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ABSTRACT

This thesis presents the design of dual-mode resonator filters and their
applications. The first circuit design is a dual-mode 4-port diplexer. The diplexer is set
in the form of two back-to-back three-port dual-mode diplexers combined with a
180° phase shifter in one branch, a four-port network. The measured insertion losses
are 1.20/1.05 dB for Tx and Rx bands, respectively. The measured return losses are
better than 20 dB in both bands. The technique achieves high Tx/Rx isolation. The
measured results are achieved 48.5 dB Tx/ Rx signal isolation at 2.14/1.95 GHz.
Another application of dual-mode filter is to design dual-mode dual-band filter. One
dual-mode filter is designed at the center frequency of 1.8 GHz and another filter is
designed at 2.4 GHz. The measured insertion losses are 1.02/1.20 dB for the first and
second bands, respectively. The measured return losses are better than 20 dB in
both passbands. The dual-band filter presents a high-selectivity with good cutoff
signal rejection. The high-selectivity dual-mode dual-band bandpass filter is designed
by an asymmetrical transmission zero (TZ). Therefore, the rejection between two
transmission bands is about 18 dB from 1.9 to 2.35 GHz. Finally, the proposed dual-
mode circuits can be applied for any wireless communication and also can be

developed for the communication systems.
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m3n (Dielectric loss) AgayLA8vaiIL (Conductor loss) UagA1ANUELASAAAIINNTUN

ndwuudmantiln (Radiation loss) anJannuiuiasraluslaiwmes Wediusznau

aunidelsifnanamsamlsanaunisd (2.18)
=—F+—+— (2.18)

el Q. fie fusznauAMAIMEININ (Conductor quality factors) Tanudusiusiu
Ansagdeniinandiln daluinendwusilusthesaneid@yaalulasansugaduald

mﬂaumiﬁ (2.17)

(2.19)

'
1 d

do o, Juaiasiinisaaneuvesdani (Neper per unit length) way A, foAY
snpduluanetduaialulasansy naunisi (2.19) dauuiindauuudménlnia
ashiaue (Uniform Field) sendnvanetdgaadulasansuiunsng annsauseanme O,
Tndu [2]

O ~ ﬂh_n (2.20)

logfl b fie Anugaesduawnsa A Ae AwgeaulueIMa 7 Ao Buiiuaud
vosrdulueinialiAiUssunal 1207 leviudas R, ADAIUAIUNIUAIUIND (Surface

resistance of conductor sheets) Fsanursavlaainaunisyn (2.21)

R = |2 (2.21)

do o Huanmhlih (Conductivity)

0, e muszneuaunmladians3n (Dielectric quality factors) danuduiusiuen

o A a ) a a o 1%
ﬂ'ﬁiﬁiyLﬁEJ‘V]Lﬂ(ﬂﬁ[’u‘lj‘tﬂ,ﬂ@Laﬂ@ﬁﬂﬁ']u'ﬁﬂﬂ']u'ﬁﬂﬂﬂﬁﬂﬂ
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0, = (2.22)

« I3 i A a & a A
We a, WuaAinsiinisaanauredladiannsn a1nauni1si (2.22) aiu1sann

AUszanadlady

0,25=—

— (2.23)
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dle tand fe WNULIUANT5E5yYLEe (Loss tangent) ﬁaimaﬂnﬁué’ﬂu%’ayjmm
uisasiuilulasion asiivsfiwesumuudnsgyidoveninieg Gederenisiiludmuin
WnnEunsT (2.22)

Q. A é’aﬂizﬂammmwmiuﬂiﬂ?m(Radiation quality factor) Feflanudumiusiu
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n
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slonesuuudufiuaudtu Ao Lslowmesniiaduiiuaudnudnvugldvinnui
slaiuwes lngAduiiuaudaadnuuzaviainiionnnuninesasindyyindivunainguas
fiandufiunudnudnuasiguiennuninvetarsidyyiaduwindnaiuimnunuauiives

