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INTRODUCTION 


Filtl:.'rs  ore  c,l.\'el1tiul  CO/J}/)()I7eIl!1  ill Ull\' ('ol/l/1/l/llicarioll  ,1,1'1 I c'" ,  Thc\' LII'C 


[{sed /0 s('/ee! or cOlltillt' the RF /l/icrmml'{' signul, Hirhill tI,\ligl/cd ,I/h'c/I'ol lillli!, \1) 


(IS to -,,"are Ihc lilllited elcc/l'OlIwgllt'/ic  ']l('("!r1//I1  i:'II/cr,-!:ill,':.!. Uj)jl/iulliol)s ill  \\'in)(',I\ 


COlllll1l11licatioll  dClI/uncl RF micrmn/I"L' liller \till/ CI'CII /l/ore ",rillgel/{ 1"l'l/lIirCIllL'II": 


sI/wile)"  si::c,  lighrer  H'eiglll,  !om,,- COs I  u!ollg \I'ill? /lclfer /)CI'/iJrl//(II/((',  De/Wilt/ill:.!, 
Oil IlIc  rCljllirclI/c/lts  (l1lc/ljJcci/icUlioll,  R /-' III icl"t HI (/l'C ///rcn /IIell' he ,/esigllcd ulld 
reo/i::ed  ill lW'i()II,\ IrUI/.I'II/i,ISioll  lillc srnlefl/rl'.,.  ,II/ch  us  llC/l'(',!!,IIidc,  (o(/.\'i(/I  lilll'  or 
lIIicrosrrip  lille,  /Jen'/oplllclIl 01  COII//h/Cf /i/lt'n  1/.1'111,1;  r('.l(}}[(/IOrl  ill  llIicrlJsrrip 
cOII/igllrol iOIl  is  discIIslcd ill rllis  rlle.lis, 
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1.1  Microwave Communication 


Microwaves  are  electromagnetic  radiation  of  frequencies  tt-om  several 
 hundred  MHz to  several  hundred  GHz_  Microwave technology owes its origin to  the 
 development  of radar,  which  started  before  World  War  II  by  necessity_  Various 
 investigators  were  trying  to  solve  the  problem  of UHF/microwave  bands  with  high 
 power.  At  the heart  of their investigation  was  the  conventional  vacuum  tube,  which 
 at  the  time  seem  to  be  the  best  approach_  The  high  t1-equency  shorting  at  these 
 frequencies  and  longer  transit  time  in  the  vacuum  tube  limited  its  operation  in  the 
 lower  frcquencies_  A  solution  to  this  problem  was  proposed  in  1 
no 
by  (jcrmcn 
 scientists  H  Barkhausen  and  K_  Kurz  through  their  Barkhausen- Kurz  oscillator,  a 
 new  type  of vacuum  tube  that  gcnerated  high  frequency  signals,  but  with  a  limited 
 output  power.  The  limitations  of these  devices  pavcd  way  to  the  invention  of new 
 microwave  device  such  as  magnetron  f<Jllowcd  by  klystrol1  vacuum  tube_  With  the 
 production  of these  microwave  devices,  radar  was  finally  a  commercially,  albeit  a 
 military,  success  at  microwavc  frequencies_  In  the  decades  that  followed,  the  use of 
 microwaves  was  limited  to  telephone  eompanics  in  the  commercial  sectors_  By 
 1960's,  microwave  communication  has  replaced  40%)  of  the  telephone  circuits 
 between  the  major  cities_1990's  have  seen  a  continllolls  evolution  or  microwave 
 developments,  patiicularly  ill  the  consumer  marketplace_  Direct  oroadcast  satellite 
 services (DBS) to  the  home  at  high  frequcncics  and  powcr  have  occurred.  Personal 
 communicators, ccllular phones and  the like which  arc uncler the general  category of 
 personal  communication  systcms  (peS),  continue  to  be  heavy  growth  areas_ 

Microwaves  have  found  applications  in  areas  other  than  those  in  communications 
and  in  radar.  They  arc  also  lIsed  in  medicine,  remote  sensing.  heating_  industrial 
quality control, radio astronomy,  in  navigation  via  global  positioning systems ctc_ 
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1.1.1  Microwave freq ucncy bands 


The IEEE standard  frequency  allocation  for  various  applications  is  illustrated 
 intabJel.l. 


Band  Frequency  Usage 


Designation  range 


VLF  3-30KHz  Long distance telegraphy and  navigation 
 LF  30-300  KHz  Aeronautical navigation services,  Radio 


broadcasting,  Long distance communication, 
 MF  300-3000  Regional  broadcasting, AM radio 


HF  3-30MHz  Communications,  broadcasting, surveillance, 
 CB radio 


VHF  30-300 MHz  Surveillance, TV broadcasting,  FM radio 
 UHF  300-1000MH"  Cellular communications 


L  1-2  GHz  Long range surveillance,  remote sensing 
 S  2-4 GBz  Weather detection, Long range tracking 
 C  4-8  GHz  Weather detection,  long-range tracking 
 X  8-12  GlIz  Satellite  communications,  missile  guidance, 


mapp111g 


Ku  12-18C;Hz  Satellite  communications,  altimctry,  high 
 resolution mapping 


K  18-27 GHz  Very high  resolution  mapping 
 Ko.  27-40 (iHz  Air pOt1 surveillance 


Table 1.1 Frequency bands allocation  for various applications 



1.2  Filters 


A  tiltcr  is  a  two  port  network  used  to  control  the  frequency  response  at  a 
 cel1ain  point  in  the  electromagnetic  spectrum  by providing low  loss  transmission  at 
 fl'equcncies tor the  desired  hand  and  high  attenuation  in  the  rest  of the  frequencies. 


Filters  find  applications  vil1ually  in  any  type  of communication,  radar  or  test  and 
measurement systems. 



(15)1.2.1  Need for filters  in  microwave communication 


Filters  arc  essential  in  separating  and  sorting  signals  in  communication 
 systems.  The  electromagnetic  spectrum  is  limited  and  has  to  be  shared;  filters  are 
 used  to  select  or  confine  the  RF/microwave  signals  within  assigned  spectral  limits. 


They  are  used  in  a  variety  of communication  systems  which  typically  transmit  and 
 receive  amplitude andlor phase modulated  signals  across  a  communication  channel. 


Radio  transmitters  and  receivers  require  filters  to  remove  or  suppress  unwanted 
 fi·equeneies  from  being  transmitted  or  received.  Emerging  applications  such  as 
 wireless communication  continue to  challenge RF/microwavc  filters  with  even more 
 stringent  requirements  smaller  size,  lightcr  weight.  and  lower  cost  with  better 
 perf<.mnance.  Filters used  in  communication and  radar  applications,  are implemented 
 in  different  kinds  of transmission  lines  including  rectangular  waveguide,  microstrip 
 line and stripline.  Filters  are also  the integral pari ofmultiplcxers which are of major 
 demand  in  the broad band wireless access communication systems. 


1.2.2  Evolution of filters 


Filters in  electric circuits have played  an  impol1ant  role since the early stages 
 oftelccommunication and  have progressed steadily in  accordance with  advancement 
 of  communication  technology.  The  introduction  of  telephony  which  drastically 
 reformcd  the  technological  landscape  surrounding  telecommunication  system 
 required  the  development of new  technology to  extract and  detect  signals  contained 
 within  a specific  frequency  hand.  This  tcchnological  advancc further  accelerated  the 
 research and  development of filter  technology. 


