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Abstract

Filters are key components in RF front-end circaitel usually
occupy much of the volume of the systems. Thusjdied the size of
filters is the main challenge in making RF systeamspact. In addition to
compact size, high performance is also desired. Pphesence of
harmonics or spurious passbands is a fundamemntatation of
microwave circuits, which can seriously degradertperformance and

can be critical in certain applications.

In this thesis, a simple and effective filter desigethod is proposed
based on the structure of parallel short-endedledtlme with capacitive
loading for size reduction and ultra-broad rejectiof the spurious
passbands. It is achieved by adding lumped capad¢iidhe conventional
coupled-line section such that the required lelgtthe coupled-line can
be largely reduced while maintaining approximatelge same
characteristics around the center frequency, arehwigile the spurious
passbands are excellently suppressed. In addthenintroduction of a
cross-coupling capacitor into the miniaturized dedime can create a
transmission zero at the 2nd harmonic frequenceitianced frequency
selectivity and attenuation level. The aperture mensation technique is
also applied to achieve a strong coupling in thepteal-line section.

In order to examine the feasibility of the proposédicture, such a

Vil



compact two-stage bandpass filter operating aGH2 with a fractional
bandwidth of 10% was designed and realized with CT&chnology.

Measured results are also provided, from whichactitre features are
observed experimentally as to size reduction andti-hmrmonic

suppression.
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CHAPTER 1 Introduction

Filters play important roles in many RF/microwavepl&cations.
They are widely used to control the frequency raspat a certain point
in a microwave system by providing transmissiorfirequencies within
the passband of the filter, and attenuation instiopband of the filter,
because the electromagnetic spectrum is limitednaiscdko be shared. In
recent years, the microwave filters with ever mos&ingent
requirements—smaller size, higher performance,tdigtweight, and
lower cost have widely attracted attentions of the&erowave and

millimeter-wave engineers.

Being one of the essential building blocks for cammation
systems, bandpass filters can pass the desiredefiegs, reject the
unwanted signals, and suppress the harmonics ologpuesponses as
well. The rapid growth of wireless communicatiorsteyns has led to a
great increasing demand for compact microwavedilsegnce most mobile
platforms have a limited space for the requirerll. The focus of this
thesis is placed on the design issues of the baadpter with compact
size and high performance.

1.1 Background and motivation

The realization of compact microwave bandpassrdiligith high



performance has been the focus of great deal efrels and industrial
pursuit for over two decades. Since the paralleipteEx-line microstrip
filter was proposed by Cohn in 1958 [1], it has rbeddely used in
microwave applications due to its planar structwsimple synthesis
procedures and fabrication facility. Neverthele#gse conventional
parallel coupled-line filters are too large to gppto mobile
communication systems. So far, various approaches heen presented
for the filter miniaturization. For instance, foltleairpin resonator filters
[2]-[4] and stepped-impedance filters [5]-[7] wemvestigated and
developed to reduce the size, and slow wave opmgn#esonator filters
have also been considered as an effective solditre problem of filter
size [8]-[10]. Using the above proposed methoditively compact
bandpass filter can be achieved. However, theymursaiturize the overall
filter size to a certain extent and still take udaage circuit space,

especially at lower frequency.

Another critical disadvantage of the traditionatgtiel coupled-line
filters is the existence of a spurious passbantivete of the center
frequency (&,), which may seriously degrade the attenuation ieviae
upper stopband and the passband response symmisy.undesired
passband is associated to the nonhomogeneous étthie dielectric
surrounding the conductors which leads to unegoase velocity of the
even-mode and odd-mode (even-mode velocity is sjoweae unequal
modal phase velocities atf@ cause the first spurious passband. To tackle
this problem, many studies have been reported enlitbrature. The
parallel-coupled microstrip filter with over-cougdleend stages was
proposed to extend the electrical length of odd-endd]. In wiggly-line



filter structure, wave impedance using the contirsuperturbation of the
width of the coupled-line can be modulated so thatspurious passband
is rejected [12]. Meandered parallel coupled-litiers also effectively
suppress the spurious passband [13]. A proper theghsubstrate
suspension can be used to equalize the even- atnode phase
velocities in the parallel coupled-line filters [14owever, the first
spurious passband of these published filters ismw/ed to the higher
frequency, not eliminated, and the upper spuri@assipands still exist in
these filters. Furthermore, the above mentionedhinigoes rely on
complex design/optimization procedures. More rdgenhe photonic
bandgap (PBG) structure and defected ground steu(GS) have been
introduced as a popular mean to achieve harmopjgrsssion [15], [16].
However, owing to the periodic structure of the PB®GS, this type of
filter suffers from its large circuit area and gpecircuit configurations,
which seriously hinders the application to wirelessmmunication
systems.