1Y

angihdygramuululasansy dwandlusun 2.6 Asandnuurlassaienuanddusun 2.6

s a a 27 o v A N a A ¢ ) A
slLunaskuuduiiuaudtusgianvuslassaiaiauninsuasiAduiiuaudaudnyusniia
LANANAUADIAT A Z, Wag Z, nseAkenlinunudnuansuy (Admittance

characteristic) ¥, uag Y, feenusnanwliin 6,, 6, waz 6, =2(6,+6,)

sy T N Vo T

< 0 - 2674%92H et

Zl
0, >mn
Z2 Zl Zz
S (20 =2(9] MO\ )7 T
K=—2>1
0.>mn

sUN 2.6 lassasavensiuiunasiuuuiuaugiy (2]

Arudslgunesoudvass (a1sludn) £, (n=1,2,3,...) Wuripnudddianves
v U 1 a 4 [ =3 I3 U Ad a d%’ 1 = I a d‘( A aa
AeiuAANUnIslsLuudvanye  f, Fadumanudiiaduriusniissusiiatunaauny

ganiuazaennnediu 6 Uszneudie 6, (n=12.3,..) awnsamleainaunisn (2.27)
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ﬂl Hsl

Vs
o - 0, 2tan' VK

f_e_z(f_Jl
fO 00 0

Lot {5)

fo

NAUNISA (2.27) NIRTUVBIOANAIUDUNLAUT K =75/7, LADARADINUNANIS
novduBImUnsluuugs Ui UasaIsanuanlameaA1dns @ uBuiuud K waziidu

ANWULLANIZVDILT UL UM DS WUUDUN AT

2.7 MSAATIEAUASNTNISNTZIANTTANAINSU9RTHDIN911000
Tneialuudumsiiassimndwesnsnsedanssany S, S,. S, WarS,  VoINAI
lalasian 1] egdtesztlunuudiasssasdemigiean  (Two-port network) lagvinns
AipTiaauAnNnsENy (Incident wave) wasrausssioy (Reflected wave) @slusuineninusi
TndnnsiasenduieaiueslulasanilulnesuinseraunnnssnuLay AAUES o ULARS

9 a | = 4‘ 1% D % =
GNE‘U‘V] 2.7 ﬁ?ﬁﬂau@ﬂﬂi%‘Vl‘ULL@%@@‘HGS‘W’EJ"LJSU@ﬂ’N"UﬁaENVINL‘ZJ']E)EJﬂLLﬁﬂQ@QE‘U‘V] 2.8

Vi(x)=Ade '™ (2.28)

V™ (x)=Be”" (2.29)

V)=V ' (x)+V (x) (2.30)
Vi) V(%)

(2.31)

IxX)=1"(x)+1 (x)= ~ ~

Tnen

+ = [y Y ia
V() mnefauseiundunnnsynudidune



Vo(x)  vunedusssunfuasiounaune
I'(x)  vuneansEuaniuannsENuUNauns

I7(x)  vneianszuanduasyaunduns

O O
N\ de ™
ZO [} ZL
<« "\ Blejﬂx
@, O
x =0 Ww=8

SUN 2.7 pRusnnssvularAauagaw [2]
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i A v 9 . { i a P
ATAINNE UL BLUBIAINNTTYBUNA U (Reflection - coefficient)  SEHINAAUANATENULRSARL

avyiounavaInsauandlanall

e
Vr(x)

ymsuesusalad (Normalized) andaseluil
V(x)

i(x) =/Z,1(x)

V()

JZ,

a(x) =

(2.32)

(2.33)

(2.34)

(2.35)
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V= (x)

A

(2.36)

b(x) =

WA (230), (2.31) wazaunisi (2.32) indegulmilveglusuuesiualadaslasisaunts

deluil

v(x) = a(x) + b(x) (2.37)
i(x) = a(x)—b(x) (2.38)
b(x) =T(x)a(x) (2.39)

MNAUNTA - (2.37) wagaun1sn (2.38)  dasUaunisivalasinAruesuialaduiunue

lpNanail

[Vx)+2,1(x)] (2.40)

a(x) = %[v(x) + i(x)] - 2\/12_

1

7

V7 (x)=Z,1(x)] (2.41)

()= 2 o) - 1] =
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Input port Output port
O O
al(x) a(l,) az(fz) az(x)
Z,, v\ Two-port % - Zy

D A'AVAREE, VAV / \/\('" AN
b (x) bli\(l) network b, (2) bz(x)

