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A b st r a ct

T his p a p er r e p orts o n q u asi- elli pti c d u al- b a n d b a n d p ass filt ers ( B P Fs) t h at  w er e d esi g n e d f or
t h e Filt er St u d e nt  D esi g n  C o m p etiti o n of t h e 2 0 1 9 E ur o p e a n  Mi cr o w a v e  We e k.  T h e pr o p os e d
l u m p e d- el e m e nt ( L E) B P F c o n c e pt is b as e d o n t w o d u al- b a n d tr a ns v ers al c ells a n d o n e
m ulti-r es o n a nt c ell t h at all o w t h e r e ali z ati o n of s y m m etri c a n d as y m m etri c d u al- b a n d tr a nsf er
f u n cti o ns s h a p e d b y si x p ol es a n d fi v e tr a ns missi o n z er os.  A c o m p act i m pl e m e nt ati o n s c h e m e
b as e d o n L E s eri es r es o n at ors is pr o p os e d f or si z e c o m p act n ess a n d  wi d e s p uri o us fr e e o ut- of-
b a n d r es p o ns e. F or pr o of- of- c o n c e pt d e m o nstr ati o n p ur p os es, a d u al- b a n d L E pr ot ot y p e  wit h
t w o p ass b a n ds c e nt er e d 1 a n d 1. 5  G H z  w as d esi g n e d,  m a n uf a ct ur e d, a n d  m e as ur e d. It e x hi b-
it e d t h e f oll o wi n g r a di o fr e q u e n c y  m e as ur e d p erf or m a n c e c h ar act eristi cs. P ass b a n ds c e nt er e d
at 1. 0 2 a n d 1. 4 5  G H z,  mi ni m u m i ns erti o n l oss l e v els of 2. 0 a n d 2. 7 d B, a n d b a n d wi dt h of 1 4 6
a n d 1 0 5  M H z, r es p e cti v el y, f or t h e first a n d t h e s e c o n d p ass b a n d, a n d o ut- of- b a n d r ej e cti o n
> 3 0 d B b et we e n 0 a n d 8 9 4  M H z, 1. 1 7 – 1. 3 4  G H z, a n d 1. 7 2 – 6. 9  G H z.

I nt r o d u cti o n

R e c e nt a d v a n c es i n  wir el ess c o m m u ni c ati o n s yst e ms h a v e cr e at e d t h e n e e d f or r a di o fr e q u e n c y
( R F) tr a ns c ei v ers  wit h  m ulti-st a n d ar d a n d  m ulti-f u n cti o n al c a p a biliti es a bl e t o s u p p ort a l ar g e
n u m b er of b a n ds  wit h di v ers e r e q uir e m e nts i n t er ms of p o w er, b a n d wi dt h a n d fr e q u e n c y of
o p er ati o n. I n or d er t o f a cilit at e t h eir d e pl o y m e nt,  m ulti- b a n d b a n d p ass filt ers ( B P Fs)  wit h a
hi g hl y s el e cti v e r es p o ns e, l o w i ns erti o n l oss (I L) a n d s m all p h ysi c al si z e n e e d t o b e i n c or p o-
r at e d i n t h e  R F fr o nt- e n ds of t h es e s yst e ms i n or d er t o b e a bl e t o a c q uir e t h e b a n ds of i nt er est
w hil e s u p pr essi n g t h e u n w a nt e d i nt erf eri n g si g n als.  T h er ef or e, t h e r e ali z ati o n of filt ers  wit h
m ulti- b a n d tr a nsf er f u n cti o ns h as b e e n a n i m p ort a nt t o pi c of r es e ar c h [ 1 – 6 , 9 – 1 7 ].