On the other hand, filters have been a hot topiarfiy emerging new
materials and fabrication techniques and they ttesery active topic
today. The main reason is that filter performanicilit depends on the
unloaded quality factor of the resonators, whichclssely related to
material quality and fabrication techniques. Witawnmaterials and
fabrication techniques, people can not only impribresfilter performance
but also reduce filter size and make it more irattegt. In recent years, the
Low Temperature Co-fired Ceramic (LTCC) technold@s proven its
extreme efficiency for compact and reliable radegtiency (RF)

modules for wireless communications. It can offeangn advantages in



achieving higher packaging densities for RF/micnesvaintegrated
circuits such as high-precision three-dimensioBaD) structuring and
vertical integration of the circuits, making thenmturized and low-cost
design possible. Moreover, on account of the highaded quality factor
of LTCC material, it is a very good option for tigadg highly integrated
modules and microwave filters those present thisfaetiory electrical
performance [17]-[19].

In this thesis, a novel bandpass filter design @gugr for size
miniaturization and multi-harmonic suppression emonstrated using
capacitive loading of parallel short-ended coupiee- structure. The
method of adding lumped capacitors to the conveati@oupled-line
section can largely reduce the required length aipled-line while
maintaining approximately the same characteristicsund the center
frequency and effectively suppress the spurioushzels. In addition, by
introducing the cross-coupling capacitor between itiput and output
ports into the miniaturized coupled-line sectiortraamsmission zero can
be generated to achieve better frequency selgctigihd wide
multi-harmonic  suppression. This method is generaind
geometry-independent, thus can be applied to grey af bandpass filter
design. Specifically, such a compact two-stage bassl filter working at
2.3 GHz with a transmission zero at 2nd harmorequency has been
implemented in a multilayer LTCC substrate for expental
demonstration. Beyond the advantage of excellentti-hmrmonic
suppression better than -40 dB up td,4 where f, is the center
frequency, the fabricated bandpass filter has dl sma of 10 x 7 x 2.2
mm?® and low insertion loss of -1.2 dB. The measurextlte agree well



with the simulation, which demonstrates that theppsed filter has great
application potential.

1.2 Organization of thethess

The thesis is organized as follows. Chapter 1 higflyodescribed
the background, purpose, and direction of this wQikapter 2 reviews
the traditional bandpass filter design theory anittlb up the novel filter
synthesis method for size reduction and multi-haimauppression.
Chapter 3 presents the complete design proceduseiabf a two-stage
compact LTCC bandpass filter, including simulatiolADS and HFSS,
optimization, and measurement. Finally, chapteivdsgthe conclusion of
this work.



CHAPTER 2 Filter Design Theory

Filter design is one of the oldest topics in micao® engineering.
Filter synthesis can be started from a lumped eleiog/-pass prototype
circuit which consists of shunt (series) capacitarsl series (shunt)
inductors. This low-pass prototype serves as aslfasiany low-pass,
high-pass, bandpass and bandstop filters. Thekwelin maximally flat
filter and Chebyshev filter prototype values ardutated in [20].
Low-pass prototypes can be transformed to high;plasdpass and
bandstop filters using transformations describg@@). In this thesis, we
will focus on bandpass filter design and the sikiction issues based on
capacitive loading of parallel short-ended coupiee- as well as
multi-harmonic suppression.

2.1 Traditional bandpassfilter design

Bandpass filters may be obtained through a ladderbation of
series and shunt resonators. In microwave filtelization, however, it is
sometimes difficult to design both series and shypé of resonators.
Therefore, they may be obtained by combining onhe dype of
resonators through impedance inverters or admétamnerters that would
be more convenient and practical for implementatoth microwave
structures. This kind of filter synthesis approasing network theory has
been well developed in [20]. As an example, Figl 8hows the



generalized bandpass filter circuit using admitaneerters.

An ideal admittance inverter is a two-port netwthrétit exhibits such
a property at all frequency that if an admittari¢e is connected at one
port, the admittancey, seen looking in the other port is

Y=o (2.)

One of the simplest forms of the inverter is a tpravavelength
transmission line with characteristic admittanceYpf Observe that such
a line obeys the basic admittance inverters defmin (2.1) and that it

will have an inverter parameter af =Y, .

Ya Jo1 Bi(w) Jio By(w) B(w) Jnn+1 Ys

Fig. 2.1 Equivalent circuit model of the generalibandpass filter using admittance

inverters.

