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Abstract: The key elements used for receiving and processing signals in com munication systems 
are the bandpass filters. Initially, a com mon operating m echanism was applied for the design of 
broadband filters, i.e., by cascading low-pass filters or high-pass filters using multiple line resonators 
with length quarter-half- or full-wavelength with central frequency, but using these approaches, the 
design topology becomes expensive and complex. The above mechanisms can be possibly overcome 
using a planar microstrip transmission line structure due to its simple design fabrication procedure 
and low cost. So, pointing out the above problems in bandpass filters such as low-cost, low insertion 
loss, and good out-of-band performance, this article presents a broadband filter with multifrequency 
suppression capability at 4.9 GHz, 8.3 GHz, and 11.5 GHz using a T-shaped shorted stub-loaded 
resonator w ith a central square ring coupled to the basic broadband filter. Initially, the C-shaped 
resonator is utilized for the formation of a stopband at 8.3 GHz for a satellite communication system, 
and then a shorted square ring resonator is added to the existing C-shaped structure for the realization 
of two more stopbands at 4.9 GHz and 11.5 GHz for 5G (WLAN 802.11j) communication, respectively. 
The overall circuit area covered w ith the proposed filter is 0.52 Ag x 0.32 Ag (Ag is the wavelength 
of the feed lines at frequency 4.9 GHz). All the loaded stubs are folded in order to save the circuit 
area, which is an important requirement of next-generation wireless com munication systems. The 
proposed filter has been analyzed using a well-known transm ission line theory, even-odd-m ode, 
and simulated w ith the 3D software HFSS. After the parametric analysis, some attractive features 
were obtained, i.e., compact structure, simple planar topology, low insertion losses of 0.4 dB over 
the entire band, good return loss greater than 10 dB, and independently controlled mutli stopbands, 
which make the proposed design unique and can be used in various wireless communication system 
applications. Finally, a Rogers R0-4350 substrate is selected for the fabrication of the prototype using 
an LPKF S63 ProtoLaser machine and then measured using a ZNB20 vector network analyzer for 
matching the simulated and measured results. After testing the prototype, a good agreement was 
found between the results.

Keywords: uniform transm ission line; super wideband; bandpass filter; wireless com munication; 
triple notched bands; T-shaped shorted stub-loaded resonators; low insertion loss
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1. In tro d u ctio n

R ecently , lo w  co st, en h an ced  o u t-o f-b an d  re jectio n , an d  lo w  losses are  h ig h ly  reco m 
m e n d ed  fo r th e  d es ig n  o f w id e  p a ssb a n d  filters  as th e se  p la y  an  im p o rta n t ro le  in  the 
in tegration  w ith  other circu its/antennas, etc., to  enhance the p erform ance of the rad io  co m 
m u nication  system s stud ied  in  [1- 3 ]. O nly  a few  proced u res have been  used  by  m icrow ave 
research ers  fo r th e  d es ig n  o f  w id eb a n d  filters  in  re ce n t d eca d e s  [4- 14] . F o r  e x a m p le , the 
a u th o rs  o f [4- 7 ] u tilize d  d iffe ren t to p o lo g ies  su ch  as a d efectiv e  g ro u n d  stru ctu re  (D G S) 
and fu nnel-type asym m etric resonator for a w id eband  ban d p ass filter (BPF) w ith  an u p per 
w id e  s to p b an d  resp o n se . A n o th e r A/2 c ircu la r m icro str ip  q u a d ru p le / q u in tu p le -m o d e  
resonator w ith  parallel-cou p led  m icrostrip  lines has b een  utilized  b y  [8]  to  develop a w id e
b an d  filter w ith  fractio n al b an d w id th  (FBW ) o f 60%  and 62% , b u t the p rop osed  stru ctu res 
h a v e  h ig h  in sertio n  loss (IL ). T h e  au th o rs  o f [9 ] ach iev ed  a g oo d  F B W  o f a b o u t 177%  in  a 
w id eb a n d  filter  ran g e  fro m  0 .29  G H z to  4 .82  G H z  u s in g  a g ra tin g  a rra y  an d  in terd ig ita l 
strip  stru ctu re . T h e  d ra w b a ck  seen  in  th is  d es ig n  is th e  co m p le x  geom etry , a lth o u g h  it 
h a s  a g oo d  p assb an d  resp on se. A  trip le -n o tch ed  w id eb an d  B P F (b an d p ass filter) ran g in g  
from  2.2 G H z to 7.6 G H z is d esigned  and fabricated  w ith  enhanced  u p p er-freq u en cy  band  
su p p ressio n  u s in g  in te rd ig ita l lin es  an d  D G S  o n  th e  b a ck  o f  th e  R o g ers  4 3 5 0  su b stra te . 
F o u r tran sm issio n  zeros (TZs) w ere  ach iev ed  ou tsid e th e  p assban d  of th e  filter to  en h an ce  
th e  u p p er s to p b an d  su p p ressio n  u p  to  32  G H z. H ow ev er, th e  p re sen ted  filter  u tilize s  a 
v e ry  co m p le x  g e o m e try  th a t ca n  lead  to  a p recise  fa b rica tio n  m e a su re m e n t [10] . A n o th er 
sta ircase  re so n a to r w as u sed  b y  th e  a u th o rs  o f [11 ] to  fa b rica te  a w id eb a n d  filter  w ith  
a n  F B W  o f 62 .3% . R ecen tly , a  w id eb a n d  filter  resp o n se  w ith  an  F B W  o f a b o u t 132%  w as 
a ch iev ed  u sin g  an  H -ty p e  san d w ich  s lo t-lin e  stru ctu re  in  [12] . T h e  se lectiv ity  o f th e  filter 
w as greatly  increased  b y  in trod u cing a sou rce-to-load  cou p ling , b u t th is increased  the IL in 
th e  p assb an d . T h e  stru ctu re  w as fa b rica ted  o n  R o g ers  58 8 0  P C B  w ith  an  o v era ll co v ered  
a rea  o f a b o u t 32 x  15 m m . A  tap ered  tra n sm iss io n  lin e  re so n a to r (T T R ) w a s  u tilized  
in  [13] fo r th e  im p lem e n ta tio n  o f a  h ig h  se lectiv ity  U W B  (u ltra -w id eb an d ) resp o n se  w ith  
an FB W  o f 112% , IL o f 1 d B , and retu rn  loss b e tter th an  17 dB. It w as noticed  th a t the T T R  
red uced  the circu it size and th at a good contro llab le  BW  w as achieved , b u t the author used 
a v ery  co m p lex  g eo m etry  to b u ild  the U W B  filter, and im p ro v em en t is s till requ ired  in  the 
p assb an d . A n o th e r  w id eb a n d  filter w a s  d esig n e d  b y  th e  a u th o rs  o f [14] b y  ca sca d in g  a 
low -pass filter and a h igh-p ass filter. The structure has a good IL of 0 .4  dB and good return 
lo ss , b u t th e  F B W  is low , i.e ., 107% . T h e  a d v a n ta g e  o f th is  p ro to ty p e  is to  su p p ress  the 
u n w an ted  freq u en cies in th e  u p p er stop ban d  up to  20 G H z.