Alt er n ati v e d esi g n a n d i nt e gr ati o n s c h e m es h a v e b e e n pr es e nt e d i n t h e o p e n t e c h ni c al lit-
er at ur e r a n gi n g fr o m pl a n ar c o nfi g ur ati o ns ( e. g.,  mi cr ostri p- b as e d, l u m p e d- el e m e nts ( L Es)) t o
t hr e e- di m e nsi o n al ar c hit e ct ur es usi n g c a vit y r es o n at ors ( e. g., c o a xi al r es o n at ors, di el e ctri c
r es o n at ors, r e ct a n g ul ar-r es o n at or- b as e d).  W hil e c a vit y r es o n at or- b as e d filt ers ar e t y pi c all y pr e-
f err e d f or  R F a p pli c ati o ns  wit h stri n g e nt r e q uir e m e nts i n hi g h- q u alit y f a ct or (Q ) a n d  R F p o w er
h a n dli n g [ 1 , 2 ], t h e y e x hi bit l ar g e p h ysi c al si z e.  A n e x a m pl e of a d u al- b a n d B P F e x pl oiti n g
d u al- m o d e c a vit y r es o n at ors  w as r e p ort e d i n [ 1 ]  wit h t h e p ur p os e of a c hi e vi n g  wi d e b a n d s e p-
ar ati o n a n d o ut- of- b a n d r ej e cti o n > 2 0 d B i n b et w e e n t h e t w o p ass b a n ds. Si mil arl y, d u al- m o d e
di el e ctri c r es o n at ors  w er e us e d i n [ 2 ].  H o w e v er, b ot h of t h es e c o n c e pts r es ult i n l ar g e p h ysi c al
si z e.

Mi cr ostri p- b as e d d esi g ns h a v e b e e n i n v esti g at e d i n [ 3 – 1 5 ] as r e d u c e d-si z e alt er n ati v es.
W hil e t h e y e x hi bit  m o d er at e I L l e v els ( < 2. 5 d B i n [ 3 – 5 ]), t h e y s uff er fr o m cl os el y s p a c e d s p uri-
o us r es p o ns es. Pl a n ar B P Fs usi n g  C ul- d e- S a c tr a ns v ers al r es o n at or t o p ol o gi es h a v e als o b e e n
r e p ort e d [6 ], h o w e v er, t h e y oft e n e x hi bit  m o d er at e r ej e cti o n b et w e e n t h eir p ass b a n ds ( e. g., < 2 0
d B i n [ 6 ]). F urt h er m or e, t h e y ar e s e nsiti v e t o  m a n uf a ct uri n g a n d ass e m bl y t ol er a n c es.
E xtr a ct e d p ol e filt ers h a v e als o b e e n e x pl or e d i n [ 7 , 8 ] f or tr a ns missi o n z er o ( T Z) g e n er ati o n,
h o w e v er, t h e y e x hi bit hi g h I L l e v els ( > 3 d B). I n or d er t o f urt h er d e cr e as e t h e p h ysi c al si z e of
d u al- b a n d B P Fs, h y bri d  mi cr ostri p a n d L E ar c hit e ct ur es h a v e b e e n pr es e nt e d i n [ 9 – 1 5 ].
H o w e v er, t h e y e x hi bit e d  m o d er at e o ut- of- b a n d r ej e cti o n of a b o ut 2 0 – 3 0 d B [ 9 – 1 2 ] a n d s p uri-
o us r es o n a n c es a p p e ar e d at a dist a n c e of 1. 5 f0 [1 3 ].  B P Fs usi n g dis cr et e L Es h a v e als o b e e n
pr es e nt e d [ 1 6 – 1 8 ], h o w e v er,  m ost of t h e i nt e gr ati o n s c h e m es usi n g dis cr et e c o m m er ci all y
a v ail a bl e s urf a c e  m o u nt d e vi c es ( S M Ds) ar e li mit e d t o fr e q u e n ci es l o w er t h a n L- b a n d.