The J inverter values of this generalized bandpasg fdte given
by [20]

Y, Lw

(2.2)
QoG W’

‘]Ol



W |j|j+l
W' J; 9

Jnn+l = M (24)
' \ 90 Gnia W'

where w,'=1, w is the fractional bandwidthy, and Y, are source

(2.3)

‘] jj+l |j=1 to n-1 =

and load conductance, respectively, is the prototype filter element
value andl; is the susceptance slope parameter given by

dB
] % éi}wﬁw:% (i =1.2,...n) (2.5)

For a simple shuntLC resonator, equation (2.5) is reduced to

2.2 Sizereduction method

In conventional filter prototypes, the values f are the functions
of the resonator parameters and not arbitrary apchle However, to
simplify the miniaturized filter circuit, we will dopt identical inverters
instead of different inverters, making the physreallization much easier.
This simplification will not degrade the filter fermance which can be
proven in the following design procedures. ShowrFig. 2.2 (a) is a
possible second-order generalized bandpass bipeidgy with all three



inverter values being 0.02. Since the impedancénpdit and output
matching quarter-wavelength transmission line isaédo the system
impedance, these two transmission lines can beectedl and the
second-order bandpass filter can be connectedtlgitecthe input and
output ports. Consequently, the filter model torbeiaturized is obtained,
illustrated in Fig. 2.2 (b).

(b)

Fig. 2.2 Circuit model of a second-order generdllzandpass filter using admittance
inverters (a) and its simplified version underalssumption of identical admittance

inverter values being 0.02 (b).



And then the size reduction method will be briefifroduced here.
As is well known, the/4 transmission line can be made equivalent to a
lumped circuit, as given in Fig. 2.3, and the vatieC, is given by

C, = (2.6)

where Z, is the characteristic impedance of the quartereeagth
transmission line andv is the angular frequency.

Ci — G

Fig. 2.3 The equivalent lumped circuit of the geiawavelength transmission line.

Replacing the admittance inverter with the equivalemped circuit,
the generalized bandpass filter can be expresdeig.a®.4. Next step, the
dotted network can further be made equivalentéqotirallel short-ended
coupled-line section with electrical length éf in Fig. 2.5 (a) and (b)
when (2.7) and (2.8) are satisfied [21].

X, = Z,, tand (2.7)
X, :%tane (2.8)
e 0o

10



where Z

Oe?

coupled-line, respectively.

P L
o , ~ron I o
| Xi |
T T
| |
C, Co L:o Xo  Xo L:o Co C
| |
I I

Fig. 2.4 The equivalent lumped circuit of the ar@igeneralized bandpass filter.

Port1  Port1'

@)

1

Z,, are even- and odd-mode impedances of the parallel



ZOe ZOe

o
/ Pc;ﬂ'
(b)

Fig. 2.5 The parallel short-ended coupled-linea(a) its equivalent network (b).

Fig. 2.6 shows the initial miniaturized bandpassrficonfiguration
based on the transformation described above andhthe of C, can be
deduced from (2.7) as:

1048
WL, tand

o - i Ie i o

(2.9)

0

CL:C0+ C]

Fig. 2.6 The initial miniaturized one-stage bandgdier configuration.

12



In the following simulation and fabrication, onepaaitor C,_ will
2ZOeZOO

be used as the sum @, and C,, and if defining Z' :—Z as
oe %00

the characteristic impedance of the coupled-limen tvith (2.8) we get:

Zl: ZO - 2ZOeZOO (210)
tand %, - 7,

When the electrical lengtl® is very small for compact sizeZ'
becomes very large, for instancg, is 407Q when 8 =7°andZ, =
50 Q. This large Z' can be easily achieved by makinfy, and Z,,

nearly the same.
2.3 Realization of transmission zero

The attenuation level at the 2nd harmonic frequeraey further be
improved by employing the cross-coupling capacitGg in the
miniaturized coupled-line section, as shown in Rg. (a), which can
create a transmission zero, such that a sharpef fate at right passband
edge is obtained. The presence of this transmiggom (as long as it is
not too close to the passband) does not change ptssband
characteristics of the filter too much. Fig. 2.F depicts the equivalent
lumped circuit of the final miniaturized one-stag@ndpass filter, from
which we can see that it is the dotted resonatat fhrovides a
transmission zero in the upper stopband. TheretbeeJocation of this
transmission zero may easily be adjusted by varfegcapacitor value.
By selecting the capacitor value properly, it cendesigned to achieve a

transmission zero for suppressing the 2nd harmaeitic same passband

13



response as the proposed filter in last sectiorrth€umore, this
transmission zero can also suppress the spurispsiise resulted from
cascading, as detailed explained in the next chafdag [18] adopted a
similar circuit structure to design LTCC bandpa#terf diplexer, and
triplexer with transmission zero and he analyzes gloposed structure
using the technique of the immittance inverter. Exact value ofC.

was derived in his literature as

when the transmission zerois in lower stopb:i

when the transmission zerois in upper stopb

(2.11)

where §, and «), are electrical length and angular frequency at the
center frequency, respectively,, and w, are electrical length and

angular frequency at the transmission zero fregueespectively.