Port 1 Port 2

x =1L Xy= L,

SUN 2.8 ARUANNTEVIULAYARUAVIDUYBINRTADIINALU108N [2]
U 2.8 UAMIRRUANNITENULAYATUALIOUIBNNITARIMNLdIean  (Two-port
network) lnefinesn 1 Junesmdunaussnousisaduannisny  a, () uazaduawviow

b (L) Nsveemna x, = £, wawesal 2 uwasmerdnnusznauseniunnnssnu a, (¢,)

LazAAuAZToU b, (1) flszeeny x, = £, 9naunTsA (2.39) annsadeuldidu
by(£1) =S, (L)+ Sa5(L5) (2.42)
b, (62) =8,a,(()+Spa,(l,) (2.43)

PMNAUNITN (242) way (2.43) dnlieglugdiusinduazanansaldeunisnsedanszany

(Scattering parameters) %130 S - parameters lngn1sinfinesn 1 uazwasn 2 el
{bl(gl):|:{Sll S }|:a1(£1):| (2.44)
b, (1) Sy Sy a(ty)

[s]:[s” Su} .5



o _h(t)
1 4, Cl) a(£,)=0 Zour
o o O
o(l) b < 4 (1,)=0
Z, =2, NN\ -+ "\\J
Two-port _
Z()I e por Zﬂ [] ZZ _Z”
E network
1
-/ NN\
h(t) 5(r)
Port 1 Port 2
x= b x, =L,

sUN 2.9 Tn1sdae S, vee Builaudaudnue [2]

n3IAA1 S, V01 Builuaudamanualy LaAsRaIUN 2.9 @Al S - parameters A1NANNTTH

(2.44) @u15017e1 S lasaunismaluil

bl (Zl) = N A o v Y a
B nngierANIgydeLlesnINMsdaundunuBune
a, ()] a,(£,)=0
b /6 = 1 { | ¥ 1
\ 5 b)) viederANgaLdsilainnslauninanuseinnlug
az(fz) a,(£,)=0
UNM
b /€ = 1 { ! b4 a |
b = 5(¢) wueismanugdeLiesinnislaunsnauduna lug
= v Y q Kl
a,(l))]a,(£,)=0
LD
b f = d v v v i3
) _ht) nungierANLayFeLladnINNIsEauNa U UL AN
a,(£,)a,(£,)=0

22

#1513UN 2.10 Mvualianetdyaias (Transmission line) lifinsagyde (Lossless)

wazABuiuaudnauanvuznnudunawaziosnmduduussadiawindu 50 Tenn  felu
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ANUNTOMIANUFUTUSVDIN TLUAUALUTIAUNNUBUNARALLEWTNAAINANNITA  (2.41)  uae

aunisi (2.42) anunsadisuaunisivdlasadl

[Vz (x)+Zy 1, (x, )] (2.46)

a(x)= !
i i 2\/Z_Ol

b(x,)= V. (x) - Z,1,(x))] (2.47)
2 07
g i=12
[1 [2
El(xl) (2 (xz)
¥ +
Zu Wi(x) Two-por AT
I network 1
Port 1 Port 1 Port 2 Pert 1
50 4 % =4 x, =L, =P

UM 2.10 wesnaemaitleen [2]

:s' s 1% i Y a A1 a a ¢ v
E‘UVI 2.11 LLaﬂﬂW@ﬁmﬁ@ﬂVﬂQLﬁU’]@E]fﬂ;ﬂ‘ﬂf\]’]EJLLs\‘WULSUrW]']\‘]@uwm El I@EJN?’]’]E]?JWLL@U%VH\‘]@']U

q

N Z, Warduiiaugnanuedng - Z, ansofmuiainanaiitg ydeiiosninnsdaundui

a

Bunm S, NIxEENN x, = £, NANUFURNUSH]

q

S _Vl_(f1) _ZTI_ZOI (2.48)
[ I N =——— .
Ve, (0,)=0 Z,+Z2,

o __NZub(t)
21

= JZTJf(ﬁ»‘ I ()=0 (2.49)
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<« L(0,)  1,(0)

