°. However, ds

changes from 90°, the phase will deviate fromi23 In order to

minimize this phase variation, the value of k sdobk increased.
Hence, the result is obtained that the bandwidtiremses as the
coupling coefficient increases. Fig. 2.8 (a) anyl gimnulated using
Agilent ADS illustrate the relation between the thardth and the

coupling coefficient of the filter. The designedgaeters of the filtes
are shown in Table 2.1.

-16-



Table 2.1 Parameters of filters for different coupling coeifints.

-17-
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S21 [dB]
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freq [MHz]

(b)

Fig. 2.8 Relation between the coupling coefficient and thedwidth
of the filter. (a) $1. (b) S1.
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2.3.2 The electrical length and the bandwidth.

As the relation between the electrical length dredbandwidth of
the filter is difficult to be figured out from trequation (2.24), we use
ADS to simulate the circuits in different electlit@ngths shown in
Fig. 2.9. Table 2.2 shows the designed parametéilteos.

Table 2.2 Parameters of filters for different electrical Iémg

-19-
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(b)

Fig. 2.9 Relation between the bandwidth of the filter ane th
electrical length of the coupled lines. (a) $) S1.
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As shown above, the bandwidth of the filter ne&dgps same as
the electrical length changes. Thus, the main fatioaffects the
bandwidth of the filter is the coupling coefficiemthile the electrical
length has just little effect on the bandwidth.

-21-



CHAPTER 3 Simulation and experiment results

3.1 A design of a 300 MHz bandpass filter

In this paper, an extremely miniaturized band-péksr for
fo=300MHz, 2=50Q is designed. The electrical length of the coupled
lines is 5.2 degree. The one-stage and two-stagapbas filters and
their simulation results in ADS are shown in Fidl &nd Fig. 3.2.

Iy

54 Si1
-104
-154 \

-204

S21

S11, S21 [dB]

-254
-304

-354

-40 ——v—--m—a">-—-"-=4—F——7T—v—7T—

freq [MHz]

(b)
Fig. 3.1 One-stage bandpass filter. (a) Circuit. (b) Simafatesult.
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0
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-104

-154
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-254

-304
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-40

== |

S11

S21

T T T
350
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Fig. 3.2 Two-stage bandpass filter. (a) Circuit. (b) Simigiatresults.



3.2 The effect of the inter-stage part

For the actual circuit, the inter-stage part isyMarportant because
there is some coupling between two resonators. F§.shows an
extremely miniaturized two-stage bandpass filtethwa small
transmission line in the middle which connects wesonators. In
order to investigate the inter-stage line lengtfeating on the
characteristics of the filter, a group of two-stdxgadpass filters with
different inter-stage line length are simulatedHiASS.

— /)
| o | Rl |
P S ¥S Y

Fig. 3.3 An extremely miniaturized two-stage bandpass filter

Fig. 3.4 (a) and (b) show the layouts of the twaget bandpass
filter drawing in HFSS, and their corresponding @iation results are
illustrated in Fig. 3.5 (a) and (b). We can seenfrihe Fig. 3.5 that
the inter-stage transmission line is indispensaird the filtering
characteristics get better as the line lengthngéo.

-24-



(b)
Fig. 3.4 Layouts of the bandpass filter in HFSS. (a) Twaystéilter

without inter-stage line. (b) Two-stage filter wighsmall inter-stage
transmission line.

When two miniaturized\/4 transmission lines are connected
directly shown in Fig. 3.4 (a), a distorted shappears in Fig. 3.5.
This is resulted from an unwanted coupling whichn gzt be
neglected. The key factor which gives rise to tbhapting effect is
that the phase difference between edge sides chdaswo stages is
180° and the distance between two points is tosecldherefore, it is

-25-



necessary to insert a very short transmission tmeblock the

unwanted coupling between two resonators.

When the bandpass filters with the small inter-stagnsmission
line, for example the line length L=3 mm and L=5 r(ffg. 3.4 (b)),
are simulated by HFSS, the filter operates normadlyshown in Fig.

3.5.

S11

S21

T T T T T T T
200 225 250 275 300 325 350 375 400
freq, MHz

(@)

Freq, MHz

(b)

Fig. 3.5 (a) S for different lengths of the inter-stage line. @) for
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different lengths of the inter-stage line.

To our knowledge, this small inter-stage transroissiline
between resonators has not been reported in lirerabefore.
However, as the size of the filter becomes smalilee small
transmission line is needed. Considering the sizbeocircuit, 5Smm

is chosen for our design as the length of the isitage line.

3.3 Fabrication and measurement

The extremely miniaturized band-pass filter is iedted on a
1.57mm-thick Teflon substrate with a relative petiwity of 10 and a
conductor thickness of 35um. Fig. 3.6 shows thedayf the filter.

Fig. 3.6 Layout of the designed bandpass filter.