T a ki n g i nt o ac c o u nt t h e p arti c ul ar r e q uir e m e nts of t h e 2 0 1 9 E ur o p e a n  Mi cr o w a v e  We e k
( E u M W) St u d e nt  D esi g n  C o m p etiti o n,  w e d e v el o p e d a n e w cl ass of L E B P Fs  wit h q u asi- elli pti c
d u al- b a n d tr a nsf er f u n cti o ns a n d  wi d e s p uri o us-fr e e o ut- of- b a n d r es p o ns e.  T h e pr o p os e d c o n-
c e pt is b as e d o n c as c a d e d d u al- b a n d tr a ns v ers al a n d  m ulti-r es o n a nt c ells t h at all o w t h e r e al-
i z ati o n of s y m m etri c a n d as y m m etri c q u asi- elli pti c t y p e tr a nsf er f u n cti o ns.  A c o m p a ct
i m pl e m e nt ati o n s c h e m e usi n g s eri es L E r es o n at ors eli mi n at es t h e n e e d f or i m p e d a n c e/ a d mit-
t a n c e i n v ert ers – i. e., i n v ert er-l ess a p pr o a c h – a n d r es ults i n a  wi d e s p uri o us-fr e e o ut- of- b a n d
r es p o ns e.  T h e 2 0 1 9 E u M W Filt er  D esi g n c o m p etiti o n [ 1 9 ] r e q uir e m e nts ar e s u m m ari z e d as
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f oll o ws: (i) P ass b a n d 1: 9 0 0– 1 0 0 0  M H z, (ii) P ass b a n d 2: 1 4 2 7 –
1 5 1 8  M H z a n d (iii)  mi ni m u m fi g ur e- of- m erit ( F O M).  T h e F O M
is d efi n e d i n (1 ),  w h er e |S 2 1 ( X X X  M H z)| is t h e a bs ol ut e v al u e
of t h e  m e as ur e d S 2 1 p ar a m et er i n d B at  X X X  M H z a n d A is t h e
s urf a c e ar e a i n  m m 2 .  R ej e cti o n  w as b as e d o n t h e  m a xi m u m
v al u e i n t h e r ej e cti o n b a n d.

F O M =

A ∗| S 2 1 ( 9 0 0  M H z)| ∗|S 2 1 ( 1 0 0 0  M H z)| ∗
|S 2 1 ( 1 4 2 7  M H z)| ∗|S 2 1 ( 1 5 1 8  M H z)|

|S 2 1 ( 5 0 0 − 8 5 0  M H z) | ∗|S 2 1 ( 1 0 5 0 − 1 3 5 0  M H z) | ∗
|S 2 1 ( 1 6 0 0 − 2 0 0 0  M H z) |

. (1 )

T h e c o nt e nt of t his p a p er is or g a ni z e d as f oll o ws.  T h e s e cti o n
“ T h e or eti c al f o u n d ati o ns ” pr es e nts t h e t h e or eti c al f o u n d ati o ns
a n d o p er ati o n al pri n ci pl es of t h e pr o p os e d d u al- b a n d B P F c o n c e pt
t hr o u g h v ari o us s y nt h esi z e d e x a m pl es a n d pr a cti c al i m pl e m e nt a-
ti o n as p e cts usi n g s eri es a n d p ar all el L C r es o n at ors.  T h e  R F d esi g n
of a d u al- b a n d B P F pr ot ot y p e  wit h p ass b a n ds c e nt er e d at 1. 0
a n d 1. 5  G H z a n d its e x p eri m e nt al v ali d ati o n ar e r e p ort e d i n t h e
s e cti o n “ E x p eri m e nt al r es ults ” . L astl y, t h e s e cti o n “ C o n cl usi o n ”
s u m m ari z es t h e  m aj or c o ntri b uti o ns of t his  w or k.

T h e o r eti c al f o u n d ati o n s

T h e d et ails of t h e d u al- b a n d B P F c o n c e pt ar e ill ustr at e d i n t h e
c o u pli n g r o uti n g di a gr a m ( C R D) a n d its c o n c e pt u al p o w er tr a ns-
missi o n a n d r efl e cti o n r es p o ns e i n Fi g. 1 .  T h e filt er c o nsists of t w o
first- or d er d u al- b a n d tr a ns v ers al c ells (r es o n ati n g n o d es 2  & 3
a n d 8  & 9) a n d o n e  m ulti-r es o n a nt c ell (r es o n ati n g n o d es 5 – 7).