There is still a dem and for m icrow ave filters to im prove the above requ irem ents using 
a s im p le  d esig n  m eth o d o lo g y  th at allow s easy  im p lem en tatio n  o f th e  w id eb an d  filters. In 
th is regard , a filter w ith  trip le-notched  band s has b een  explored  in  this research  w o rk  using 
a T -shap ed  sh orted  stu b -load ed  reson ato r w ith  a cen tra l squ are  rin g  cou p led  to th e  in itia l 
S U W B -B P F  (su p er u ltra -w id e b a n d  b a n d p a ss  filter) fo r th e  re je c tio n  o f rad io  freq u en cy  
b a n d s  a t  4 .9  G H z, 8 .3  G H z, an d  11.5  G H z. T h e  b a sic  u ltra -w id e b a n d  filter  is co n stru cted  
using  a u n iform  tran sm ission  line (U TL) load ed  w ith  three folded  A/4 short-circu ited  shunt 
stubs w ith  pads; out of th is, one stub is p laced  in  the m id dle sectio n  of one side of the U TL, 
an d  th e  o th er tw o  are  p laced  a t th e  sy m m etrica l p o sitio n  o n  th e  o p p o site  sid e o f th e  U T L . 
The proposed  filter covered  an area of 22.5 m m  x  12 m m  (excluding feed lines). Finally, the 
prototyp e w as fabricated  on  a low -cost PC B  and tested  w ith  V N A , and the results obtained 
w ere  c lo se ly  m atch ed  w ith  a sim u latio n . A  3 D  e lectro m ag n etic  (E M ) s im u la tio n  softw are 
A n sy sis  H F SS  v ersio n -15  w as u sed  for s im u latio n s in  th is s tu d y  [15] .

T his research  w o rk  w as com p leted  in the fo llo w in g  w ay : Sectio n  2 d escribes the com 
p le te  a n a ly sis  o f  th e  U T L , an d  S e c tio n  3 d escrib es  h o w  th e  S U W B -B P F  w ith  in -b a n d  co n 
tro llab le  freq u en cy  b an d s w as d esig n ed . Sectio n  4  sh ow s the p rop osed  to p o lo g y  and how  
th e  re so n an ce  fre q u e n cies  a re  th e o re tica lly  fo u n d  an d  e x p e rim e n ta lly  v erified . S e c tio n  5 
v a lid a te s  th e  m e asu re d  an d  e x p e rim e n ta l w o rk , w h ile  S e c tio n  6 co n c lu d e s  th e  research  
w o rk . M o reov er, a  d es ig n  flo w  ch a rt sh o w in g  h o w  th is re sea rch  w o rk  w as co m p le te d  is 
sh ow n  in F igu re  1.
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Figure 1. Design flow chart.

2. D e s ig n  an d  A n a ly s is  o f  th e  S U W B -B P F

The architecture o f the basic  SU W B -B P F is show n in  Figure 2 . It is constructed  using  a 
U T L  lo ad ed  w ith  th ree  fo ld ed  A /4 sh o rt-c ircu ited  sh u n t stubs w ith  pad s. O u t o f th is , one 
stu b  is p laced  in  th e  m id d le  sectio n  o f on e  sid e  o f th e  U T L , an d  th e  o th er  tw o  are  p laced  
a t th e  sy m m etrica l p o sitio n  o n  th e  o p p o site  sid e  o f th e  U T L . T h e  a n a ly sis  o f  th e  u n ifo rm  
im p ed an ce  reson ato r is carried  ou t b y  co n sid erin g  a h a lf-w av elen g th  reson ato r con n ected  
w ith  o p en - o r sh o rt-c ircu ited  stu b s in  th e  m id d le , as sh o w n  in  F ig u re  3a ,b . A ssu m in g  n o  
losses, the netw ork  resonance cond ition  can  be d eterm ined  w ith  the tran sfer m atrix  [ABCD]. 
T h e  exp ressio n  o f th e  inp u t ad m ittan ce  is [16,17] :

1 C
Y  =  ___ =  — =  0

in Z 11 A (1 )
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w h ere  Z 11 is th e  inp u t im p ed an ce  o f the resonator. T h e  reson an ce E q u ation  (1) is id entical 
to  the requ irem ent for resonators w h en  the zeros o f e lem ents C  and A  in  the tran sfer m atrix  
do n o t co in cid e  and el d oes n o t con tain  po les th a t are d ifferen t Xrom th o se  in  C.