14



Creatmg a transmission zero
—
7 Cc ™~ /

|
o X o

0 L
I

Lo XO\\)_(L/ XotLo

= CL:C0+C1 =

(b)

Fig. 2.7 The final structure of the miniaturizedestage bandpass filter with a
transmission zero (a) and its equivalent lumpealititb).

Here, we also adopted this formula for the calatabf C. to
avoid the time-consuming iterative procedure andlitete the filter
design. According to the equation, the transmiss@n can be arbitrarily
distributed in the lower and upper stopband. Tlwpgsed accurate and
explicit equation provides the element value edtonato achieve the
required filter specifications. Then, these valaes substituted into a
full-wave EM simulator for fine-tuning to includéddé LTCC substrate
conductor losses and cross-layer coupling.

Note that the insertion of this cross-coupling cépa will change
the coupling situation of the coupled-line. Nowistcoupled not only
electromagnetically but also electrically through , while the original

coupled-line is coupled only electromagneticallppon€equently, some

15



modification of the parameters of coupled-line éeessary. This is not a
troublesome problem since we can get the help ofeAtgAdvanced
Design System (ADS) to find the proper new pararaeqeickly, which
will also be detailed expounded in the next chapdsually, in this case,
the slot between two striplines is small in comgami with that for a
conventional parallel coupled-line, which meang tha electromagnetic

coupling is larger.
2.4 Aperture compensation technique

To realize the tightly coupled line section, a uigeahnique is to
reduce the width or slot of the coupled-line in sjiz. Unfortunately, it
may lead to a serious degradation of filtering b&hvafor example, low
Q-factor and high insertion loss. And also, it ncayse some difficulties
in design and fabrication due to the limitation tbE minimum slot
between the coupled stripline conductors in re@dingrocess.

As an alternative approach, the aperture compenstchnique is
applied in this thesis. Fig. 2.8 depicts a scharagiout of the coupled
striplines, in which a wide aperture with rectamgutonfiguration is
formed on both the ground planes over and unddrnée coupled
striplines in the center. This aperture has ancefém the equivalent
capacitances between the strip conductors andrthend, as shown in
Fig. 2.8. With this aperture, the even-mode charastic Z,, of the
coupled striplines becomes larger as the effedtisance between the
strip conductors and the ground gets longer [2B{clvcan be seen in Fig.
2.8. However, the odd-mode characterisfig, remains nearly the same
as its value is mainly determined Iy, that is scarcely influenced by

16



the aperture. As a result, the coupling coefficiént could be increased
tremendously, which relieves the fabrication limita and realizes

enhanced coupling in the miniaturized coupled-ieetion.

»»»%\\\\\\\\\\\\ ;
N A

Cll C22

_—o

12
: SOSIIOOOOONN

Fig. 2.8 The equivalent capacitance network otthgled striplines.
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CHAPTER 3 Simulation, Fabrication and

M easurement

This chapter introduces the complete design praeeoiua compact
two-stage bandpass filter with the specificatiosged in Table 3.1 in
greater detail based on the size reduction appreapatiated in last
chapter to validate its availability. It should beted that the number of
stage mentioned in this thesis is not counted byrélsonators as usual,
but rather it is the inverter number of the gerized bandpass filter. In
other words, an n-stage miniaturized bandpass filtans it consists of n
pairs of coupled-line, and the inverter number .isThe first step is to
obtain the circuit parameters of the one-stage fmsxlfilter according to
the desired specifications and fine tune each elewaue. Then, two
same tuned one-stage filters were cascaded thr@ugtonnecting
transmission line. After converting the circuit giaueters to physical filter
structures, some necessary tuning and optimizat@re carried out to
accommodate the parasitic effects of each lumpedhezit, mutual
coupling effects between elements, and finalize ltyout design by
employing full-wave electromagnetic (EM) simulatitwol. Finally, the
designed bandpass filter was fabricated with nayiit LTCC technology
and carefully examined. In order to design the pagd filter in a
time-efficient way, we adopted both the circuit glation software
Agilent Advanced Design System (ADS) and full-wa@D EM
simulation tool Ansoft HFSS to expedite the otheendlifficult work.