N . a,(x) . L + a(x) 4
EQ K(0) «nny Kl0) TW;P"S Vz(m-(. ‘)“Vz(o) 2,-2,

— _ b,(x) _ networ - b (x _

JUN 2.11 weseaemudioeningdnensenudnnismusune [2]

NN 211 ansolisdunasauyawdtiu (Thevenin’s equivalent) lainsguil 2.12 faiu

(%
Yo A

INAUNTTN (2.46) A1NTANIAINTLUARAZLTIAUN M UBU AN TARYAITUlAR

| 1
]1 (61)25[VI“1)+ZO1]1(£1)] (2.50)

01

L (1)
—
Ay
AN,
Two-port z2\™2 V(e 7
network b, (62) 2(_ 2) :
A\,
)
Port 2
x, = (,

Ul 2.12 2e9sauyaidu [2]

TAYRIAUA LA

V(L) =E\ 3 —Zy 1, (L) (2.51)
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Waun1si (2.51) wnvadluluaunisy (2.50) agla

E
1M () =—X (2.52)
27,
Laginesnaaaduietumennseuandounduanlasi
14
—12(52)=—V2( ) (2.53)
02
WaunIsh (2.52) wavaunisd (2.53) wnuasluaunisi (2.49) agléi
2.7
S, =—== Yo(le) (2.54)

Zoz EI,TH
luvhueudetiunsinsieilesetne (NetworkilpenisnszdumeaiugUled (Sinusoidal
excitation) lneBuuAWE Z, =Z;, Wwenaiigun 2.13 anunseniAinnugadetiieaninnisid

q'
BNINN

1nelUddunn S, wareduyssansnsasviounauitendnn S, lansaunissieluil

Y 9

b, (( . =27

» Al 2( 2) — T2 02 (255)
a,({y)|a(l)=0 Z.,+Z,

12 : .
a,(£,)|a(L))=0 \/Zm Ez,TH

ZTZ
[l (,2
|<—>| |<—>| Z2 :Z(,2
<J (( ) | +
a
7 -7 Z, al([l)zo Two-port 2372 Zo, E
] ! b (x) network bz(fz) _ ’
AV NN
Port 1 Port 1 Port 2 Port 2
X, = x =1 x, =L, X, =

sUN 2.13 waseaeamiadieenlagdngussiuimamue1ing [2]



N1509NLUULAZNITESY

3.1 na1a
Tunseenuuuisasnssssinuuauamilagldislowmesinungitefiozihluliidulsas
Tondnigesuazisasnsesiuasmauaud neldlusunsa 1£3D Hrelunssiasauunisiny
(Simulation) udavinasusulmunzay (Optimize) lifldnanevaussfiununzauudniluadie
Funuitevmsiieuiisumsiansaeuiilafulsunsy [E3D dmdumseenuuuuaradnemes
nsowhuuaulnelfislnuneiving lunmAdoiivsnseenuuiiuaesdaufe
drunsnaasnsesdaaruiaukarnslandngesiegldislanesinung

duiiaeaasnsewmuaswauaudingldisigunesinung

& . < g % ¢
3.2 Sll‘uﬁlauﬂ’l'iﬁ]aﬂLLUU’J\‘iﬁliﬂ’iaQN’]uLLﬂULLa&”Nﬁ]’ﬂﬂLwamstia’ﬂﬂ&ﬂ?lﬁisﬁmw}ai

Inaing

a

lun1sAnwinssiiladinisunnatinnisesntuulmivesduendyyradnesanldniou
aslamdnwesuuuamnesanaly dmsunisuendearar Tx / Rx Tidiangs lneldslainunes
| Ay v & = v a < & s = i
wuulviung Aldsloiunesiiesiubed 1aslamangefluwuy ¢ woin eoglugunuureies
3 wasalawmanwesuuulnuagaesiiiundsvuiuuasyulasiaiy 180 semlundsanun

wadlallidimsuwenlannedsenitnindenaiunas

3.2.1 N1399NKUUAIRINTAWINUaUANUD Iag T slaunasivuagndaduLuUwwNg
dmiuniseeniuuasnsasiuwauanudingliisloiunesvunaniladuiuu iy d
[ ' 1 a ) v o J ] 1 ) & < val v
mwtsvadinuaguazAaziudmnuainisasuduaudveasiamaneesiviianuduly
NIARF QY IUAUUULAEAUAN (Out-of-band rejection) UenAdY/SU Y092935laLnANLYDS
satulunseonuuuNaInsasuLauluvetazviiniseantuunasiagly
a o I I 1 [ 6 1% a
ANUANAN 1.95 GHz AMviuaAIN1TaIr Ul uaAudve UAMUULIBIAINANAIS
a o I I 1 < L4 1% 1 a
ANUDNA 2.14 GHz AmuaANsdaruduaudveumMuaaeInNNinNga1