C  =  0 (2 )

*  I f  *
L

W
--------------► ■' 

Wf
' ’

I

i O

Figure 2. Proposed SUWB-BPF architecture.

(c) (d)

Figure 3. Stubs configurations: (a) open stub connected to UTL, (b) short-circuited stub connected to 
UTL, (c) conventional stub, and (d) the proposed shunt stub.

The ou tp u t ad m ittance (Yout) a lso b eco m es zero  w h en  the con d ition  in E qu ation  (2) is 
satisfied . T h erefore ,

1 C
Yout =  Z 22 =  D  = 0 (3)

T h e  g en era lized  tran sfer m a trix  [A BC D ] in  th e  le ft p o rtio n  o f F ig u re  3 a ,b  in  term s o f 
tran sfer m atrices o f th e  e lem en ts A ' , B ', C', D' is [18 ] :

A  B \  =  h  +  2 B ' C ' 2 A ' B '
C D )  V 2C ' D ' 1 +  2B'Cf n f  1 i on/r'/ I (4)

E q u a tio n  (4) rep resen ts  th e  re so n an ce  co n d itio n  o f E q u a tio n  (2) th a t sa tisfies  the 
fo llo w in g  tw o con d ition s:

C' =  0 (5)

D' =  0 (6 )

T h e  ab o v e  tw o  co n d itio n s are  s im p le r to  p e rfo rm  in  a n a ly sis  th an  th e  tra d itio n a lly  
u sed  Y in = 0. U sin g  th e  reso n ato rs  d ep icted  in  F ig u re  3a ,b , le t  u s co n stru ct th e  reso n an ce  
e qu atio n s. A t the p o in t w h ere  th e  stub  con n ects  to  the TL (tran sm ission  line) seg m en t, w e
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u tilize  th e  in p u t ad m ittan ce  Ys o f th e  stub  an d  th e  tran sfer m atrix  [abcd] o f th e  le ft h a lf of 
th e  TL  segm en t. T h e  m atrix  [A 'B 'C'D'] is c learly  seen  as th e  resu lt o f tw o m atrices [19,20] :

A ' B '\  ( a  b\  [ 1  0\ ( a  +  bY b
C  D ’)  \ c d J ^ Y -  I ]  \ c  +  d Y  d J

T he ab ove ch ain  eq u atio n  fo llow s th e  exp ressio n  (3), i.e.,:

2 c
d =  0Ys c

(7)

d

T h e m a tr ix  [a b cd ] m ay  g e n e ra lly  re p re sen t a p o rtio n  o f a  n o n -u n ifo rm  T L . W h e n  a 
segm en t w ith  a u n iform  TL is used , its e lectrical length  and characteristic im pedance Z 0 are:

a b\ =  (  cos 2 jZ o s in  | 
c d )  \Z o-1  j  sin  2 cos e

A p p ly in g  reson an ce con d ition s on th e  ab ove equ ation :

(8)

e
cos 2  (9)

e
Ys =  -  j2 Z o -1  tan  ^ (10)

T he reson an t e lectrica l len gth  of E q u atio n  (9) is:

e n =  n , 3 n , 5 n

T h e tra n sce n d en ta l E q u a tio n  (10) d eterm in e s th e  o th er  co m p o n e n t o f th e  reso n an t 
e le c tr ica l len g th s, w h ich  is d ep en d e n t o n  th e  stu b  p a ram ete rs . T h e  sam e a n a ly sis  ca n  be 
u sed  fo r th e  sh o rt-c ircu ited  stu b  o f len g th  e s  << e/ 2 in  F ig u re  3 b , b u t o n ly  E q u a tio n  (10) 
tak es the b e lo w  form , w h ile  E q u atio n  (9) is still ap p licab le:

e
- Z s - 1 co t e s =  - 2 Z o - 1 ta n ^

w here e  = pL show s the electrical length  of the stubs w ith  physical length  L and propagation  
co n sta n t p. N ow , th e  co n fig u ra tio n  in  F ig u re  3 a ,b  is  rep laced  w ith  th e  stu b s p ro p o sed  
in  [21], as sh o w n  in  F igu re  3 c,d . In itially , co n v en tio n a l stu b s, as sh o w n  in  F ig u re  3 c , w ere  
u sed  a t th e  ce n te r  o f th e  U T L . D u e  to  th is  a rra n g em e n t, a  w id eb a n d  filte r in g  resp o n se  
w ith  p oor sh arp n ess and one T P  (tran sm ission  p o le ) at 12 G H z w as ob serv ed , as sh ow n  in 
F ig u re  4 . T h e  co rresp o n d in g  tra n sm iss io n  m atrix  o f th e  co n v e n tio n a l stu b  in  F ig u re  3 c is 
g iv en  b e lo w  [21] :