18



Table 3.1 Specifications of the proposed two-stagelpass filter

Center frequency (GHz) 2.3 GHz

Fractional bandwidth (%) 10%
Insertion loss (dB) -1.5 dB maximum

Stopband rejection (dB) <-60 dB up td,3

3.1 Circuit smulation

3.1.1 One-stage bandpassfilter design

A one-stage bandpass filter working at 2.3 GHz k@b fractional
bandwidth was designed in this subsection. Firstlyinitial miniaturized

filter model illustrated in Fig. 2.6 with the eldctl length of coupled-line
being 10° was obtained. When the even-mode impedajc was

arbitrarily chosen as 6Q, the value of the lumped capacit@; was

calculated to be 7.9 pF according to the equai@® and (2.9) and the
odd-mode impedance of the coupled-lidg, was 42Q, making the

coupling coefficient K being 0.18. The coupling coefficient

@ of the short-ended coupled-line can determine the

Oe+ 0o

bandwidth of the proposed bandpass filter. The Wwattt increases as the
coupling coefficient K does [23]. When the quarter-wavelength
transmission line was miniaturized, one can chaog®oper coupling
coefficient according to the required bandwidthtleé bandpass filter.
However, to achieve a broad bandwidth, the couptiogfficient K
should be made as large as possible, which meardifterence between
Z,, and Z,, should be large. It will result in a small' and hence a

large electrical length of the coupled-line. Theref a necessary design
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trade-off between broad bandwidth and small cirigle should be
considered.

With the obtained circuit parameters, the ADS maxfethe initial
size-reduced bandpass filter was built as givefrign 3.1 (a) and its
frequency response is also shown in Fig. 3.1 fomfwhich we can
observe the great agreement with our expectati@mworthy to be noted
that there is no any spurious response appeatbkd upper stopband.
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Fig. 3.1 The ADS model of the initial miniaturizede-stage bandpass filter (a) and
its frequency response (b).

Then the cross-coupling capacit@,. was inserted to realize a
transmission zero at 4.6 GHz for better upper skidgracteristic and 2nd
harmonic suppression. Depending on the desiredtidocaof the
transmission zero, the value of this capacitor lwauiselected to meet the
requirement. Fig. 3.2 shows the simulated filtespomses for different
values of the capacito€_ . With nearly the same passband performance,
the attenuation poles are located at the frequeh&3 GHz, 3.9 GHz,
4.6 GHz and 5.5 GHz when the capacitor values .arpH, 0.8 pF, 0.5 pF
and 0.3 pF, respectively. However, one point thatikl be paid attention
is the stopband attenuation levels differ in thesses. Using (2.11), the
capacitance ofC. was calculated to be 0.44 pF; however, the uiitina
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of 0.5 pF capacitor was more proper according¢d\BS simulation.

S21 (dB)

Frequency (GHz)

Fig. 3.2 The simulated frequency responses foerdifft cross-coupling capacitors in
ADS.

As mentioned above, the insertion Gf leads to tight coupling
and thus we have to decrease the odd-mode impedgpcef the
coupled-line, while the even-mode impedangg is kept the same. The
resulted circuit can be optimized with ADS to agbig¢he desired filter
responses. This optimization process is very tiffieient since it is a
lumped element circuit simulation. A modified corapaandpass filter
circuit was then obtained after the optimizatiohshown in Fig. 3.3 (a),
and Fig. 3.3 (b) is the corresponding frequencyarse. Here, the
odd-mode impedance,,, of 36.62 is the optimum value in this design.
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Fig. 3.3 The ADS model of the proposed compactstage bandpass filter with a
transmission zero (a) and its frequency response (b
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The comparison of ADS simulated results of thaahininiaturized

one-stage bandpass filter and its modified vernsi@tso given in Fig. 3.4.

Obviously, without affecting the fundamental fregog response, the

latter filter performance was improved significgnds we expected by

trading off the attenuation level at the far endh&f upper stopband and

there is no any spurious response appeared.

S11 and S21 (dB)

Fig. 3.4 The simulated frequency responses of thetinitial miniaturized bandpass

- - - without C,
_— vyith Cl,z

e g e _ S ST S S - - -S| Tt

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1 2 3 4 5 6 7 8 9 10

Frequency (GHz)

filter and its modified version in ADS.