The  t(mndation  of modern  filter  theory  and  practice  took  place  during  the 
 period  of World  War 11  and  the  years  immediately  following,  especially  by  such 
 pioneers  as  P.  L  Richards  (llJ48).  Work  on  microwave  filters  commenced  prior  to 
 the  war,  a  particularly signiticant  paper heing published by Mason  and  Sykes(1937). 


They  used  ABeD parameters,  although  not  in  matrix  foml,  to  derive  the  image 



(16)Chapter  1 


useful  filter  sections.  Network  theory  was  probably  the  most  advanced  topic 111 


engineering at  that  time,  Darlington  Il<lving  published  his  famous  cascade  synthesis 
 theory as  far back as  J 939 (Darlington, 1(39) . 


The direct-coupled  cavity  filter theory was one of the first  great  contributions 
 from  the  group  fom1ed  at  Stanford  Research  Institute,  among  whose  workers  were 
 Leo  Young.  The  direct-coupled  cavity  filters  have  excessive  length  in  coaxial  or 
 stripline  t()JlTI.  This dimension was  reduced  by a  factor  of 2  with  the  introduction  of 
 pm'alld  coupled  lines  (Ozaki  et  al.,  1958;  Cohn  et  al.,  1958).  Parallel  coupling  is 
 much  stronger  than  end  coupling,  so  that  realizable  bandwidths  could  be  much 
 greater.  The prime  mover here  was  George  Matthaei,  who  published  the  theory  and 
 practical  realizations of interdigital  filters  (Matthaei, 1962)  and  the combJine filter in 
 the  following  year  [Matthaei,1962].  Turning  to  other  types  of  filters,  waveguide 
 bandstop filters  were described by Fano and  Lawson (1948).  Low-pass filters  in  both 
 waveguide and  coaxial  fom1  are  very  important  components  in  microwave  systems, 
 being  used  to  reject  unwanted  hanTIonics  in  both  high- and  low-power  systems.  A 
 very  good  account  of  the  early  development  is  given  in  the  classic  volume  of 
 Matthaei,  Young,  and  ]ones  (1964].  The  previous  reference  leads  naturally  to  the 
 examination of the history of dielectric resonator filters. 


Most of the early research was  carried  out in  the early  I%O·s. as  summarized 


1I1  (COI111,  1(8).  These  filters  consist  of  a  number  of  coupled  dielectric  disks 
 mounted  in  a  waveguide beyond  cut  off.  In  order to  give important  size  reduction,  a 
 high  dielectric  constant  must  be  used,  but  originally  such  dielectrics  possessed 
 excessive  temperature  sensitivity.  Now  this  drawback  has  been  overcome  with  the 
 development  of  high-Q  ceramics  with  temperature  coefficients  of  expansion 
 comparable to  those of invar.  One of the  first  dielectrics having improved  frequency 
 stability  was  reported  by  workers  at  Raytheon  (Masse  and  Pucel,  1(72). 


Considerable  improvements  carried  out  at  Bell  Telephone  Laboratories  and  Murata 
Manufacturing  Company  of Japan  were  reported  at  the  Workshop  on  Filter 
Technology during the  1979 MTT-S  International  Microwave Symposium.  Bell  uses 



(17)a  barium  titanate  ceramic  (Ba2 Ti90Z0)  having  a  relative  permittivity  of 40,  and 
 achieves  resonator  Q's  between  5000  and  10000  in  the  2-7-GHz  frequency  range 
 (Plourde and Linn,  1977;  Ren,  1978).  Filters  may be  constructed in all  the  common 
 transmission  media  ranging  from  waveguides  to  microstrip,  and  the  technique  is, 
 therefore,  quite  versatile.  Substantial size reductions  have been made,  particularly in 
 the 3.7-4.2 GHz and  5.9--6.4GHz waveguide bands, and the  filters  are  stated to  have 
 low cost. 


Emerging  applications  such  as  wireless  communications  continue  to 
 challenge  RF/microwave  filters  with  ever  more  stringent  requirements.  The  recent 
 advances  in  novel  materials  and  fabrication  technologies,  including  high-
 temperature  superconductors  (HTS),  low-temperature  co-flfed  ceramics  (LTCC), 
 monolithic  microwave  integrated  circuits  (MMIC),  micro-electromechanic  system 
 (MEMS),  and  micromachining  technology,  have  stimulated  the  rapid  development 
 of new  micro strip and other filters  for  RF/microwave  applications.  In the meantime, 
 advances  in  computer-aided  design  (CAD)  tools  such  as  full-wave  electromagnetic 
 (EM)  simulators have revolutionized filter design. 


1.2.3  Filter classification 


•  Classification of filters based on  passband types 


Filters  are  used  in  all  frequency  ranges  and  are  categorized  into  four  main 
 groups: 


•  Lowpass  filter (LPF) that transmits all  signals from  DC to a cut-off value, We 


and attenuates all signals with frequencies  above Wc. 


•  Highpass  filter  (HPF)  that  passes  all  signals  with  frequencies  above  the 
 cutoff value Wc and rejects signal below (f)e. 


•  8andpass filter  (BPF)  that  passes  signal  with  frequencies  in  the  range  of ([)t 
 to 012 and rejects frequencies outside this range. 


•  The  complement to bandpass filter  is  the bandstop filter  (BSF). 
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Figure  1.1 (a) to  Fig.l.1 (d) shows the characteristics of the  four  filter categories. 


Note that the characteristics shown are for  passive filter. 
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Fig.  1.1 Frequency responses of (a) Lowpass  filter (b) Highpass filter 
 (c) Bandpass filler (d) bandstop filler. 
 The  characteristic  of a  passive  filter  can  be  described  using  the  transfer 
 function approach or the  attenuation function  approach.  In low  frequency circuit the 
 transfer  function  (H (00» description  is used while  at  microwave  frequencies  the 
 attenuation  function description is  preferred. 


•  Classification of filters based on fractional bandwidth 


Fractional  bandwidth  or  percentage  bandwidth  is  a  simple  calculation,  and 
gives  a  normalized  measure  of  how  much  frequency  variation  a  system  or 
component  can  handle.  I f  you  know  the  cenler  frequency  and  the  bandwidth, the 
percentage bandwidth  is: 
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re 


Here "BW" is  the absolute bandwidth andfC  is  the center fiujuency. 


o  NatTOW Band Filters: below 5% 


o  Moderate Band Width: between  5% to  25% 


o  Wide Band  Filters:  greater than 25% 



• 
 Classification of filters  hy  transmission  media 

The  transmission  media  arc  characterized  into  two:  Lumped  elements  and 
 distributed  elements.  When  the  bchavior  of a  resistor,  capacitor,  or inductor can  be 
 fully  described  by  a  simple  linear  equation,  microwave  engineers  rder  it  to  as  a 
 lumped  element  where  operation  is  restricted  to  lower  frequencies  where  they  are 
 physically much smaller than  a quarter-wavelength. 


At  microwave  fi-equencies,  other  factors  must  also  be  considen:d.  To 
 accurately  calculate the behavior of the same 50-ohm  resistor,  you  need  to  consider 
 its  length,  width,  and  thickness of metal  (due to  the  skin  effect),  and  its  proximity to 
 the  ground  plane.  This  is  when  we  must  consider  it  as  a  distributed  element.  The 
 transmission media at  microwave frequencies include the  following: 


o  Coaxial transmission  lines 
 o  Microstrip lines 


o  Strip lines 
o  Waveguides 
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Most  transmission  media  that  use  two  conductors,  where  one  is  considered  ground 
 include  coaxial,  mierostrip  and  stripline.  The  transmission  line  that  does  not  use  a 
 pair of conductors is waveguide. 