[ A ] =  C l  tan  e  l )  (11)

In  ord er to  ach iev e a h ig h er d egree o f freed om  in th e  d esign , th e  con v en tio n al stub  is 
re p laced  w ith  a n ew  fo ld ed  sh u n t stu b  w ith  p ad s, as sh o w n  in  F ig u re  3 d , an d  tw o  m o re 
o f th e  sam e stu b s are  p laced  sy m m e trica lly  o n  th e  o p p o site  sid e  o f th e  U T L  a t a  d istan ce  
equ al to A/2, and thu s, a m odified  to p ology  is obtained , as sh ow n  in  F igure 2, respectively. 
T h e  co rresp o n d in g  tran sm issio n  m atrix  o f th e  p rop osed  stub  in F igu re  3 d is g iven  below :

[A |=  W c o t  e 0 )  (12)
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Frequency (GHz)

Figure 4. S j j  vs. S21 frequency plot by loading conventional stub.

D ue to th is arran gem ent of the stubs, the p erform ance of the filter is greatly  im proved, 
as sh o w n  in  F ig u re  5 , in  te rm s o f its w id e  fla t p a ssb a n d , e x ce lle n t IL , an d  g o o d  sh arp  
re je c tio n  lev el w ith  tw o  T Z s a t  th e  lo w e r an d  u p p er s to p b an d  freq u en cy , an d  fiv e  TP s 
ap p ear w ith in  th e  p assban d  at d ifferen t freq u encies, respectively. T h e  reflection  zeros w ill 
ap p ear at (2n — 1)fo, w h ile  th e  tran sm issio n  zeros ap p ear at 2n fo.

t ---------- 1---------- 1---------- 1---------- 1---------- 1---------- r
3 6 9 12 15 18

Frequency (GHz)

Figure 5. Simulated frequency plots of the SUWB-BPF with proposed rectangular pads.

3. O p e ra tio n a l P r in c ip le  o f  th e  S U W B -B P F  w ith  In -B a n d  F re q u e n cy  S u p p re ss io n

A  n o v e l T -sh ap ed  sh o rted  stu b -lo ad e d  re so n a to r w ith  a ce n tra l sq u are  rin g , a lso  
k n o w n  as a q u ad -m o d e  stu b -lo ad ed  resonator, w as u tilized  fo r th e  rea liza tio n  o f in -ban d  
frequency su pp ression  in  the SU W B -B P F. The operating princip le for the form ation  of notch  
b a n d s  w as co m p le te d  in  tw o  step s. In itia lly , th e  fo ld ed  C -sh a p ed  reso n ato r, as sh o w n  in  
F ig u re  6 , w as co u p led  to  th e  b asic  w id eb a n d  filter, an d  a fte r o p tim iz in g  th e  len g th  o f the 
p ro p o sed  reson ato r, a  s in g le  s top  b a n d  a t  8 .3  G H z w a s  o b ta in ed , as d ep icte d  in  F ig u re  7 
w ith  its con tro l sh ow n  in F igu re 8 . In th e  seco n d  step , a cen tra lly  sh orted  sq u are  rin g  w as
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lo ad ed  to  th e  C -sh ap ed  stru ctu re  fo r th e  re a liz a tio n  o f tw o  m o re  s to p b an d s a t 4 .9  G H z 
an d  11.5  G H z. In  th is w ay, a  co m b in a tio n  o f th e  C -sh a p ed  re so n a to r an d  sq u are  rin g  
re so n a to r w a s  o b ta in ed , w h ich  is a lso  ca lled  a T -sh ap ed  sh o rted  stu b -lo ad e d  reso n ato r 
w ith  a ce n tra l sq u are  rin g  o r  a q u a d -m o d e  stu b -lo ad e d  reson ato r. T h e  n a m e  q u a d -m o d e  
stu b -lo a d e d  re so n a to r is g iv e n  ley th e  a u th o rs  o f th is  w o rk  as it  g e n era tes  fo u r reso n an t 
m o d e s , w h ich  w ill b e  e x p la in ed  in  th e  sectio n  below . T h e  co m p le te  co n fig u ra tio n  o f  the 
proposed  resonator for the triband responses is show n in  F igure z a, w h ich  is eom posed  o f a 
ring  resonator, a com m on  h a lf w av elen g th  (A/2 ) u n ifo rm -im p ed an ce  reson ato r (U IR ), and 
a  sh o ri stub. I i  can  tie seen  th a t th e  p ro p osed  re so n a io r is sy m m etrica l w ith r e s p e c t  ta  the 
cen tra l v e rtica l p lan e  X X '; th erefo re , a  w e ll-k n o w n  c lassica l m eth o d  ca lled  th e  e v e n -o d d 
m o d e  is p e rfo rm e d  to  ch a ra c teriz e  th e  re so n a n ce  b e h a v io r  o f th e  p ro p o sed  arch iteciu be 
d iscu ssed  m  [22 ,03 ] . T h is m eth o d  w ill s im p lify  th e  m ath em atica l ca lcu la tio n  b y  d iv id in g  
tZe reson ato r in to  tw o sectio n s a lon g  th e  X X ' p lane; one sect ion w il l b eh av e  as a  m agnetic  
w a ll (M .W .)i ca lled  ev e n  m o d e  e x cita tio n , w h ile  th e  o th er  o o e  b eh a v es  as a n  e lectric  w all 
(E .W .)0 calSed od d  m o d e  e x c ita iio n , a  s s h o w n  in  F ig u re  t b ,c, resp ectiv ely . A cco rd io g  to  
th e  con v en tio n al th eory  of th e  o v en -o d d -m o d e  analysis, the) reson ato r on the sy m m etrica l 
p la n e  Z X ' is sh o rted  o n d e r  o d d  m o d e  e o cita tio n  an d  o p en -c ircu ited  u n d e r zv en  m o d e 
excita tizn , b u t o i th is topology, th e  p la z e  X X ' for th e  even  m ad e  excita tion  is shorted  w ith  
one end d u e to it a lread y  b ein g  p resen t in the topology , as sh ow n  in F igu re  9 a .