E a c h tr a ns v ers al d u al- b a n d c ell is  m a d e of t w o r es o n at ors – o n e
r es o n ati n g at f1 a n d t h e ot h er at f2 – a n d f o ur c o u pli n g el e m e nts
t h at c o ntri b ut e t o t h e o v er all tr a nsf er f u n cti o n t w o p ol es ( e. g., P 1 ,
P 2 f or t h e tr a ns v ers al c ell att a c h e d t o s o ur c e) a n d o n e  T Z ( e. g., T Z 4

f or t h e tr a ns v ers al c ell att a c h e d t o s o ur c e).  T h e  m ulti-r es o n a nt c ell
c o m pris es o n e n o n-r es o n ati n g n o d e ( N R N, n o d e 4) a n d t hr e e r es-
o n ati n g n o d es ( 5 – 7) a n d c o ntri b ut es t o t w o p ol es ( P 3 , P 4 ) – o n e i n
e a c h p ass b a n d – a n d t hr e e  T Zs ( T Z 1 – 3 ).  T h us, t h e o v er all tr a nsf er
f u n cti o n of t h e d u al- b a n d B P F is s h a p e d b y si x p ol es a n d fi v e  T Zs
as s h o w n i n Fi g. 1 .

T o d e m o nstr at e t h e t h e or eti c al a n d o p er ati n g pri n ci pl es of t h e
pr o p os e d d u al- b a n d B P F c o n c e pt, v ari o us s y nt h esi z e d tr a nsf er
f u n cti o ns ar e ill ustr at e d i n Fi g. 2 . I n p arti c ul ar, Fi g. 2( a) s h o ws
h o w s y m m etri c a n d as y m m etri c tr a nsf er f u n cti o ns c a n b e r e ali z e d
b y r e a dil y all o c ati n g t h e  T Zs ar o u n d t h e p ass b a n ds. I n Fi g. 2( b) ,

Fi g. 1. D u al- b a n d B P F c o n c e pt. ( a) C R D.  W hit e cir cl e s – s o ur c e ( S) a n d l o a d ( L); bl a c k cir-

cl e s – r e s o n ati n g n o d e s; gr a y cir cl e – n o n-r e s o n ati n g n o d e ( N R N); bl a c k li n e s – c o u pli n g s.

( b) C o n c e pt u al tr a n sf er f u n cti o n s h a p e d b y fi v e T Z s a n d si x p ol e s (t hr e e p er b a n d).

Fi g. 2. T h e or eti c all y s y nt h e si z e d p o w er tr a n s mi s si o n (| S 2 1 |) a n d r efl e cti o n (|S 1 1 |)

r e s p o n s e s of t h e C R D i n Fi g. 1 u si n g t h e c o u pli n g c o effi ci e nt s i n T a bl e 1 . ( a)

A s y m m etri c tr a n sf er f u n cti o n s b y r e all o c ati n g T Z s. ( b) E q u al a n d u n e q u al p a s s b a n d

b a n d wi dt h s. ( c)  Diff er e nt t y p e s of tr a n sf er f u n cti o n s (fl at v er s u s e q ui-ri p pl e

p a s s b a n d).

2 A n dr e a A s hl e y et al.
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tr a nsf er f u n cti o n r e c o nfi g ur a bilit y i n t er ms p ass b a n ds  wit h e q u al
a n d u n e q u al p ass b a n ds is d e m o nstr at e d. L astl y, t h e a bilit y t o r e al-
i z e fl at a m plit u d e a n d e q ui-ri p pl e t y p e p ass b a n ds is s h o w n i n
Fi g. 2( c) .  T h e c o u pli n g c o effi ci e nts f or all t h e af or e m e nti o n e d
e x a m pl es ar e list e d i n T a bl e 1 .