1.2.4  Filter specifications 


•  Frequency specifications: 


o  Center tl-cquency and bandwidth 
(/i; 
& BW) for  BPF and  BSF 
 o  Cut-off frequency (/,~) For LPF and  HPF 

o  Passband  insertion  loss 


Cl  Return  Loss  and  Flatness  (ripple level) 
 o  Selectivity or skirt sharpness 


o  Out of band  rejection levels 
 o  Hannonic Rejection 


•  Power handling capability 


o  Multipactor effects & voltage breakdown 
 o  Environmental specifications 


o  Operational temperature limits 
 c  Pressure & humidity  environments 
 o  Shock & vibration  levels 


•  Mechanical specifications 


o  Size, shape & weight 


Cl  Type Of Input I Output connectors 
o  Mechanical  mounting intert~lces 
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o  Lumped element sizes (R,L,C) become comparable to  wavelength 
 o  Radiation from  elements causes undesirable  cfTects  and  Increased losses 
 o  Wire connections between elements become paI1  of circuit (parasitic) 
 1.2.5  Applications of tilters 


•  Radar systems 


World  War  II  and  the  invention  of radar  led  to  significant  developments  in 
 filters  at  various  laboratories  in  the  U.S.  Work  concentrated  on  nalTow-band 
 waveguide  tilters  for  radar  systems.  Advances  on  hroad-hand  TEM  filters  for 
 electronic  supp011  measures  (ESM)  systems  and  tunable  nalTow-band  filters  for 
 search  receivers  were  made.  Most  of this  work  is  described  in  (Fano  and  Lawson, 
 1948). 


Military  applications  required  wide-band  and  tunable  devices  fc.)1·  electronic 
suppOI1  measures  receivers,  which  led  to  the  development  of highly sclecti vc  wide-
band  waveguide  tilters,  coaxial  resonator and  suspended-substrate multiplexers,  and 
electronically  tunable  filters.  One  of the  critical  pm1s  of any  military  system  is  the 
electronic  counter  measures  (ECM)  system  and  its  associated  ESM  system.  The 
ESM  system  detects  and  classifies  incoming  radar signals  by  amplitude,  frequency, 
pulse  width,  etc.,  and  the  ECM  system  can  then  take  appropriate  countermeasures, 
such  as  jamming.  Onc  method  of classifying  signals  by  frequency  is  to  split  the 
complete microwave band of interest  into smaller sub-bands. This can he done  using 
a  contiguous  multiplexer,  which  consists  of separate  bandpass  filters  whose  pass 
bands  crossover  at  their  3-dB  frequencies.  The  outputs  of the  individual  channels 
can  be  detected,  giving  coarse  fl·equcncy  information  while  retaining  unity 
probability of intercept  (Tsui, 1(92). 
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•  Communication systems: 


o  Mobile and cellular systems 


Cellular  communications  hase-stations  demanded  low-loss  high  power-
 handling selective  filters  with small  physical  size,  capable of heing  manufactured  in 
 tens  of thousands  at  a  reasonable  cost.  These  demands  led  to  advances  in  coaxial 
 rcsonator,  dielectric  resonator,  and  superconducting  tilters,  and  also  methods  of 
 cost-reduction,  including  computer-aided  alignment.  Cellular  radio  handsets  have 
 required  the  manufacture  of hundreds  of millions  of extremely small  very  low-cost 
 filters,  still  with  reasonably low  loss  and  high selectivity.  The  filters  used  in  cellular 
 radio  handsets have  completely different  requirements.  The original  analog handsets 
 in  the  1980s  were  large,  bulky,  and  manufactured  in  relatively  small  volumes. 


However,  these  phones  used  an  FDMA  access  scheme;  thus,  they  wen;  transmitting 
 and  receiving simultaneously.  Handsets  for second-generation TDMA  systems,  such 
 as  GSM, transmit and  receive in different time slots. 


This has  driven  significant advances  in  integrated  ceramic. surf~lce, and  bulk 
 acoustic-wave  active  and  passive  tilters  using  micromachined  electromechanical 
 systems(MEMS).  Cellular  radio  has  provided  a  significant  driver  for  filter 
 technology  since  the  analog  systems  were  launched  in  the  early  1980s.  This  has 
 resulted  in  various  innovations  in  tilter  technology  t()I"  both  bas~-stations and 
 handsets,  which  have depended  upon  the  trequcncy  planning of the  various systems 
 standards.  In  the  U.S.,  the  analog  Advanced  Mobile  Phone  Service  (AMPS)  used Cl 


frequency-division  multiple-access  (FDMA)  scheme.  and  was  rtlloeated  869-X94 
 MHz  for  base-station  transmit  (mobile  receive)  and  824-849 Ml-Iz  for hasc-station 
 receive (mohile transmit). The digital  timc-division multiple-access (TDMA) system 
 (IS 136) occupies  the  personal  communications  system  (peS)  band from  1930  to 
 1990  MHz  and  1850  to  1910  MHz  and  each 60-Mllz  band  is  suh-handed ane! 


allocated  to  operators  in  three  15-MHz  and  three  5-:vtHz  segments.  The  American 
code-division  multiple-access  (COMA)  system  (lS95)  occupies  both of the  above 



(23)bands  and  is  sub-banded  into  5-,  10-,  or  15-MHz  segments. In Europe,  the  original 
 analog  total  access  communication  system  (TA CS)  occupied  890-905  and  935-
 950MHz.  This  was  extended  (ETACS)  to  872-905  and  917-950MHz.  The  digital 
 TOMA  global  system  for  mobile  communications  (GSM)  (Glover,  1(97)  occupies 
 925-969  and  880-915  MHz  and  the  bands  from  1710  to  1785  and  1805  to  1880 
 MHz.  These  systems  are  not  sub-banded.  The  third-generation  universal  mobile 
 telecommunications  system  (UMTS)  uses  COMA  in  the  bands  hom  1920  to  1980 
 MHz  and  2 I 10  to  2170  MHz.  The  first  analog  systems  required  tilters  with 
 percentage  bandwidths  in  the  region  of  2%  and  with  reasonable  guard  bands 
 between  channels.  These  specifications  may  be  met  with  asymmetric  generalized 
 Chebyshev  bandpass  filters,  typically  with  six  resonators  with  a Q  of 3000  and  one 
 or  possibly  two  transmission  zeros  located  on  onc  side  of the  passband  (I [unter, 
 2002). 


Much  smaller  filters  may  be  constructed  uSll1g  TEM  transmission  lines, 
 which  do  not  need a  minimum  cross  sectional  dimension  to  ensure propagation.  The 
 1110st  significant  developments  were  the  parallel  coupled-line  tilter  (Cohn,  1(58), 
 which  has found  numerous  applications in  microstrip sub assemblies,  the  interdigital 
 filter (Matthaei,  1(62), and  the eombline filter (Matthaei,  19(3). 


The  combline  tilter  is  of particular  interest,  as  it  has  stood  the  test  of time 
 and  variants  of it  are  widely  used  in  cellular  radio  base-stations.  [t  consists  of an 
 array of equal-length  parallel  coupled  conductors, each  of which  is  short  circuited to 
 ground  at  the same end  with  capacitive loading on  opposite ends.  Here.  wc  see that 
 the capacitive  loading will  drive the resonant  frequency  of the  resonators  below  that 
 of the  series  couplings  so  that  relatively  strong inter-resonator couplings  call  occur. 