3.1.2 Cascading for two-stage bandpassfilter

The final two-stage bandpass filter can be achielrgdsimply

connecting two same obtained circuits in last sctimse using a short

transmission line. However, this connecting lindl wenerate an extra

spurious response unless its electrical lengthi,igvbich is impossible in

the practical situation. Fig. 3.5 (a) and (b) ilfage the spurious response
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in both cases of cascading the initial miniaturizege-stage bandpass

filter and cascading its modified version witha@smission zero.

—o— 0 degree
—A— 2 degree
—o— 4 degree

—— 10 degree

—<—15 degree

804 -----

(ap) Tzs pue 11S

1204 -----
4

Frequency (GHz)

@)

—0o— 0 degree
—— 2 degree
—o— 4 degree
—— 10 degree
—<—15 degree

(ap) 12S pue T1S

Frequency (GHz)

(b)

Fig. 3.5 The spurious response resulted from theexdiing transmission line:

cascading the initial miniaturized one-stage basslfiier (a) and cascading its

modified version with a transmission zero (b).
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The particular studies on the connecting transomsiane have been
done with ADS. It is found that the location ofstspurious band is
closely related to the electrical length and thepedance of the
connecting line, thus we can shift the pedkspurious band to the
transmission zero frequency to suppress it.

Fig. 3.6 (a), which gives the simulated resultsoediag to different
electrical length of the connecting line with sammpedance of 5@,
indicates that the longer electrical length caubesshift of the spurious
band peak to a lower frequency. Fig. 3.6 (b) isftequency responses
responding to different impedance of the connecting with same
electrical length of 6.15°. It can be seen thathigler impedance of the
connecting transmission line, the peak of the spsriband moves to a
lower frequency. Therefore, according to the sitmufia a connecting
transmission line with the electrical length of%.nd the impedance of
50 Q, which can move the peak of spurious band to tick larmonic
frequency, is adopted for making the undesiredoresp disappear in this
design. The final two-stage bandpass filter cirand its ADS simulated
results are shown in Fig. 3.7 (a) and (b).
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Fig. 3.6 The simulated frequency responses acaptdithe electrical length of the
connecting line (a) and the impedance of the cdimggline (b) in ADS.
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Fig. 3.7 The ADS model of the final compact twogstdandpass filter (a) and its
frequency response (b).
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3.2 Full-wave EM simulation and optimization

Once the bandpass filter equivalent circuit modak wleveloped,
physical filter structures such as resonators auogled-line sections can
be designed. However, one thing needs to be kepmimd: the
synthesized filter model can not be transformeal pftysical structures at
one shot due to the parasitic components (botmizitg and externally).
As a result, either an optimization of the filtdrypical dimensions or a
tuning of the filter responses is necessary. Uguialls carried out with
Ansoft HFSS until the EM simulation shows a perfante close to the

target one.

3.2.1LTCC layout of the one-stage bandpassfilter

Like the simulation procedure in ADS, firstly, assstage bandpass
filter was implemented in a seven-layer LTCC sutsir which has a
dielectric constant of 5.6 and a metal thicknes&sfim. The distances
between each metal layer are 585, 650, 20, 20, 60, 200 um
consecutively from the top. Fig. 3.8 (a) displaye t3-D physical
architecture. The parallel coupled-line is realipedayer 4 using stripline
form because dispersion and radiation of a stephne negligible and
upper and lower ground planes provide effectiveldimg. The capacitors
are implemented on layer 3, 4, and 5 wusing the Isimp
metal—-insulator-metal (MIM) structure. The detailedapacitor
configuration schematic is available in Fig. 3.8 (tayer 2 and 6 are the
stripline ground with rectangular configuration dpees over and
underneath the coupled striplines. The minimumIstbiveen the coupled
stripline conductors is generally 1Qdn with screen-printing LTCC

process, which limits to make wanted tighter coupliSo this design
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resorted to the aperture compensation techniqusdaome it. The top
and bottom ground shield the filter to minimize th&eraction with other
components, while the surrounding ground locatedager 4 takes the
same effect. All of the ground layers are connewtéll the aid of two
rows of periodic metallized via-holes with diame&200um. Since the
input and output ports are located on the bottoyer)athey are also
connected to the resonators by via-holes. Silverused for both strip
conductor and via-holes conductor. It is worthmgpthat the metal area in
the internal layer should be less than 50% accgridirthe LTCC process
design rule. Therefore, we have to increase théwatithe overall filter,
which results in a big size. On the other hand,eh@s this structure has
an advantage of strong power-handling capabiligabse of its ease of
heat dissipation. The overall size of this oneetagndpass filter is 6 x 7
x 2.2 mm, where the intrinsic area occupied by the resariatonly a
half.
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3.2.2 Influence of the PCB size