W hil e alt er n ati v e pr a cti c al r e ali z ati o n s c h e m es  m a y b e us e d f or
tr a nsl ati n g a  C R D t o a n a ct u al p h ysi c al filt er str u ct ur e, t his p a p er
e x pl or es t h e us e of L Es f or b ot h its r es o n at ors a n d c o u pli n g el e-
m e nts i n a n eff ort t o  mi ni mi z e F O M b y r e d u ci n g si z e (i. e., A i n
(1 )). Fi g. 3 s h o ws t h e p o w er tr a ns missi o n a n d r efl e cti o n r es p o ns e
of a d u al- b a n d B P F d esi g n  wit h p ass b a n ds c e nt er e d at 1 ( B W:
1 5 0  M H z) a n d 1. 5  G H z ( B W: 3 5 0  M H z) f or alt er n ati v e t y p es of
r es o n at ors a n d i n v ert ers ( e. g., first- or d er l o w- p ass or hi g h- p ass
pi-t y p e e q ui v al e nt) usi n g s y nt h esi z e d a n d li n e ar- cir c uit si m ul a-
ti o ns. I n p arti c ul ar, t h e f oll o wi n g c as es ar e c o nsi d er e d: (i)
C R D- b as e d s y nt h esis ( bl a c k tr a c e), (ii) p ar all el L C r es o n at ors
a n d first- or d er hi g h- p ass pi-t y p e i n v ert ers (r e d tr ac e), (iii) p ar all el
L C r es o n at ors a n d first- or d er l o w- p ass pi-t y p e i n v ert ers ( bl u e
tr a c e), a n d (i v) s eri es L C r es o n at ors ( gr e e n tr a c e).  W h er e as c o n-
v e nti o n al B P Fs ar e t y pi c all y i m pl e m e nt e d  wit h p ar all el L C r es o-
n at ors ( e. g., i n t h e B P Fs i n [ 1 8 , 2 0 ]), t his a p pr o a c h r es ults i n
cl os el y s p a c e d s p uri o us b a n ds ( as s h o w n i n t h e r e d a n d bl u e tr a c es
of Fi g. 3 ) a n d B W s q ui nti n g ( e. g., as s h o w n i n t h e bl u e tr a c e of
Fi g. 3 ).  T o r e d u c e t h e o ut- of- b a n d s p uri o us r es o n a n c es a n d
i n cr e as e t h e o ut- of- b a n d s p uri o us-fr e e B W, i nt e gr ati o n s c h e m es
usi n g a  mi ni m u m n u m b er of i n v ert ers  m a y b e c o nsi d er e d.  T his
is a c hi e v e d b y c o m bi ni n g t h e p ar all el-t y p e r es o n at ors  wit h t h eir
pr e c e di n g/ pr o c e e di n g i m p e d a n c e i n v ert ers t o cr e at e i n v ert er-l ess
s eri es-t y p e r es o n at ors as s h o w n i n Fi g. 4 . F or e x a m pl e, e a c h of
t h e p ar all el-t y p e r es o n at ors ( e. g., r es o n at or 5 i n t h e  C R D i n
Fi g. 1 ) a n d its pr e c e di n g i n v ert er ( e. g., M C 1 i n t h e  C R D i n
Fi g. 1 ) is tr a nsf or m e d t o a s eri es t y p e r es o n at or ( e. g., L Z 1 , C Z 1

i n Fi g. 4 ). Si mil arl y, t h e r es o n at ors t h at i ntr o d u c e p ol es ( e. g., r es-
o n at or 2 i n t h e  C R D i n Fi g. 1 ) a n d t h e i n v ert ers n e xt t o t h e m ( e. g.,
M A 1 a n d M B 1 ) ar e r e pl a c e d  wit h a s eri es t y p e r es o n at or ( e. g., L 1 ,
C 1 ).

T h e i n v ert er-l ess cir c uit-s c h e m ati c i m pl e m e nt ati o n of t h e
C R D i n Fi g. 1 is s h o w n i n Fi g. 4 . Its c o m p o n e nt v al u es ar e
o bt ai n e d usi n g e q u ati o ns ( 2 )-(4 )  w h e n ass u mi n g M A is e q ui v al e nt
t o  MB . Z 0 is t h e s yst e m r ef er e n c e i m p e d a n c e, ω i a n d ω z i,

r es p e cti v el y d e n ot e c e nt er fr e q u e n c y of e a c h p ass b a n d a n d of
e a c h  T Z. F urt h er m or e, Δ is t h e b a n d wi dt h s c ali n g f a ct or of t h e
l o w- p ass t o b a n d p ass fr e q u e n c y tr a nsf or m ati o n. Si n c e t h e p ass-
b a n ds e x hi bit diff er e nt fr a cti o n al b a n d wi dt hs ( F B Ws), t h e c o u-
pli n gs f or e a c h p ass b a n d ar e diff er e nt ( e. g., M A 1 d o es n ot e q u al
t o M A 2 ; t his is s h o w n i n e x a m pl e 3 i n Fi g. 2 ).  T h e p o w er tr a ns mis-
si o n a n d r efl e cti o n r es p o ns e of t h e pr o p os e d i n v ert er-l ess
s eri es-r es o n at or- b as e d cir c uit s c h e m ati c is s h o w n i n Fi g. 3
( gr e e n tr a c e).  As s h o w n, its o ut- of- b a n d r es p o ns e is s u p eri or t o
t h e r est of t h e p ar all el L C r es o n at or i m pl e m e nt ati o ns. I n a d diti o n,
t his i nt e gr ati o n s c h e m e us es a si g nifi c a ntl y s m all er n u m b er of
c o m p o n e nts ( 1 4 as o p p os e d t o 4 7 us e d i n t h e r est of t h e L E i m pl e-
m e nt ati o ns usi n g p ar all el L C r es o n at ors)  w hi c h r es ults i n s m all er
p h ysi c al si z e.