The  comblinc  tilter  has  several  advantages;  firstly,  it  is  compact  as  the  coupled 
 conductors arc typically one-eighth wavelength  long.  Secondly,  the electrically short 
 resonators  will  not  re-resonate  until  typically  six  times  the  center  frequency  of the 
 filter,  giving  a  broad  spurious- free  stopband,  which  is 110t possible  with  wide-banc! 


interdigital  tilters.  Thirdly,  it  is  easier  to  manufacture  than  the  interdigital  filter,  as 
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all  the tuning screws required  for electrical  alignment can be on the same t~tce of the 
 filter.  Finally,  the  cent er  frequency  of the  comb line  filter  may he  tuned  by an  octave 
 or more  without  causing significant ciistOl1ion  to  its  frequency  response  (Hunter and 
 Rhodes,  1982).  An  accuratc  design  method  for  wide-band  combline  tilters  is 
 described  in  (Wenzel,  1971).  The design  of multiplexers  using  wide-hand  combline 
 filters  is  reported  in  (Schumacher,  1976;  La-Tourette,  1977;  La-Tourctte  and  J.  L. 


Roherds,  1978). 


Recent  advances in  micrornachined  electromcchanical  systems (MEMS)  have 
 demonstrated  that  this  technology  may  be  suitable  for  handset  filters.  For  example, 
 micromechanical  resonators  with  Q's of 7c150  at  100  MHz  have  been  ckmonstratecl 
 (Nguyen,  2000).  MEMS  switches  have  also  been  used  for  tuning  the  valucs  of 
 lumped  components  within  filters  (Peroulis et al., :WO 1).  The  use  of tunable  filters 
 may  be  useful  in  handsets  for  future  systems  operating  at  many  ditferent 
 frequencies.  An  altemative  technology  for  tuning  of  filter  resonators  is  to  use 
 ferroelectrie  materials  with  tuning  accomplished  by  an  applied  electric  field 
 (Lancaster et al.,  1998; Vendik et al.,  2000). 


•  Satellite systems 


The satellite communications industry created  demand  for  low-mass  narrow-
 band  low-loss  filters  with  severe  specifications  on  amplitude  sekctivity  and  phase 
 linearity.  These  requirements  resulted  in  the  development  of dual-mode  waveguide 
 and  die1ectric- resonator  filters,  and  advances  in  the  design  of  contiguous 
 multiplexers.  High  performance  waveguide  filters  \-,ere  used  to  avoid  problems 
 caused  by the  devices  used  when  channelized  architecture  was  first  implemelltcd  in 
 lntelsat  IV  series launched  ill  1971. The first  major electrical  innovation  was  the  use 
 of dual-mode  filters,  where  size  reduction  is  obtained  by  exciting  two  ortlwgonal 
 degenerate modes in  the same physical  cavity. This  was  first  reported by LiIl  ([951). 


The  first  practical  devices  were  developed by Comsat  Laboratories.  Canada  (Atia 
and  WiIliams,  1971;  Atia  et  al.,  1974).  Dual-mode  tilters  were  first  launched  on 



(25)Intelsat  IV  A  in  1976,  after  which  they  became  the  satellite  industry  standard. 


Indeed,  new  types  of dual-mode  filter  arc  still  being  reported,  (Guglielmi  et  aI., 
 200])  .Surface  acoustic  wave  (SAW)  filters  also  have  applications  in  the  satellite 
 industry.  Several  satellites use dielectric resonators constructed  from  low-loss  high-
 pennittivity (20-100) temperature stable ceramics having high- Q(up to 1000(0) for 
 tiltcrs  to  be  realized  in  a  fraction  of the  volume  ancl  weight  of air-fillcd  waveguide 
 devices  (Fiedziuszko et  aI., 2002). Probably the most  significant  development  in  this 
 area was the dual-mode in-line deviee rep0\1ed  by  Fiedziuszko (1982). 


The  sub-banded  American  systems  require  selective  filters  with  percentage 
 bandwidths  as  low  as 0.25%. These  filters  require  higher  Q  resonators  \\l1th  much 
 better  temperature stability  than  achievable  with  coaxial  resonator  tilters.  Dielectric 
 resonator  tilters  have  been  proven  useful  in  this  respect.  The  most  commonly  uscd 
 designs  use  a  cylindrical  puck  of ceramic  suspended  on  a  support  within  a  metallic 
 housing.  The  fundamental  mode  of resonance  is  the  TE ill,; originally  repol1ed  in 
 (Colm,  1968).  The  most  commonly  used  material  is  calcium  titanate-ncodYllliu111 
 aluminate  (Wcrsing,  1996),  which  has  a  relative  permittivity  of 45,  a  Q  of greater 
 than 20 000  at  2  GHz,  and  a  temperature  coefficient  of resonant  frequency  of less 
 than  I  ppm/ C  for the TE Oli\ mode. 


Superconducting  base-station  filters  are  of interest  because  of their  high  Q 
 realizable  in  a  very  small  physical  sizc.  For  example,  a  microstrip  realization  of a 
 fifth-degree  Chebyshev  bandpass  filter  with  890-MHz  center  ti'equency  and  0.3% 


bandwidth,  occupied  a  surface  area  of  approximately  5  em  and  exhibited  I-dB 
 passband  inse11ioll  loss (Zhang et  aI.,  1995).  A  complete receiver front-cnd  including 
 5-MHz  bandwidth  tilters  and  integrated  LN!\s  in  the  
pes 
 band  at  1.9  (jl Ii' is 
 described  in  (Soares et aI., 2001). 

The transmitlreceive diplexer can  be replaced  by a  switch  and  a  receive  tilter. 


The  purpose  of the  receive  filter  is  to  protect  the  LNA  and  the  mixer  in  the  dowll-
converter fi'om  being overdrivcn by extraneous signals. 
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Recent  advances  in  SA W  filter  design  have  enabled  them  to  compete  in  this 
 market- Their  main  advantage  is  very  small  size  (typically  3x  3  x I  mm)  and  low 
 cost.  Typically,  they  have  3-d8  insertion  loss  and  2-W  power  handling.  The  most 
 significant  advance  in  SAW  technology  has  been  the  replacement  of  the 
 conventional  transversal  designs  by  SAW  resonators,  which  are  formed  between 
 acoustically  reflective  gratings  on  the  surface  of a  SAW  crystal  (Tagami  et  aI., 
 1997). Although  these remarkable devices  offer small size and  low  cost, their power 
 handling  and  temperature  stability  is  poor  when  compared  with  ceramic  filters. 


Thus,  they  may  not  be  suitable  for  third-generation  systems  where  the  transmitter 
 and  receiver  operate  simultaneously.  However,  recent  developments  in  film  bulk 
 acoustic  resonator  (FBAR)  devices  show  very  impressive  perfonnance  (LarsoI1  et 
 al., 2000;  Weigci  et  aI.,  2002). 


All  the  miniature  handset  filter  technologies  thus  far  discussed  use  passIve 
 resonators.  Altematively,  several  workers  arc  investigating  the  use  of active  filters. 