ALUURINYS 50 MHz (FBW=2.6% 7iAnud 1.95 GHz, 2.3 % fianud 2.14 GHz)
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o w

TansindygrauuululasansUues RT/Duroid

fAladiann3nduing (Relative dielectric constant g, =6.15)

ANNEIeIgIUIedladianesn k= 1.27 mm

sonuuulngldanehdyyrauuululasaniuuuy U-shape fifladuuuuunmdsosgnss
nanwwenslaiwnosdaiiosmesnseshuuauisaesuuudndetuasililiasiandnesd

AMUANLNTAARF YT UNIULART

AIUARIRIFUN 3.1 Uazruinvadlasiasneasnsesiuiauanudlagldslaumesuuy
Inuadioanwuuinug 1.95 GHz Uag 2.14 GHz dwsunady/su uandlanannsnem 3.1

Port 1

JUN 3.1 2asnsesiunuaudlneldsiaunesivunandanuiuuwnm s

Y

UM 3.2 sliuimasivung
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2| 0,

UM 3.3 islgiumeiinund

2asangavestvuuudnunduazinuafuandlilugui 3.2 wag 3.3 auady
slwumesivungiiviauessiduluuvaelinaisarmenndunan Juuudufiunuduuuty
Preanmmemveasisuwe’ luvusiisloumeslvunfaziduluuuaieln v aruenindu

uananidsannsaiuyssdnsnimnsvnulifuslsmeesivung (18] Uareida

Aaa A

LuUadUMgaesdIundduikauga 1 uRuanluguil 3.1 laguuinanusafIuIneINgns

1

== (3.1)
2

ARUBUNWAUTUUUTY (Z,, Z,) LWoNsonsanansiessiaiutnas (Z,) lnei aZ, uas

P gy

Bz, wanaluduiuaudisasauyalnungueduduiivaud Z, way Z,vili R= ~
a 2

R >1 d@wsutslgiunosduiauguuuty e BZ, >aZ, amnugnvnisiiia 6, aiuse

Uszunadlean [18]

R(R-1
0, =cos” y (3.2)
R —1
AU 6, veuslsiumesUaislaluuwnngeiaaznuualaain [18]
0, = (7 +atan[- Rtan(8, )])- < (3.3)

Afuirfeur

'
a

7 0, =(1,2,3) aenadasiumnuenlniilugui 3.1 uaz ¢ Aearusuadluggyainia
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M13197 3.1 Aunavedlasainnesnsewuwauaunlagldslaunesivuaandaduuuuunnd

WA R,=1.95 GHz T =2.14 GHz
Anunivesaelulasamsvisloines (w) 1 mm 1 mm
Anunivesaedeudyyialulasaniy (wf) 1.87 mm 1.87 mm
aunvesanetiouduuas (cf) 0.4 mm 0.4 mm
svozieesaetlouduis fuislauuaed (g) 0.6 mm 0.6 mm
Aunivensluunes (a) 14 mm 14 mm
ANveLslaLaes (b) 3 mm 2 mm
ANNETIVBITIEILADS (c) 11.94 mm 9.89 mm
ANNEIVOIUINT (d) 7 mm 8.95 mm
ANNNITRINNG - (e) 6.55 mm 9 mm
Auevesasteudyann (1) 10 mm 10 mm