C 1 =
D

Z 0 ∗ v 1
(M B 1 )

2 ; L 1 =
Z 0

D ∗ v 1

1

M B 1

2

, (2 )

T a bl e 1. C o u pli n g c o effi ci e nt s u s e d i n t h e e x a m pl e s i n Fi g. 2

E x a m pl e 1 2 3 4

M A 1 0. 9 0. 9 0. 9 1. 2

M A 2 0. 9 0. 9 1. 2 1. 2

M B 1 0. 9 0. 9 0. 9 1. 2

M B 2 0. 9 0. 9 1. 2 1. 2

M C 1 1. 4 1. 4 1. 4 1. 4

M C 2 1. 2 1. 2 1. 2 1. 2

M C 3 1. 4 1. 4 1. 4 1. 4

M 2 2 = M 8 8 1. 5 1. 6 1. 5 1. 5 4

M 3 3 = M 9 9 − 1. 5 − 0. 7 5 − 1. 5 − 1. 5 4

M 5 5 3 3  3 3

M 6 6 0 0  0 0

M 7 7 − 3 − 1. 5 − 3 − 3

Fi g. 3. Si m ul at e d p o w er tr a n s mi s si o n (| S 2 1 |) a n d r efl e cti o n (|S 1 1 |) r e s p o n s e s of t h e

d u al- b a n d B P F f or alt er n ati v e t y p e s of r e s o n at or s a n d i n v ert er s f or t w o p a s s b a n d s

c e nt er e d at 1 a n d 1. 5  G H z a n d n o mi n al p a s s b a n d b a n d wi dt h s of 1 5 0 a n d 3 5 0  M H z.

Bl a c k tr a c e: s y nt h e si z e d r e s p o n s e u si n g t h e C R D i n Fi g. 1 , r e d tr a c e: li n e ar si m ul at e d

r e s p o n s e u si n g p ar all el L C r e s o n at or s a n d L E i n v ert er s r e pr e s e nt e d b y t h eir fir st- or d er

pi-t y p e hi g h- p a s s cir c uit- e q ui v al e nt, bl u e tr a c e: li n e ar si m ul at e d r e s p o n s e u si n g p ar-

all el L C r e s o n at or s a n d i n v ert er s r e pr e s e nt e d b y t h eir fir st- or d er l o w- p a s s pi-t y p e cir-

c uit e q ui v al e nt, a n d gr e e n tr a c e: li n e ar si m ul at e d r e s p o n s e u si n g s eri e s L C

r e s o n at or s.

Fi g. 4. L E cir c uit- s c h e m ati c of t h e d u al- b a n d B P F u si n g s eri e s L C r e s o n at or s.

I nt er n ati o n al J o ur n al of  Mi cr o w a v e a n d  Wir el e s s T e c h n ol o gi e s 3

htt p s:// w w w. c a m b ri d g e. o r g/ c o r e/t e r m s . htt p s:// d oi. o r g/ 1 0. 1 0 1 7/ S 1 7 5 9 0 7 8 7 2 0 0 0 0 7 5 6

D o w nl o a d e d f r o m htt p s:// w w w. c a m b ri d g e. o r g/ c o r e . U ni v e r sit y of C ol o r a d o B o ul d e r , o n 0 8 A u g 2 0 2 0 at 1 6: 0 8: 0, s u bj e ct t o t h e C a m b ri d g e C o r e t e r m s of u s e, a v ail a bl e at
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C 2 =
D

Z 0 ∗ v 2
(M B 2 )