One  design  approach  is  to  compensate  for  the  losses  in  physically  small  resonators 
 by cancelling them with  negative resistance.  The negative resistance can be achieved 
 by  two  distinct  methods.  In  the  first  method  (l3rucher  et  aI.,  1994), the  negative 
 resistance  is  achieved  by  connecting  a  series f.e resonator  to  the  drain  of a  single 
 common-source  transistor,  with  a  shunt  fI' resonator  connected  to  the  source. 


Altematively,  two  transistors  may  be  connected  in  a  feedback  contiguration  (Fort, 
1994). This  method  has  been  demonstrated  in  the 3.8-4.2G  Hz  band.  A  spiral 
monolithic  microwave integrated  circuit  (MMIC)  inductor is  then  cascaded  with  this 
negative  impedance  converter  to  obtain  a  high  Q  inductor.  This  active  inductance  is 
then  used  to  design  bandpass  filters.  Although  microwave filters  are often  described 
as  a  mature technology,  it  can  be seen  that  this  is  not  the case, and,  hopefully,  future 
applications will  stimulate fUl1her  advances in  this  exciting  field. 
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1.3  Resonators for Microwave Communication 


The main frequency bands assigned  to  the wireless communication arc  spread 
 throughout  a  wide range,  from  several  tens  of MHz to  several  tens  of GHz.  A  wide 
 variety of resonators and  filters  can be applied to  these frequency bands.  A  resonator 
 is  any  structure  that  is  able  to  contain  at  least  om:  oscillating  electromagnetic  field. 


The  resonating  frequency  of a  resonator  determines  the  frequency  response  of the 
 corresponding filter.  Resonators  finding  its  use in  microwave applications are further 
 classified as  follows. 


1.3.1  Bulk wave, Surface Acoustic  Wave and Helical resonator 


For  frequencies  below  I  GHf,  the  most  commonly  used  resonators  are  bulk 
 wave.  SAW  and  helical  resonators.  Bulk  wave,  SAW  resonators/filters  are  used 
 where  there  is  strong  demand  for  miniaturization  and  low  loss  characteristics;  and 
 helical  resonators/filters  are  often  utilized  when  a  high  level  of power  handling  is 
 necessary.  In  addition,  bulk  wave  and  SAW  resonators  shuw  outstanding 
 temperature  characteristics,  thus  satisfying  conditions  for  applications  to natTOVV 


band  fIlters. 


1.3.2  Coaxial, dielectric, waveguidc and stripline resonators 


For  a  frequency  range  from  RF  to  microwave.  variolls  kinds  of  resonators 
 including  the  coaxial,  dielectric,  waveguide  and  strip  line  exist.  Coaxial  resonators 
 have  many  attractive  features  including an  electromagneti<.:  shielding  stru<.:turc. IOIA· 


loss  characteristics  and  small  size  but  their  minute  physi<.:al  dimensions  ti)r 
 applications above  I OGHz make it  difficult to achiev<.:  manufacturing accuracy. 


Dielectric  resonators  also  possess  a  number  of advantages  sllch  as  low  loss 
characteristics,  acceptable  temperature  stability and  small  size.  However.  high  cost 
and  present-day  processing  technology  restriction  limits  dielectric  resonator 
utilization  to  applications below 50GHz. 
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Waveguide  resonators  have  long  been  used  in  this  frequency  range, 
 possessing  two  main  advantages:  low  loss  application  and  practical  application 
 feasibility  up  to  lOOGHz.  However,  the  greatest  drawback  of  the  waveguide 
 resonator  is  its  size,  which  is  significantly  larger  than  other  resonators  available  in 
 the  microwave  region.  The  rectangular  waveguide  filter  consists  of  a  unifonn 
 section  of rectangular  guide  with  post  (or  other)  diseontinuities  placed  across  the 
 broad  walls  of the  guidc  at  approximately  half-guide-wavelength  intervals.  Usually, 
 the waveguide is operated  in  its  fundamental  mode (TEJO ) mode of operation. 


Presently,  the  most  com1110n  choice  for  RF  and  microwave  circuits  remains 
 the  planar  resonator  or stripline  resonator.  Due  to  practical  features  including  small 
 size,  easy  processing  by  photolithography,  and  good  affinity  with  active  circuit 
 elements,  many  circuits  utilize  the  stripline  resonator.  Another  advantage  of  the 
 planar  resonator  is  a  wide  applicable  hequency  range  which  can  be  obtained  by 
 employing various kinds of substrate materials.  However, the major drawback  to  the 
 use of stripline resonators  is  a drastic increase in  the insertion  loss  compared  to  other 
 types of resonators, making it  difticult  to  use them  for narrow band  filters.  Still  such 
 resonators  yield  high  expectations  for  application  to  ultra  low  loss  superconducting 
 filters,  which  are  now  under  devclopment  and  require t~lbrication methods  uSlI1g 
 planar circuits  such  as  stripline configuration. 


1.3.3  Planar resonators 


In  microwave  applications  keeping  tllter  structures  to  a  minimum  size  and 
weight  is  very  important.  Hence.  plml,1r  tilter  structures  which  can  be  fabricated 
using  printed-circuit  technologies  would  be  prefclTed  whenever  they  are  available 
because  of smaller  size  and  lighter  weight.  As  is  known,  microwave  fi-cquem:y-
selective devices  occupy  []  suhstantial  volume  in  communications,  radar,  and  radio-
navig<ltion  f~lcilities.  As  Cl  rule,  these  devices,  designcd  as  systems  of  coupled 
resonators,  often  determine  overall  dimensions  of  individual  modules  and, 
sometimes, the entire setup.  Moreover,  the quality  and  the ultimate characteristics of 



(29)radio  equipment  depend  directly  on  the  frequency-selective  properties  of filtering 
 devices.  Hence,  the  search  for  new  solutions  for  the  design  of miniature  filters  and 
 studies  aimed  at  miniaturization  and  improvement  of frequency-selective  propcliies 
 of  known  designs  arc  very  topical  and  among  the  most  important  problems  of 
 modern  radio  engmeenng.  It  IS  well  known  that  the  most  miniature 


"electromagnetic"  filters  are  microstrip  filters  (MSFs),  which  arc  widely  used  in 
 microwave  devices because of the advantages  of such electronic components.  These 
 tilters  have  small  dimensions  and  are  reliable  and  easy-to  manufacture.  The  results 
 of their  high-speed  quasi  static  analysis  of  various  and  complex  design  versions 
 agree  welt  with  experimental  data.  This  tact  allows  the  development  of efficient 
 program systems for the computer-aided design  of MSFs.  The overall  dimensions  of 
 micro  strip  fIlters  can  be reduced  using  several  wel\-kno\vn  approaches,  such  as  the 
 use  of folded  strip  line  conductors  in  resonators,  formation  of smooth  and  stepwise 
 inegularities  in  these  conductors  and  application  of substratcs  with  a  high  value  of 
 permittivity.  Evidently,  the  maximum  effect  can  be  attained  by  combining  several 
 methods  for reduction of the MSF dimensions. 


In  order to  improve frequency-scleetive  propetiics of filters,  the  slopes of the 
 amplitude-frequency  response  (AFR),  should  be  more  and  the  attenuation  levels  in 
 the  tilter  stophands  should  be  large.  These  characteristics  depend  on  both  the 
 number  of the  tilter  resonators  and  many  other  design  parameters  of the  device. 


Therefore,  the  study  of  selective  properties  of  particular  design  versions  with 
 different  numbers  of  resonators  as  functions  
or 
the  fiuILlCIlCY  hand,  thlctional 
 bandwidth,  permittivity  of the  substrate,  and  othcr  design  parameters  is  impotiallt. 