Considering the practical environment, the LTCCdpass filter is
mounted on the pad of a PCB, as illustrated in i, with the signal
feed composed of coplanar waveguide (CPW) feedplimted on the top
of the PCB. Thus, the overall performance shouitligte the parasitic of
the PCB. To investigate the influence of the PG dull-wave 3-D EM
simulator HFSS was conducted. Fig. 3.10 gives ittmellated results of
the one-stage bandpass filter without the PCB aitldl elifferent PCB
feed line length of 500, 5000 and 10Q00, respectively. It is found from
the simulation that the PCB size will affect tharhanic suppression
performance and the matching condition of the aesldilter. Moreover,
the big size PCB will cause high insertion lossauidedly.

Via-holes

Fig. 3.9 The 3-D view of the PCB environment.
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The one-stage bandpass filter responses includsmgyadl PCB with
feed line of 50Qum after optimization in HFSS are given in Fig. 3.1
show the details in passband, a zoom out viewse ptesented. An
excellent agreement between the ADS simulation #mel HFSS
simulation can be observed, including a very logeition loss of -0.55
+ 0.1 dB, good rejection atfg due to the transmission zero and wide
stopband rejection about -40 dB up to 10 GHz. Ibefieved that the
stopband rejection level can be enhanced by casgatire stages.
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Fig. 3.11 The HFSS simulated results of the dedigne-stage bandpass filter with
a small PCB.

3.2.3 Two-stage bandpassfilter smulation

After the geometrical parameters of the coupled:-lcapacitors and
ground plane apertures are obtained by fine tumngFSS, cascading
was carried out for the final step. As can be demm the top view of
layer 4 in Fig. 3.12, two same one-stage bandjiléss fwere connected

34



reversely through a short transmission line for im@khe ports in the

=

/@\W R \\ \ad

-]
Edge of ground
layer 2 and 6

center.

Connectmg line

Fig. 3.12 The top view of the cascaded two-stage fess filter.

The filter responses simulated by HFSS are showign3.13, and
the detailed passband responses are also plottkd oomed windows.
This simulation was also carried out including abfACB with feed line
length of 500um. As can be seen, the designed filter exhibiteva |
insertion loss of -1.0 dB and good frequency seiéct The return loss
within the passband is less than -15 dB. Moredber,rejection level is
kept below -40 dB up to 12 GHz, which is 5 timeshaf center frequency
(2.3 GHz) of the dominant passband, thus makingthgp attractive
ultra-broad rejection of spurious passbands. Easjhecidue to the
transmission zero created by cross-coupling capadite 2nd harmonic
attenuation is nearly -80 dB. We can observe thatfilter responses
simulated by the full-wave simulator are almostgame as the responses
optimized by the circuit simulator ADS. This prove validity of this
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design method.

S11 and S21 (dB)
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Fig. 3.13 The HFSS simulated results of the dedigwe-stage bandpass filter with
a small PCB.

3.3 Fabrication and measurement

Having obtained the optimized structural parameterthe above
section, the chip-type LTCC bandpass filter hasldabricated by RN2
Technologies. The dielectric constant of the LT@@ material is 5.6 +
0.2 and the used conductor is silver with thickrefss5 um after firing
and conductivity of 5.5 x TOsiemens/m. The via-hole is 2@fn in
diameter. Fig. 3.14 shows the photograph of thedated bandpass filter
mounted on PCB. The overall size is only 10 x 7rant. Fig. 3.15 (a)
and (b) are the measured results in the wide fregueange of 50 MHz
to 8 GHz and the narrow frequency range of 1.8 G#2.8 GHz,
respectively. The comparison between measured negpof the filter
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and those from EM simulation is also presentedgn¥15 (c).
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Fig. 3.14 The photograph of the fabricated twosestagndpass filter mounted on
PCB.
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the comparison of the measurement and simulatjon (c

38 -



It can be seen that the measured center frequergtybandwidth
matched well with the simulation. And in the pasghahe insertion loss
is found to be -1.2 dB, and the return loss iscbéftan -15 dB. However,
a small unwanted peak at the frequency point of=34& appears resulted
from the connecting transmission line. The rejectevel at this point is
-20 dB. This discrepancy probably comes from latlaaturacy in the
fabrication process. Actually the printing processapable of resolving a
150 um line with 10% accuracy in LTCC technology. Astb@ out of
band rejection, although it is not as excellenthassimulation due to the
absence of transmission zero, the average attenuaiti-50 dB up to 8
GHz is sufficient, which is nearly 4 times of thenter frequency (2.3
GHz) of the dominant passband. Although the medsuesults are
somewhat different from the simulated ones in tlghdr band, it still
verifies the possibility of the proposed designaagpt.