Figure 6. The proposed C-shaped resonaior topology for the 8.e GHz stopbond.

3 6 9 12 15 18

Frequency (GHz)

Figure 7. Response of the proposed C-shaped resonator at 8.3 GHz.
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Figure 8. Control of the C-shaped resonator for the 8.3 GHz stopband.

(a)

Figure 9. (a) The presented geometry of the quad-mode stub-loaded resonator. (b) Even-mode 
excitation circuit, (c) Odd-mode excitation circuit.
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T he od d -m ode equ iv alent circuit in  Figure 9 c consists of tw o quarter w av elength  paths 
w ith  on e  end  g ro u n d ed , as sh o w n  in  F ig u re  10a ,b. T h u s, tw o  reso n an ce  fre q u e n c ie s fodd1 
and f  odd2 can  be realized  by  setting the resonance cond ition , i.e., Y in odd1 = 0 and Yin-odd2 = 0. 
A cco rd in g  to the basic  m icrow ave n etw o rk  theory, the inp u t ad m ittance o f the odd m od es 
can  b e  ca lcu lated  u sin g  th e  m ath em atica l eq u atio n  b elo w  [24 ]:

Yin Y)
Y l +  jY 0 tan  0

Yin Y0

Y0 +  jYL  tan  0

Yl +  jY )  tan (L 2n / A g ) 

Y0 +  jYL  tan (L 2n / A g )

w h ere  A•g and

1 + 12 w

Yiin,odd1 —
Y1

f odd 1

Yin,odd2 jY 1 [

j  ta n (01 +  02 +  03 +  04) 

c

4(L1 +  L2 +  L3 +  L4 ) ^ £ f  

Y 2 ta n (05 +  06 — n / 2 ) +  Yin—odd1

(13)

(14)

Y1 +  j[ (Y 2 ta n (05 +  06 — n / 2 ) ta n (01 +  02 +  03 +  04)] 

(2n +  1 )c
f odd2 4 (L 2 +  L3 +  L4 +  L5 +  L6 ) ^ S f

(15)

(16)

(17)

(18)

Figure 10. (a) First odd-mode excitation circuit. (b) Second odd-mode excitation circuit.

F o r e v en -m o d e  ex cita tio n , th e  c ircu it in  F ig u re  9b a lso  co n ta in s tw o  p ath s: a  A/2 res
onator w ith  one end open constitu tes path-I, as show n in  F igure 11a, w h ile  a A/4 resonator 
w ith  one end  g ro u n  ded con stitu tes p ath -II, as illu strated  in F igu re  11b , respectively.

U sing the sam e basic m icrow ave netw ork  theory  d iscussed  in the od d -m ode case, tw o 
re so n a n ce  fre q u e n cies  f even1 an d  f even2 w ill b e  exc ited  b y  settin g  th e  re so n a n ce  co n d itio n ,
i .e ., Y in even2 = 0 and Yin even2 = ° .

f even1
(2 n — 1 )c

2(L2 +  L3 +  L4 +  L5 +  L 6 ) y ^ f 7
(19)

1

]
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/even2
(2 n — 1 )c

4 ( 1,1 +  L2 +  L3 +  L4 +  LjU ^/rn jf
(20)

(a )  (b )

Figure 11. (a) First even-mode excitation circuit. (b) Second even-mode excitation circuit.

To reduce the com plexity  of the m athem atical calculation, assum e Z 1 = Z 2 = Z 3 = Z4 = Z 5. 
I t  ca n  b e  seen  th a t/ e1 = 2/02, so  a to ta l o f th ree  re so n an ce  fre q u e n cies  are  o b ta in ed . T h e  
s to p b an d s ca n  tie co n tro -led  w ith  th e  p a ra m ete rs  th a t a p p eared  in  -h e  d e n o m in a to r  o f 
E q u atio n s (16) and (1 8 )-(2 0 ), respectively , w h ich  w ill b e  d iscu ssed  in th e  n ext section .