Such  studies  allow (I) determination  of the  limits  of applicability  of thc  chosen 
design  and (2) creation  of optimized  MSFs  that  satisfy  particular specifications  and 
contain  the  minimum  number  of sections.  Stripline  resonators  are  fUliher  classified 
as  stepped  impedance resonators and  transmission  lint:  resonators. 
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o  Stepped impedance resonators 


Stripline  resonators  having  non  unifom1  impcdancc  characteristics  are 
 gencrally  classified  ullder  stepped  impedancc  resonators.  Despite  its  simple 
 structure,  the  SIRs  possess  numerous  features  and  possibilities  t()r  practical 
 applications.  SIRs  finds  its  applications  in  filters,  oscillators  and  mixers  as  a  basic 
 resonator in  frequency band from  RF  to  millimeter. 


o  Transmission line resonators 


The  most  typical  transmission  line  resonators  utilizing  transverse 
 electromagnetic  modes  (TEM)  or  quasi-TEM  modes  are  coaxial  and  stripline 
 resonators.  These  resonators  possess  a  wide  application  tj'equency  range  from 
 several 100 MHz  range  to  several  IOOGHz  and  presently  remain  the  most  common 
 choice  for  the  filters  in  wireless  communication.  These  resonators  do  not  possess 
 low  loss  properties.  They  do  not  have  high Q  values  compared  to  waveguide  or 
 dielectric  resonators.  However.  thcy  do  have  valuable  features  as small  size, simple 
 structure  and  capability  of wide  application  to  various  devices.  Moreover,  the  most 
 attractive  feature  of the  microstrip  line,  stripline  or  coplanar  line  resonators  is  that 
 they  can  be  easily  integrated  with  active  circuits  such  as  MMICs,  because they  are 
 manufactured  by  photo  lithography  of metallic  film  on  a  thin  dielectric  substratc. 


There arc numerous forms  of microstrip resonators.  In  general, microstrip resonators 
 for  tilter  design  may  bc  c1assificu  as  lumped  element  or  quasi-lumped  element 
 resonators and  distributed  I i 11(' or patch  resonators. 


Micrnstripline  resonators  arc  the  distributed  elements  such  as  quarter 
 wavelength  and  half  \vavelcngth  line  resonators.  The  choice  of  individual 
 components  may  depend  mainly  on  the  types  of filters,  the  fabricati0l1  techniques, 
 the acceptable losses or Q  factors.  the power handling and  the operating frequency. 


Distributed  line  resonators  shown  in  Fig.I.2  are  termed  as  quarter  wavelength 
resonators  since  (hey  are ).go/4  long,  wherc )'gO  is  the  guided  wavelength  at  the 



(31)fundamental  resonant  frequency  fo.  They  can  also  resonate  at  other  higher 
 frequencies when/~ (2n - 1)/0 for n~2, 3 ... 


(I)  (b) 


Fig.1.2 Some typical microstrlp resonators (a) A.goI4 line resonator(Shunt series 
 resonance) (b) ¥4line resonator(shunt parallel resonance) 


Another  typical  distributed  line  resonator  is  the  half wavelength  resonator  as 
 shown in Fig.  1.3 which  is ~2 long at  its  fundamental  resonant  frequency and  can 
 also resonate atf= n[ofor n=2,  3; .. ·. 
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Fig.  \.3 ~2 line  resonator 


This  type  of line  resonator can be  shaped  into  many different  configurations 
for  filter  implementations  such as  closed  or open  loop resonators. These are  simpler 
to  design and easier  to  fabricate. Closed  ring  resonator is  merely a  transmission line 
fonned in a closed  loop  (Fig. 1.4).  The circular ring will  resonate at  its  fundamental 
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frequency 
/0 
where  its  median circumference  2nr= Ago, where  r is  the  mean radius of 
 the ring, The higher resonant modes occur atf= %  for  n=2, 3 ... 

Fig.  1.4 Circular and square closed ring resonator 


Figure  1.5  shows  the open loop  resonators  with  a  fundamental  resonant 
 frequency  half that  of the  closed  ring  resonators. In  the  case  of rectangular  ring 
 resonators the fundamental  frequency  is  determined by the  average perimeter. 
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Fig. I.S Circular and square Ago/2  open loop resonators 


The  ring  resonators shown in  Fig.  1.6  is  another  type  of distributed  line 
 resonators  called  split  ring  resonators  (SRR),  formed  by  two  coupled  conducting 
 open loop resonators printed on a dielectric slab. 
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Fig.  1.6 Circular and square split ring resonator 



(33)They are  considered  as  electronically  small  resonators  with  very high Q and 
 very  useful  structure  in  constructing  filters  requiring  sharp  notch  or  pass  a  certain 
 frequency  band.  It is  possible to  construct this  type of line  resonator into  different 
 configurations such as folded and meander loop resonators to  reduce the size. 


Tile UhOl'(' {Jorrraral has inspired tile  illl'e.liigulioll (}/IJlullur loop 
 rDollutors unci Iheir hehu\'iorul/7l'xihili/1' in  mil1iulllri::il1g/iller 


structllre,.!;!/' present elm  applicatiolls 



1.4  Outline of Present Work 


Study  of the  characteristics  of planar  loop  resonators  and  their  use  in  the 
 construction  of  filters  at  microwave  frequencies  are  presented  in  this  thesis.  A 
 detailed  investigation  of parameters  affecting  the  strength  of coupling  and  the 
 resonant  frequency  are  also  carried  out.  Techniques  for  size  reduction  in  band  stop 
 and  bandpass  filters  are  using  planar  loop  resonators  are  developed.  Different 
 configurations  of compact  bandstop  and  bandpass  filters  using  loop  resonator  are 
 simulated and  experimental results on optimal filter configuration are presented. 



1.5  Organisation of the Thesis 


Chapter 1  Introduction 


This  chapter  starts  with  a  brief outline  regarding  relevance  of microwave 
 filters,  evolution  and  their  uses  in  communication  technology.  A  brief introduction 
 of planar filters  has  also been presented. 


Chapter 2  Review of Literature 


This  chapter presents a thorough review  of literature on the development  in 
the  field  of  microwave  filters  giving  special  attention  to  planar  bandstop  and 
bandpass filters.  Attempts  have been  made  to  cover all the important development in 
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microstrip  filter  theory and  experiment.  Various  types of loop  resonator filters  based 
 on  their  specific  geometries  with  their  gradual  development  have  been  studied  to 
 arrive at the motivation of the present thesis. 


Chapter 3  Methodology 


In  this  chapter,  the  methodology  adopted  for  characterizing  the  filter  is 
 described.  It  deals  with the  various  techniques  employed  for  the  design,  fabrication 
 and  measurement  of filters.  Simulation  and  parametric  analysis  using  commercial 
 EM simulation packages Ansoft-HFSS  and IE3D are  also outlined. 


Chapter 4  Planar loop resonator filters 


This chapter provides the details of the studies undertaken  for the design and 
 development  of  micro strip  planar  filters  using  novel  coupling  techniques  on 
 micro strip  loop  resonators  and  finding  its  utility  in  compact  bandstop  and  bandpass 
 filters.  Parameters affecting the  strength of coupling  and  the  resonant  frequency  are 
 investigated.  Techniques  for  size  reduction  in  bandstop  and  bandpass  filters  are 
 developed  and  empirical  formula  for  the  resonant  frequency  for  different  types  of 
 resonators are deduced. 