Finally, Table 3.2 summarizes the characteristiseseral published
harmonic-suppression bandpass filters in comparisth this work.
Obviously, the proposed bandpass filter in thisigshows the advantage
of more compact size, excellent insertion loss attaristic, and better
stopband rejection performance.
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Table 3.2 Comparison of the different types of faritrsuppression bandpass filter

Bandwidth and ) Overall )
Harmonic ] Electrical
Refe- Center S, | S, _ Physical Struc-
Suppression ] Length Technology Year
rence| Frequency | (dB) | (dB) Size ture
Level (deg)
(GHz) (mmx mm)
up to 20 GHz, Stepped-impedance
[24] | 3.8~9.9(6.85)| <-12 | -0.5 19.5%x11.5 - 2-D 2007
better than -30 dH resonator
up to 36 GHz, Half-wave open-ended
[25] | 11.4~12.6 (12) <-10 | -2.8 18.5x 9.5 90 2-D ) 2006
better than -30 df and filter bent
Open-ended and
up to 14 GHz, )
[26] | 1.85~2.15(2)| <-12 | -2.8 70.0x 20.0 30 2-D | short-ended coupled-line 2008
better than -30 df )
sections
up to 4 GHz, Perturbed square-ring
[27] | 1.4~15(1.45)| <14 | -2.0 25.0% 25.0 - 2-D 2006
better than -35 df resonator
up to 18 GHz, Corrugated coupled-ling
[28] | 0.96~1.04(1)| <15 | -2.6 140.0x 10.0 45 2-D 2007

better than -30 dB

—

and tapped input/outpu




up to 6 GHz,

[16] 2.9~3.1(3) <-25| -15 20.0x 15.0 90 2-D | Coupled-line with DGS 2002
better than -40 df
up to 10 GHz, Coupled-line with
[29] | 1.85~2.15(2)| - -2.6 120.0x 30.0 90 2-D 2005
better than -30 dE rectangular PBG loops
up to 12 GHz, Open-ended stub and
[30] | 3.4~5.04.2)| <-20] -0.6 10.0x 5.0 - 2-D 2004
better than -25 dg DGS
Aperture-backed
up to 16 GHz, )
[31] | 3.8~4.1(3.95)| <20 | -1.5 20.0x 3.0 90 2-D Stepped-impedance | 2005
better than -40 dB
resonator
Short-ended
This 2.18~2.42 up to 8 GHz, coupled-line with
<15 | -1.2 10X 7% 2.2 10 LTCC . _ 2008
work (2.3) better than -40 dH capacitive loading and

cross-coupling




CHAPTER 4 Conclusion

A novel implementation and associated design faamuor a
compact multi-harmonic suppression bandpass &lterproposed in this
thesis. The proposed filter is based on the streiaiticapacitive loading
of the parallel short-ended coupled-line, which iglatively simple mean
of reducing the coupled-line electrical length thsmally plays a decisive
role to the filter size. On the other hand, the afskkmped elements can
effectively suppress the spurious passbands. Byoduating the
cross-coupling capacitor into the miniaturized dedgine section, a
transmission zero can be generated to achieve fretjeency selectivity
and wide multi-harmonic suppression. The locatidrthe transmission
zero may easily be adjusted by varying the crosploty capacitance. In
addition, the aperture compensation techniquess applied for tight
coupling in the coupled-line section. Although thiier schematic is well
known, a different design approach is presented. apgproach cascades
two identical elementary filters to achieve the ik specifications,
making the design procedure simple and providingigte flexibility.
Moreover, this method is general and geometry-iaddpnt, thus can be
applied to any type of bandpass filter design.

The proposed bandpass filter has been successéallized using

LTCC technology in a seven-layer ceramic substltes filter exhibits
not only an excellent spurious passband rejectidetter than -40 dB in
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the upper stopband even up td,4but also low insertion loss of -1.2 dB
and good frequency selectivity, showing promisipglaation potentials.
To certify this approach, such a two-stage bandidtes with low
insertion loss and sufficient multi-harmonic supgsien was fabricated
and carefully examined. Measurement and predictedlis in the 3-D
simulation are found in good agreement with eabkrpshowing that the
proposed design method is very effective in higlgpmance bandpass
filter design.
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