2 ; L 2 =
Z 0

D ∗ v 2

1

M B 2

2

, (3 )

C zi =
D

Z 0 ∗ v zi
(M Ci )2 ; L zi =

Z 0

D ∗ v zi

1

M Ci

2

; i = 1, 2, 3 . (4 )

E x p e ri m e nt al r e s ult s

I n or d er t o e x p eri m e nt all y v ali d at e t h e o p er ati o n al pri n ci pl es of
t h e pr o p os e d d u al- b a n d s eri es L E-r es o n at or b as e d B P F, a
pr ot ot y p e  w as d esi g n e d,  m a n uf a ct ur e d, a n d  m e as ur e d at
L- b a n d. I n p arti c ul ar, t h e pr ot ot y p e  w as d esi g n e d f or p ass b a n ds
c e nt er e d at 1. 0 a n d 1. 5  G H z  wit h b a n d wi dt hs of 1 4 6 a n d 1 0 5
M H z.  T h e pr ot ot y p e  w as b uilt o n a  R o g ers  R O 4 0 0 3 C s u bstr at e
wit h t h e f oll o wi n g c h ar a ct eristi cs: r el ati v e p er mitti vit y ϵ r = 3. 3 8,
t hi c k n ess H = 1. 5 2  m m a n d a di el e ctri c l oss t a n g e nt t a n δ D =
0. 0 0 2 1.  T h e d esi g n  w as c arri e d o ut usi n g t h e d esi g n pri n ci pl es
i n t h e s e cti o n “ T h e or eti c al f o u n d ati o ns ” a n d t h e s oft w ar e p a c k a g e
A d v a n c e d  D esi g n S yst e m ( A D S) fr o m  K e ysi g ht  Te c h n ol o gi es.  T h e
R F p erf or m a n c e  w as e x p eri m e nt all y v ali d at e d  wit h a  K e ysi g ht
N 5 2 2 4 A P N A i n t er ms of S- p ar a m et ers.

T h e l a y o ut a n d a p h ot o gr a p h of t h e  m a n uf a ct ur e d d u al- b a n d
B P F ar e s h o w n i n Fi g. 5( a) a n d Fi g. 5( b) , r es p e cti v el y.  T h e v al u es
of t h e L E c o m p o n e nts ar e first d et er mi n e d usi n g ( 2 )– (4 ).
Aft er w ar ds, t h eir v al u es ar e o pti mi z e d t hr o u g h f ull- w a v e si m ul a-
ti o ns i n  A D S i n or d er t o a c c o u nt f or t h e p ar asiti cs of t h e  m o u nt-
i n g p a ds of t h e S M D c o m p o n e nts.  D u e t o t h e d esir e d tr a nsf er
f u n cti o n r es ulti n g i n s m all c a p a cit a n c e v al u es ( e. g., 0. 0 3 5 p F),
t h e c a p a cit ors C 1 , C 2 , a n d C z 3 w er e i m pl e m e nt e d  wit h t w o s eri es
c as c a d e d S M D c o m p o n e nts.  A c o m p aris o n of t h e  R F- m e as ur e d
a n d E M-si m ul at e d p o w er tr a ns missi o n a n d r efl e cti o n r es p o ns e
is s h o w n i n Fi g. 6( a) . F urt h er m or e, Fi g. 6( b) , ill ustr at es t h e  R F
m e as ur e d filt er r es p o ns e i n a  wi d er fr e q u e n c y r a n g e b et w e e n 0
a n d 1 0  G H z i n or d er t o d e m o nstr at e t h e  wi d e o ut- of- b a n d
is ol ati o n c h ar a ct eristi cs of t h e pr o p os e d d u al- b a n d B P F c o n c e pt.
As s h o w n, t h e o bt ai n e d a gr e e m e nt b et w e e n  m e as ur e d a n d si m u-
l at e d r es p o ns es s u c c essf ull y v ali d at es t h e s eri es-r es o n at or- b as e d
d u al- b a n d B P F c o n c e pt usi n g c as c a d e d tr a ns v ers al a n d  m ulti-
r es o n a nt c ells.  T h e  m e as ur e d  R F p erf or m a n c e c a n b e s u m m ari z e d