4. P ro p o sed  F ilte r  A rch itec tu re  an d  D e te rm in a tio n  o f  S to p b a n d  F re q u e n c ie s

This section  d escribes the specification  of the proposed  filter architecture and the logic 
b eh in d  th e  fo rm a tio n  o f s to p b an d  fre q u e n cies  u s in g  th e  m a th em a tica l m o d  el an a ly zed  
in  S e ctio n  3 . T h e  filter  is m a d e  u p  o f a  U T L  lo ad ed  w ith  th ree  fo ld ed  A/4 sh o rt-c ircu ited  
re c ta n g u la r  p ad s. O u t o f  th e se , o n e  stu b  p laced  in  th e  m id d le  sectio n  o f on e  s id e  o f the 
U T L , and th e  o th er tw o are p laced  at th e  sy m m etrica l p o sitio n  on th e  o p p osite  sid e  of the 
U T L . T h e  stu b s h av e  b e e n  p laced  a t a  d is ta n ce  o f a  h a lf w a v e le n g th  fro m  e a ch  o th er  to  
ach iev e  five  T P s in  th e  p a ssb an d . T h e  la y o u t o f th e  p ro p o se d  filter  is sh o w n  in  F igu re  12 
w ith  o p tim ized  d im en sio n s  in  m illim eters  (m m - d is p la y e a  in  T able 1 . T h e  stu b  a rra n g e 
m e n t m ad e  th e  p ro p o s e r  filter  co m p a ct w ith  a co v ered  area  o f  0 .52 Ag x  0.3d Ag. It has 
b een  fabricated  an  R o g er 4350 su b stra te  m ateria l, w ith  sp ecification s listed  in "Table 1, and 
an a ly z ed  u sin g  a Z N B 20  v e cto r  n e tw o rk  an alyzer. F o r  th e  re je c tio n  o f rad io  freq u en cy  
b a n d s  a t 4 .9  G H z, 8 .3  G H z, an d  11.5  G H z, th e  s to p b an d  ch a ra cteris tics  h av e  b e e n  a t
tained  u tiliz in g  a q u ad -m o d e stu b -load ed  reson ato r cou p led  to th e  basic  filter stru ctu re  in 
F igu re  2 . A ll th e  sto p b an d s ca n  b e  in d e p e n d en tly  co n tro lled  w ith  th e  h e lp  o f th e  len gth s 
m entioned  in  the respective equ ations using  she correspond ing  m ath em atical m odels listed 
in  Table 2 . n h e re fo re t th e  re so n an ce  fre q u e n cies  in  th e  p ro p o sed  reso n ato r are  co n tro lled  
ind ep end en tly  and m ath em atically  verified , sim ulated , and then  fabricated  using a low -loss 
su b st-a te  m  aterial.

Table 1. Dimensions in millimeter (mm) of the proposed SUWB-BPF with a stub-loadeT resonator.

L 22.5 W 3.2 Li 4 L2 1
L3 1 .5 L4 9 L5 2 L6 6

W 1 1 L8 2.9 L9 1.2 L7 0.8
W 2 0.3 W 3 1.5 W4 0.5 S 0.1
Ri 0.55 R2 0.3 PCB height 1.5 PCB RO-4350
€r 3.6 tan 5 0.0003 W f 3.1
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Serial No.

Figure 12. The presented architecture of the SUWB-BPF with a quad-mode stub-loaded resonator. 

Table 2. Design table for finding the stopbands of the proposed filter.

D esign Equation D esign Resonator M odel
Theoretical

Results
Simulated

Results

3rd stopband

1st stopband feven! _

2nd stopband fo dd 1 =  4(L1 +L2+Lc3 +L4 ) ̂ L 3,Z 3

f  _  _______ (2n+1)c_______
J°dd2 _  4(L2+L3+L4 +L5 +L6 )V£eff

L2.Z2 L1.Z1

. L 2 .Z 2 ,  ,  L I ,  21

5.5 (GHzz

8.1 GHz

10.8 GH:^

4.9 GHz

8.3 GHz

11.5 G Hz

5. M e a su re d  an d  E x p e rim e n ta l R e su lts

A s d iscu sse d , th e  S U W B  B P F  is co n stru cte d  u s in g  a U T L  lo ad ed  w ith  th ree  fo ld ed  
A/4 sh o rt-c ircu ited  sh u n t stu b s, w h ich  are  p laced  sy m m e trica lly  a t a  d istan ce  eq u a l to  
A/2 fro m  e ach  other. T h ree  stu b s 'were p laced  sy m m e trica lly  o n  e ith er nide o f th e  U T L  in  
ord  e r  to  acM ev e a h ig h  d eg re  e o f fte e d o m  in  th e  d esig n . D u e  to  th is  a rra n g e m e n t o f  the
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stubs, the p erform ance o f the filter w as greatly  im proved  in  term s o f its w id e flat passband  
w ith  an FB W  of 141.1%  or absolu te b an d w id th  of 13.9 G H z, excellen t IL of less than  0.4 dB, 
an d  g oo d  sharp  re jectio n  lev el a t lo w er an d  u p p er frequency , an d  five  T P s ap p e a r w ith in  
th e  p assban d  at 4 .5  G H z, 7.3 G H z, 11.7  G H z, 13.8 G H z, and 16.4 G H z, respectively.

For the g en eratio n  o f n otch es in the in itia l w id eb an d  filter, a sym m etrica l qu ad -m od e 
stu b -lo a d e d  re so n a to r w a s  u sed . In  th e  first step , a  C -sh a p ed  re so n a to r w a s  u tilize d  fo r 
th e  seco n d  b an d  fo rm ation  at 8 .3  G H z, and th en  a cen tra lly  sh orted  sq u are  rin g  reson ato r 
w as ad d ed  to th e  C -sh ap ed  reson ato r fo r the realiza tion  o f th e  first and th ird  n otch  b an d s 
a t 4 .9  G H z an d  11.5  G H z, resp ectiv ely . T h e  fin a l re so n a to r to p o lo g y  o b ta in ed  w as ca lled  
a  q u a d -m o d e  s tu b -lo ad ed  reson ato r. D u e  to  its sy m m e trica l n a tu re  a lo n g  X X ', a  c la ss i
ca l m eth o d  ca lled  e v e n -o d d -m o d e  w as ap p lied  to  s tu d y  th e  re so n a n ce  b e h a v io r  o f  the 
reson ato r. A fte r  a  d eta iled  m a th em a tica l ca lcu la tio n , fo u r re so n a n ce  fre q u e n cies  w ere  
o b serv ed , ou t o f w h ich , tw o w ere  g en erated  w ith  th e  help  o f odd m o d e an alysis, and tw o 
w ere  o b serv e d  w ith  th e  h e lp  o f e v en  m o d e  an a ly sis . It  w as assu m e d  th a t fe1 = 2 fo2 b y  
c o n sid erin g  all im p e d a n ces  to  b e  eq u al. So , a  to ta l o f th ree  re so n a n ce  fre q u e n cies  w ere  
ob ta in ed , w h ich  lead  to th e  co n stru ct o f a tr ip le-n o tch  w id eb an d  BPF.