The physical dimensions of transmission lines tog filter are
illustrated in Table 3.1.

-27-



Table 3.1 Physical dimensions of transmission lines for therf

N 0.9 mm

Coupled lines S 17 mm
(500) :

L 5.8 mm

Inter-stage line | " 1.5 mm

(50Q) L 5 mm

Port lines W 1.5 mm

(50) L 10 mm

Total length Lt 1T mii

A photograph of the fabricated filter with the topdaysical length
1.7 cm is shown in Fig. 3.7.

Fig. 3.7 Photograph of the fabricated bandpass filter.

-28-



The MIM (Metal Insulator Metal) capacitors are uséaor
simulation because the structure of the actual atgra Chip
monolithic Ceramic Capacitoris too complex to simulate in HFSS.
Fig. 3.8 shows the structure of MIM capacitors fire filter

simulation.
> <-— I
4
[ | < I
L <«— I
N s
1. =
I -
=11 s

Fig. 3.8 Structure of the MIM capacitor used for simulatiorHFSS.

Fig. 3.9 (a) and (b) illustrate the comparison bk tHFSS
simulation and experimental results. We can sem fite figure that
the measured S-parameters agree well with the atedibnes. In Fig.
3.9 (a), the measured;;Ss -30 dB at the operating frequency 302
MHz. The insertion loss is -4.3 dB at the operafiggjuency shown
in Fig. 3.9 (b). The measured results of the expenial filter are
summarized in Table 3.2.

-20-
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Fig. 3.9 Simulated and measured results. (@) (®) S:1.
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Table 3.2 Measured results of the experimental filter.

3.4 The harmonic suppression

In many filter applications, in order to reduceenfiérence by
keeping out-of-band signals from reaching a sermsitieceiver, a
wider upper stopband is required. However, manygrldandpass
fillers which are comprised of half-wavelength msors have
inherently a spurious passband ab, &fhere § is the midband
frequency. A cascade lowpass or bandstop filter mayused to
suppress the spurious passband at the cost ofieg&dion loss and
size. Lumped element filters ideally do not havey apurious
passband at all, but they suffer from higher losd poorer power
handling capability. Bandpass filters using steppegpedance
resonators (SIR) [12] or end-coupled slow-wave masars [13] are
able to control spurious response, but they cap balimplemented
in fewer filtering configurations.

The slow-wave open-loop resonator filters propobgd]. Hong
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can also suppress harmonics. This type of filtlectudes a series of
capacitively loaded transmission line resonatorsieldVthe loading

capacitance is increased, the resonant frequeacgeshifted down,

while the ratio of the first spurious resonant freqcy to the

fundamental one is increased which would attribitethe increase
of the dispersion. Thus, a wide upper stopbandbtgined by shifting

the spurious frequencies from the integer multgdléne fundamental
frequency. However, as the first spurious frequenay only be

shifted to the position which is a few times of thendamental

frequency, it is difficult for the slow-wave opeoelp resonator filters
to get a very wide upper stopband.

In this thesis, the proposed filter is reducedust ja few degrees
using combinations of diagonally end-shorted codifitees and shunt
lumped capacitors. Therefore, the first spurioweqdiency can be
shifted to very high frequency for the electricatgth of the resonant
is very small. In our case, the first spurious trexacy is shifted to the
position which is more than 30 times of the fundatakfrequency as
the electrical length of the designed coupled-fesonators are only
5.2°. No spurious response occurs for the frequenayb&D GHz.

As shown in Fig. 3.10, the broadband transmisslmaracteristics

of the fabricated filter. It illustrate that thdtér has a tremendously
wider upper stopband below -45 dB up t@.7 f
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Fig. 3.10 Simulated and measured S-parameter of filter imadr

range.
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CHAPTER 4 Conclusion

In this thesis, we have presented both the themdyeaperiment of
an extremely miniaturized band-pass filter usingnbmation of
diagonally end-shorted coupled lines and lumpedaciéus. Using
this new reduction method, the size of the bandpites can be
controlled arbitrarily in theory and reduced totjas few degrees
without sacrificing the characteristics of the centronal filter at the
operating frequency. In addition to it, this typlefitiers has a wider
upper stopband. Through analysis, we also obtanttie bandwidth
of the filter is mostly influenced by the couplicgefficient, and the
bandwidth increases as the coupling coefficientaases.

A two-stage bandpass filter is designed and fatatcat a midband
frequency of 300MHz. The measured results agree wigh the
theoretical ones. The fabricated bandpass filteredticed by more
than 95% compared with the conventional one andahasler upper
stopband with the first spurious response at thquiency up to 10
GHz. It can be seen that this extremely miniatutiband-pass filter
holds promise for MMIC (Monolithic Microwave Integged Circuits)
technologies applied to mobile communications anthero
applications.
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