Chapter 5  SRR based micro strip bandstop filter 


In this chapter the propagation characteristics of a micro strip  line  loaded with 
 an  array  of SRR  as  superstrate  is  investigated.  The  response  of different  types  of 
 loop resonators is  also portrayed. 


Chapter 6  SRR based waveguide filter 


This chapter presents the  behavior of SRR in  waveguide for the development 
of bandstop  and  bandpass  filters.  A  detailed  investigation  of band  rejection  at  the 
second  resonance  is  carried  out  and  exploited  to  develop  a  variable  bandwidth 
bandstop  filter.  Also  the  frequency  response  of the  waveguide  below  cut-off with 



(35)bandstop  filter.  Also  the  frequency  response  of the  waveguide  below  cut-off with 
 SRR  insert  is  explored  for  the  development  of banclpass  tilter.  This  study  leads  to 
 the phenomenon of waveguide miniaturization. 


Chapter' 7  Conclusions 


This  chapter serves  the conclusions drawn  h·om  the study with  directions  for 
 future  work. It describes  the  important  findings  of the  thesis  ancl  salient  features  of 
 the proposed microstrip filters. 


References 


Atia  A. E and  Williams A. E.  "New types  of waveguic1e  handpass  filters  for  satellite 
 transponders."  Comsat Tech.  Rev.,  vo!. I, pp. 21-43,  1971. 


Atia  A. E.  Williums A. E,  and  Newcom R. W.  "Synthesis  of  dual-mode  filters:' 
 IEEE Trans.  Circuits Syst.,  vol.  C AS-21,  pp.  649-655,  1974. 


Brucher  A,  Cenac C, Delmond  M,  Meunier  P,  Billol1ct L. Jarry  B,  Guillon  P,  and 
 Sussman-Fort  S.  E.  "Improvement  of micrO\vavc  planar  active  filters  with  MMIC 
 technology."  in  Proc.  Eur.  GAAS'94  Related  Ill-IV  Compounds  Applieat.  Symp., 
 pp.  315-318,1994. 


Cohn  S.  B.  "Microwave  band pass  filters  containing  high-Q  dielectric  resonators." 


IEEE Trans.  Microwave Theorv Tech.,  vo!.  MTT -16.  pp.  21 S-227,  1968. 


Cohn  S.  B.  "Parallel-coupled  transmission-line  resonator  tilters."  IRE  Trans. 


Microwave ThcOl'v  Tech ..  vol.  MTT-6.  VD.  pp. ~n-13I, 1058. 


Cohn  S.  B.  "PJrallt:!-coupJed  transmissioll-lint:'  resonator  filters."  IRE  Trans. 


Microwave Theory Tech ..  voI.  MTT-I O.  pp_  223-131,  1958. 


Darlington S.  "Synthesis of reactance 4-polcs:' J.  I\bth. Phys .. vo!.  18,  pp.  257-353. 


1939. 


Fano  R.  M  und  La\vson  A.  W.  "Microwavc Transmission Circuits:' ser.  M.LT.  Rad. 


Lab.  New York:  McGraw-Hill.  1948,  vo!.  9,  ch. l). 10. 


Fiedziuszko S . .I. "Dual-mode dielectric reSOI1~ltor Imdcu cn-ity  filters:'  IEEE Trans. 


Microwave Theory Tech ..  vo!.  MTT-:;O.  pp. ! 311 -1316, 1982. 



(36)Chap/er j 


Fiedziuszko  S. J, Hunter 1. 
C 
 Itob  T,  Kobayashi  Y,  Nishikawa  T,  Stitzer  S.  N,  and 
 Wakino  K,  "Dielectric  materials,  devices.  and  circuits:·  IEEE  Trans.  Microwave 
 Theory Tech.,  vol.  50, pp.  706-720,2002. 

Glover I.  A  and  Grant  P.  M,  Digital  Communications.  Englewood  Cliffs,  NJ: 


Prentice-Hall,  1997, pp.  146-149. 


Gugliclmi  M.  Roquehrun 0, .Iarry P. Kcrhcrve L Capurso M,  and  Piloni  M, "Low-
 cost  dual-mode  asymmetric  filters  in  rectangular  \vaveguide,"  in  IEEE  MTT-S 1nl. 


Microwave Symp.  Dig.,  Phoenix,  AZ,  2001.  pp.  1787-1790. 


Ilunter  I  C. "'Microwave  Filters-Applications  and  Technology"  IEEE  Trans. 


Microwave Theory Tech.  vo1.  50, pp.  794-805, 2002. 


Hunter 1. C and  Rhodes.J.  D.  ""Electronically  tunahle  microwavt:  bandpass  fi.ltcrs:' 
 IEEE Trans.  Microwave Theory Tech.,  vol.  MTT-30, pp.  1354-1360,1982. 


Lancaster M.  J.  Powell J. and  Porch A, '"Thin-film fcrroelectric  microwave devices:' 
 Supcrconduct.  Sci. Technol., pp.  1323-1334,1998. 


1.arson  J.  D.  Ruby  R. C, Bradlcy P. Wen  J.  Kok S. and  Chien  A.  "Power  handling 
 and temperature coefficient studies in  FBAR duplexers for  1900 MI Iz 
pes 
band."  in 
 IEEE U/rrasoll. Symp.  Dig., pp.  869-874,2000. 

La-Tourette  P.  M  and  Roberds  J. L  "Extended-junction  comblinc  multiplexers,"  in 
 IEEE MTT-S 1nl. Microwave Symp.  Dig .•  ,  IEEE  cat. 78CH 1355-7  MTT,  pp.  214-
 216,  1978. 


La-Tourettc P. M.  "Multi-octave combline-filter multiplexers:'  in IEEE MTT-S  Int. 


Microwavc Symp.  Dig., IEEE cat.  77CH12l9-5  MTT,  pp.  298-301, t977. 


Lin  W. G.  "'Microwave  filters  employing a single  cavity  excited  in  more  than  onc 
 mode:· J.  Appl.  Phys., vo!.  22, pp. 989-1001,1951. 


Mason  W. P and  Sykes R. A, '"The  use of coaxial and bnlanccd  transmission  lines in 
 tllters  and  wide  hand  transformers  for  high  radio  frequencies:'  Bell  Syst.  Tech.  J., 
 vo!. 16, pp. 275-302,1937. 


T\,·1asse  D. J  and  Puccl R.  /\, '"A  temperature-stable  bandpass  filter  using  dielectric 
 resonators:' Proc.  IEEE, vol. 60. pp. 730-731,  1972. 


lvlatthaci  G.  I ..  "Comb-line  hand-pass  filters  of  narrov,·  or  moderate  bandwidth." 


Microwave J.,  vo!.  6,  pp.  82-91,  1963. 


~vlatth:1ei G. L.  "Comb-line filters  of narrow or moderate  bandwidth:' Microwave 1., 


\'01. 6. pp.  82-91,  1963. 



(37)Matthaci G.  L "Intcrdigital  band-pass filters,"  IRE Trans.  Microwave Theory Tech .. 


vo!'  MTT -10,  pp.  479-491,  1962. 


Matthaei G.  L  "Interdigital  band-pass  filters:  IRE  Trans.  Microwave Theory Tech., 
 vol.  MTT-I 0,  pp.  479-491, Nov.  1962. 