as f oll o ws: l o w er p ass b a n d – c e nt er fr e q u e n c y of 1. 0 2  G H z,
3- d B-r ef err e d B W of 1 4 6  M H z (i. e., of 1 4. 3 % i n r el ati v e t er ms),
a n d  mi ni m u m i n- b a n d I L of 2. 0 d B, u p p er p ass b a n d – c e nt er
fr e q u e n c y of 1. 4 5  G H z, 3- d B-r ef err e d B W of 1 0 5  M H z (i. e., of
7. 3 %), a n d  mi ni m u m i n- b a n d I L of 2. 7 d B, st o p b a n d r ej e cti o n
> 3 0 d B fr o m 0 – 8 9 4  M H z, 1. 1 7 – 1. 3 4  G H z, a n d 1. 7 2 – 6. 9  G H z.
T h e pr ot ot y p e r es ult e d i n p h ysi c al si z e of 1 5. 4 × 2 0. 6  m m, or
0. 0 6 3 λ × 0. 0 8 5 λ . T a bl e 2 s h o ws a c o m p aris o n  wit h c urr e nt
st at e- of- art d esi g ns.  As s h o w n, t h e pr o p os e d d u al- b a n d B P F e x hi-
bits s m all er p h ysi c al si z e a n d  wi d er o ut- of- b a n d r ej e cti o n t h a n t h e
r est of t h e d u al- b a n d B P F t o p ol o gi es. F urt h er m or e, it e x hi bits
a m o n g t h e l ar g est n u m b er of p ol es a n d  T Zs.

Fi g. 5. M a n uf a ct ur e d pr ot ot y p e ( di m e n si o n s: 2 0. 8

m m × 1 5. 4  m m) of t h e d u al- b a n d B P F. ( a) L a y o ut.

( b) P h ot o gr a p h. T h e c o m p o n e nt s u s e d ar e a s f ol-

l o w s: C 1 = 0. 2 p F ( A T C 6 0 0 S 0 R 4 a n d A T C 6 0 0 S 0 R 4),

C 2 = 0. 0 3 3 p F ( A T C 6 0 0 S 0 R 1 a n d A V X 0 4 0 2 1 J R 0 5),

C z 1 = 0. 9 p F ( A T C 6 0 0 S 0 R 9), C z 2 = 0. 1 p F ( A T C 6 0 0 S

0 R 1), C z 3 = 0. 4 5 p F ( A T C 6 0 0 S 0 R 9 a n d A T C 6 0 0 S

0 R 9), L 1 = 0 4 0 2 D C- 5 6 N ( 5 6 n H), L 2 = 0 4 0 2 D C- 4 3 N

( 4 3 n H), L z 1 = 0 9 0 8 S Q- 2 5 N ( 2 5 n H), L z 2 = 0 8 0 5 H T- 1 0 N

( 1 0 n H), a n d L z 3 = 0 9 0 8 S Q- 1 9 N ( 1 9 n H).

Fi g. 6. E M- si m ul at e d a n d R F- m e a s ur e d p o w er tr a n s mi s si o n (| S 2 1 |) a n d r efl e cti o n (|

S 1 1 |) r e s p o n s e s of t h e d u al- b a n d filt er pr ot ot y p e i n Fi g. 5 . ( a) Fr e q u e n c y r a n g e: 0– 3

G H z. ( b) Fr e q u e n c y r a n g e: 0 – 1 0  G H z.

4 A n dr e a A s hl e y et al.
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Conclusion

A new class of dual-band BPFs has been presented. The proposed
dual-band BPF concept has been developed for the 2019 Student
Design Competition of EuMW and exhibits highly selective
quasi-elliptic transfer functions that are shaped by six poles and
five TZs. It is based on cascaded transversal and multi-resonant
cells that are materialized with series resonators for size compact-
ness and wide spurious-free out-of-band response. The proposed
inverter-less dual-band BPF design approach was experimentally
validated at L-band through a LE BPF prototype with two
bands centered at 1.02 and 1.45 GHz.
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[16] AWLR NA 0.418, 0.434 0.53 and 0.48 0.012 and 0.019 NA NA 4/3
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AWLR – Acoustic Wave LE Resonator, Rej. Range – Out-of-band Rejection >30 dB.
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