T he first notch  at 4 .9  G H z w as realized  d ue to  th e  second  fu n d am en ta l ev en  m o d e of 
th e  reso n ato r an d  b y  v a ry in g  th e  p aram eter L7 fro m  0 .8  m m  to  1 m m . O n ly  the first b an d  
w ill m o v e d ow n , w h ile  the rem ain in g  b an d s are fixed , as sh ow n  in F igu re  13 .

Frequency (GHz)

Figure 13. Validation of first band control w.r.t.

The second  stop band  at 8.3 G H z w as realized  due to the first odd m ode o f the resonator 
and b y  ch an gin g  the length  L4 . O nly  the second  band  w ill change, w h ile  the first and third 
b an d s are con stan t, as sh ow n  in F igu re  14 .

The third  stopband  at 11.5 G H z w as realized  due to the first even  m ode of the resonator, 
as d er iv ed  in  E q u a tio n  (6 ). In  F ig u res  15 an d  16, o n ly  th e  th ird  b an d  is ch an g e d  w id e ly  
b y  ch a n g in g  th e  len g th s L 5 an d  L 6, w h ile  th e  o th er  tw o  b a n d s  a lm o st re m ain  co n stan t. 
M o reo v er, a ll th e  s to p b an d s are  s im u lta n e o u sly  d ecreased  w ith  th e  p a ra m ete r  L8 fro m  
2.4 m m  to 2.8 m m , as sh ow n  in  F igure 17 . T his is becau se the p aram eter L8 is p resen t in  all 
th e  reson an ce  eq u atio n s, as d eriv ed  above.
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Frequency (GHz)

Figure 14. Validation of second band control w.r.t L4.

Frequency (GHz)

Figure 15. Validation of third band control w.r.t L5.

T h e  a b o v e  resu lts  sh o w  th a t th e  p re sen ted  filter  has th e  ca p a b ility  to  co n tro l a ll 
th e  s to p b an d s sep arately . T h e  co rresp o n d in g  in se rtio n  lo ss, b a n d w id th  a t th e  - 1 0  d B  
a tte n u a tio n  lev el, an d  th e  re je c tio n  lev el o f e ach  sto p b an d  are  lis ted  in  T able  3 , w h ile  the 
th e o re tica l, s im u la te d , an d  m e asu re d  resu lts  fo r e a ch  sto p b an d  are  ta b u la te d  in  Table 4 , 
resp ectiv ely . T h e  slig h t d ev ia tio n s in  th e  th eo retica l, exp erim en ta l, an d  fab rica ted  resu lts 
are due to inev itable hu m an errors in  m easurem ent, losses in  SM A  connectors and substrate  
m ateria l, and th e  e ffect of so ld ering .
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Frequency (GHz)

Figure 16. Validation of third band control w.r.t L6.

Frequency (GHz) 

Figure 17. Validation of all bands w.r.t L8.

Table 3. Calculated properties of the stopbands.

Serial No. Insertion Loss Bandwidth (MHz) R ejection Level

iststopband <0.5 dB 300 —20 dB
2ndstopband <0.5 dB 290 -  15 dB
3rdstopband <0.5 dB 170 —19.3 dB

Table 4. Results variation of the stopbands.

Serial No. Theoretical Results Sim ulated Results Measured Results

iststopband 5.5 GHz 4.9 GHz 4.83 GHz
2ndstopband 8.1 GHz 8.3 GHz 8.51 GHz
3rdstopband 10.8 GHz 11.5 GHz 11.69 GHz
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A nother im portant param eter is the coupling coefficient discussed by  the authors [25,26]. 
A s show n in  F igure 12, the space S is responsible for the generation  of coupling; phenom ena
in  the filter, and by  increasing the space S from  0.08 m m  to 0.2 m m , the cou pling coefficient
d ecrea se s , o r  v ice  v e rsa , as sh o w n  in  F ig u re  18, an d  is o b ta in ed  d u e  to  E q u a tio n  (21) b y  
co n sid erin g  the v a lu es of Table 5 .

K  =  f 22 - f 2  (2 1)
Ke =  F T f 2 (21)

S (mm)

Figure 18. Coupling phenomena with respect to the parameter S.

Table 5. Simulated result of "K " for different values of S.