Matthaei  G.  L,  Young  L,  and  Jones  E.  M.  T  Microwave  Filters,  Impedance-
 Matching Networks and  Coupling Structures. New York;  McGraw Hill,  1964. 


Nguyen  C.  T.-C'.  "Transceiver  front-end  architectures  uSing  high-Q 
 micromcchanical  resonators."  presented  at the  IEEE  Em.  MIDAS  MEMS  for  IIigh-
 Q Filters Workshop, Surrey,  U.K.,  2000. 


Ozaki  Hand  Ishii  J,  "Synthesis 
or 
a  class  of stnpline  filters,"  ]RE  Trans.  Circuit 
 Theory,  vo!. CT-5, pp.  104-109.1958. 

Peroulis  D,  Pacheco  S,  Sarabandi  K.  and  Katchi  L.  P.  R  "Tunable  lumped 
 components with applications to  reconfigurable  MEMS  filters."  in  IEEE  MTT-S  Int. 


MicrowaveSymp.  Dig.,  Phoenix,  AZ,  2001, pp.  341-344. 


Plourde J. K and  Linn  D.  F.  "Microwave dielectric resonator filters  using  Ba2Ti9020 
 ceramics,"  in  1977  IEEE  MTT-S  1nl.  Microwave Symp.  Dig.,  cat.  no.  77CH1219-5 
 MTT, pp.  290-293. 


Ren  C.  L  "  Waveguide  bandslop  tilter  utilizing  Ba2Ti9020  resonators:'  in  [EEE 
 MTT-S  Int.  Microwave  SYl11p.  Dig ..  IEEE  cat.  no.  78CH-1375-7  MTT,  pp.  227-
 229,1978. 


Richards  P.  L "Rcsistor-transmission-linc circuits:'  Proc.  IRE.  vol.  36. pp. 217-220, 
 1948. 


SChUlll<lcher  11.  L  "Coax  multiplexers:  Key  to  EW  signal  sorting:' I'vlierowavc  Sysl. 


News.  pp.  89-93.  1976. 


Soares  L  Raihn  K.  F. alKI Fuller  J.  D.  "Dual  5  MHz 
pes 
receiver  front-cnd."  in 
 IEEE MTT-S  1nl.  Microwave Symp.  Dig.,  Phoenix, AZ.  pp. 1981-19~4, 2001. 

Sussman-Fort  S.  I·.  "An  NIC-hased  negative  rcsistance  circuit  for  micro\vave active 
 tilters.'·  Int.  J.  Microwave  Millimeter-Wave Computer- Aided  Eng.,  vol.  4,  pp.  LW-
 139,1994. 


Tagami T. 1::hcra  11.  Noguchi  K.  and  Komaski '1', "Resonator type  SA W  filter:'  Oki 
Tech.  Rev.,  vo1.  63. p. 50. 1997. 



(38)Chapter J 


Tsui  J.  B,  Microwave  Receivers  with  Electronic  Warfare  Applications.  New  York: 


Wiley,  1992. 


Vendik  I,  Vcndik 0, Sherman  V,  Svishcllev A, Pleskaehcv  V.  and  Kurb<1lloV  A, 
 --Performance  limitation  of a tunable  resonator  \·vith a fcrroelectric  capacitor:' 111 


IEEE MTT-S Int.  Microwave Symp_  Dig.,  Boston,  MA"  pp.  1371-1374,2000. 


Weigel R., D. P.  Morgan,  J. M. Owens, A. Ballato,  K.  M.  Lakin, K. Hashimoto,  and 
 C.  C.  W.  Ruppel.  "Microwave  acoustic  materials.  devices,  and  applications,"  IEEE 
 Trans.  Microwave Theory Tech., vo!.  50,  pp.  738-749, 2002. 


Wenzel  R . .I, "Synthesis or comhline  and  capacitively-coupled  interdigital  filters  of 
 arbitrary hand width," IEEE Trans.  Microwave Theory Tech ..  vo!.  MTT-19, pp. 678-
 686,  1971. 


\Vcrsing  W.  --Microwave ceramics  fur  reson81ors  and  filters,"  Current Opinion  Solid 
 State Phys.  Mater.  Sci.,  vo!.  1,  pp.  715-729.  1996. 


Zhang D,  Liang G.-C Shih  C. F, Johansson  M.  E  and  Withers  R.  S,  "Narrow-band 
 lumped-element  microstrip  filters  using  ctlpacitively  loaded  inductors:'  IEEE Trans. 


Microwave Theory Tech.,  vol.  42,  pp.  3030-3036, 1995. 



(39)This clllIprer  1"(,ITl'l" !o  reliell"  Ihe  illl!-,orr,nI! dl'1c"io/JllIl'iI/1  ill  CU//\"t'llfjU//U/ alld 


oc/nlllccd 1"L'"\()J7U!UJ"\ I/Icd tor fill' dc",i,!.!1l Ojp(Ulhli' htllld'{o/J ullcl (hllld/h!.I"' /illl.:'l"I" Filrt'r 


x/mctlll'l'\" lI"i!h di//i..'I't'1If rlpl'l 0/ reS()lluj(}i'"'  for h,/I/((llnp dlld hUlltip({sscilu/"(/c!cril"!in 
ure /'('l"iell"l'd  It"ilh  i(llfsrl'urio/l"  Hen'iIf  fil/dillgl  in  ,llft'l' lIlilliuwI'i=urioll  (//,,'  U/.I() 
PI'CSI..'II{U (, 



(40)RCl'iew of Uleralure 
 2.1  Microwave Filters 


Microwave  communication  links  are  an  important  practical  application  of 
 microwave  technology  and  are  used  to  cany  voice,  data  ovcr  distances  ranging  from 
 intercity  links  to  deep-space  spacecraft.  They  find  applications  in  virtually  any  type  of 
 microwave  communication,  radar,  or  test  and  measurement  system.  In  some 
 applications  such  as  communication  satellite  and  mobile  communication  devices,  it  is 
 critical  that  filters  he  devised  with  small  size,  light  weight,  and  lower  cost  along  with 
 stringent  electrical  characteristics.  Planar  filter  gcometries  arc  well  suited  for  mceting 
 these requirements. 


The  recent  advances  in  novel  materials  and  fabrication  technologies,  including 
 monolithic  microwave  integrated  circuit  (MMIC),  microc1ectromechanic  system 
 (MEMS),  micromachining,  high-temperature  superconductor  (HTS),  and  low-
 temperature co-fired ceramics (LTCC) have stimulated  the development of new  types of 
 filters. 


2.2  Microst.-ip Bandstop  Filter's 


Spurious  passband  rejection  in  microwave  tilters  is  key  aspect  in  certain 
applications  that  require huge stopband  extending above the  first  and  even  higher order 
hamlOnics  of  the  target  frequency.  Lumped  circuit  elements  likc  inductors  and 
capacitors  are  commonly  employed  (IS  resonant  circuits  at  lower  fi·equencies  but  at 
microwave  frequencies,  planar  circuits  are  preferrcd  as  they  arc  of  low  cost,  light 
weight  and  can  be  easily  fablicatcd  using  printed  circuit  technology.  Band  rejectioll  in 
mierostrip  transmission  line  is  the  phenomenon  \vhich  occurs  whcn  a  main  transmission 
line  is  electrically or magnetically coupled  to  half wavelength  resonators  spaced  quarter 
wavelength  apart.  The resonators u~ed may  be  opcn  cin.:uitcd  stub,  short  circuitcd  stub; 
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