S 1 (mm) list Band (GHz) 2nd Band (GHz) 3rd Band (GHz)

0.08 0.08 0.06 0.04
0.09 0.065 0.058 0.038
0.1 0.0515 0.048 0.031
0.2 0.03 0.01 0.021

In above equation, f 2 and f 1 represents the upper and low er frequency of each stopband.
F ig u re  119 sh o w s th e  s im u la ted  cu rre n t d is tr ib u tio n  a t th e  s to p b an d s fo r v a lid a tio n  

o f th e  resonance! fre q u e n cies  p ro d u ced  b y  th e  corresp ond ing ; stu b s. A s d iscu ssed  ab o v e , 
a  n o v e l T -sh ap ed  sh o rted  s tu b -lo ad ed  re so n a to r w ith  a cen tra l sq u are  rin g  is u tilized  fo r 
th e  fo rm a tio n  o f n o tch es  in  th e  u ltra -p a ssb a n d  resp o n se ; th e re fo re , m o st o f th e  e n erg y  is 
ab so rbed  b y  th is resonator, as sh ow n  below .

Figure 19. Current distribution graph of1 the triple-notched filter.
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E qu ation s (22) and (23) d escribed  another im p ortan t p aram eter in  the d esign  of U W B  
filters and anten n as ca lled  th e  g ro u p  d elay  (Td) [27 ,28] . It is exp ressed  as:

Td = d q> 2 i(w )/—du> (22)

<n>21M  = a r g S 21M  (23)

In  ab o v e  eq u atio n s, (21  an d  t d d en o te  th e  p aram eter p h ase  an d  gro u p  delay, resp ec
tively. A s seen  in F igu re  2U, th e  gro u p  y e la y  is a lm ost flat ov er th e  p assban d  excep t at the 
notches, w h ich  g u a ra n te e . that all the frequencies have the sam e group vel ocity  and phase.
T h is  lead s to  a m in im u m  fre q u e n cy  d isp e rs io n  in  th e  p a ssb a n d  an d  a m a x im u m  a t the
stop b an d s [29 ,3 0 ] . T he p h ase  resp on se  o f the p rop osed  filter is illu strated  in F igu re  21 .

Frequ en cy  (GHz)

Figure 20. Group delay response of the proposed notched filter.

Frequency (GHz)

Figure 21. Phase response of the proposed triple-notched filter.

The su p eriority  of th is research  w o rk  is a sim ple to p ology  to  red uce the cost, w h ich  is 
then  com pared  w ith  the m ost recent pu blished  artid es  in  re p u ted jo u rn a ls  in  term s o f good 
F B W  o r w id e  ab so lu te  b a n d w id th , cen tra l fre q u e n cy  (C l3), lo w  IL  a t sp ecific  sto p b an d s,
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h ig h  re tu rn s lo ss  (R L ), an d  in d e p e n d en tly  co n tro lle d  n o tch  b a n d s , w h ich  are  lis ted  in  
Table 6 , resp ectiv ely . M o reov er, th e  fin a l S 11 an d  S 21 fre q u e n cy  p lo ts  o f th e  m easu red  
an d  sim u lated  recu lts w ith  th e  fab rica ted  p ro to ty p e  area sh o w n  in  F ig u re  s 2 . T h is v erifies  
th a t th e  p ro p osed  arch itectu re  e lim in ates th e  p o ten tia l in terferen ce  in the u ltra -w id eb an d  
m icrow av e ap p lica tio n s and has the ad van tage  o f sto p p in g  and co n tro llin g  th e  un w an ted  
w ireless b an d s accord in g  to th e  u s e r 's  need s.

Table 6. Performance comparison of various notched filters.

Ref. No. Passband (GHz) FIBW (%) IL /RL (dB) C.F/BW (GHz)

[31] 3.3-10.7 105.7 0.9/15 4.4, 5.5, 7.6
[32] 3.1-10.6 117.0 1.25/>16 3.6, 5.2, 8.4
[33] 3.3-9.7 104 0.3/29 7.3
[34] 3.3-10.6 105 <0.5/14 8.95
[35] 3.1-11 112 0.66/35 6
[36] 3-10.9 110 0.9/>15 5.96, 8.15
[37] 3.58-10.07 95.1 <1.2/>15 5.53,8.1
[38] 3.25-10.73 106 0.52/>19 5.6, (5.4, 8.03

This work 2.9-16.85 141.1 <0.4/>15 4.9 ,8 .3 ,11.5

t-----■----- 1-----■-----1-----■-----1-----■-----1-----■-----1----- ■-----r
2 4 6 8 10 12 14 16 18

Frequency (GHz)

Figure 22. The measured and simulated results of the proposed triple-notched band filter.

6. C o n c lu s io n s

In  th is  a rtic le , a  S U W B  B P F  w ith  tr ip le -n o tch e d  b a n d s  w a s  d esig n e d  an d  fab rica ted  
u sing  a U TL load ed  w ith  three folded  A/4 short-circu ited  stubs for the im p lem entation  of a 
w id eband  tesp on se, and th eo  -  quad -m ode stub-load ed  resonator 'was cou pled  to  tho b asic 
S U W B -B P F  fo r th e  re-eciion  o f u n w a n 6ed  sig n als  a t -2.9 G H z, 8 .3  G H z, an d  11.5 G H z w ith  
good return loss and sharp re jection , resp-ctively . The circuit area covered  by  the proposed  
filter is 0.52 Ag x  0.32 At. A  large fractional b an d w id th  oS 141.2%  w ith  low  insertion  loss of 
less th an  0. 4 dB w as achieved  by  load i ng the stubs at the -p p ro p ria te  di stanc e on  either side 
o f the U TL. D ue to its sim ple p ian rr structure and excellen t p erform ance, the proposed  filter 
can  b t  in tegrated  in to  future U W B w ireless com m u u icatian  system  for variou s applications.
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