HANIIA1ADILUUNITVIINIUTBIGFULU ULWAG TAgNITIUABUAITUIAAIINEIIVD
a ¢ ) 2 Yy a = ¢ ¢ = o N A
duituaudLUUTY (d) lngagiiulainduiuanduuuunnd aslidnaiuainnugaydesioninnis
leunsn (nsertion loss (IL): S,, )AAualnuaf (Fundamental resonant-mode) figuanslugy
# 3.4 daupr1udvang (Even-mode resonant frequency) azanunsausutlasuladnglng
Wasumuauveduiibauduuuuwnd (d) wazasuanliiuisnaauifivesnisiia A1n1s
Vo I ¢ ' E A N = o2 DR " &
derinuduguduuulilanunns (Asymmetric transmission zeros) agwiuladnainisaesinudy

a A

¢ a ) a . . 1% a o i a
AudIinIINNavesaRuLUULUA (Open-circuited stub) dlnuagiinfimuiisininaudves

Y

o

nunanasiiAadmsdeihulugudmsdievesnmuglnung wsemudnais Awandlugud

3.5
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S-parameters:S,, (dB)
8
1

-40 -
——d=4 mm
-50 | ——d=5 mm i
—+—d=6 mm
60 4 ——d=7 mm) i
L WS NN N\ L7 T P B S EaL WA Y
15 16 17 18 19 20 21 22 23 24 25

Frequency (GHz)

JUN 3.4 Han1sdaesuumIvinnumaugdeiiosannnisldunsn (nsertion loss (IL): S,,)
UoUMUUNYDIALR 1.95 GHz NN15UTUANEITRIERULNT (d)

S-parameters:S,, (dB)

T T T — 71 T 1 r T 1 r T ' T
15 16 17 18 19 20 21 22 23 24 25
Frequency (GHz)

JUT 3.5 Han1sdnaesluumsvaumanugadeiiosninnislaunsn (nsertion loss (IL): S,,)

NYDUAUANIVDIAINUD 2.14 GHz NHNSUTUANUEIIVDIERULNNT (d)
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HANTI@DWUUNMITINNUTELIRINTauLauaNUdlagldsiuumesivungniasuuuuunmdg
lnedlirAnugadeiiiesainnislaunsn (insertion loss (IL): S, ) Ueendt 0.54 dB uay 0.63 dB
dmiuniady/su auaiu diudmiuaianugaydsiiasannnisgeunau (Retumn loss (RL):

S,,) findn 20 dB vestIsHuaUEMTUMAdY/SU dakanslugun 3.6 uag U 3.7

N
o
I

R
S
1

S-parameters (dB)
1

w
S
1

—— Simulated: S, _
—— Simulated: S,, ]

_40 4

- LLICN LI A" E T
15 16 17 18 19 20 21 22 23 24 25
Frequency (GHz)

5UN 3.6 NaNITDWUUUNTYINNUANANUGYLFBLTRIRINNISTBUNAU (Return loss (RL) : S,,)
WAy A1ANgLAeLaeINN1sldRNIN (nsertion loss (IL): S,;) AANA 1.95 GHz U993935

! PN v Tl a v s
ﬂiffNNW‘ULLO‘UWN&IOI@EJI“ULﬂ"'IJLULG]@ﬁMN@@VlNﬁ ULUUNNY
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] N
o [e]
I 1

S-parameters (dB)
)
o

A~
[}
1

—— Simulated: Sy,
-50 - —— Simulated: S,

T KRR V7 70 Y T
15 16 17 18 19 20 21 22 23 24 25
Frequency (GHz)

5UN 3.7 nan3918eauuun it TuAIA g aeLleIaInNsdaundu (Return loss (RL):S,,)
ey AIAINELAELTIINNSLdWNIA (nsertion loss (IL):S;,) 1AYA 2.14 GHz 1943935

| i 9 ida o ¢
ﬂia\‘mﬁuLLa‘Uﬂ’JW@JﬂIﬂSI?ILiIQJL‘LALG]EJﬁMN@Q‘VIJJEIWULL‘U‘U LLNNY

3.2.2 N1599NUUUNAs IANasUUY 3 wosnlaeldislaumasinuadnfiaduiuy
unng (Patch)

AN e IUAg NTARULUURINTgNDBNIUTUUNUEIUYEI1IINTOId ey 1uN 1Y
LOUANLAILAAADINATIYNOBNLUUDYNTHTE T1IDINTONULAUSURINYNBBNLUUTIANIUA
AAde T, band MU 2.14 GHz KagaTNTRIH UK UBUNABINDBNKUUNAIINA
A1A5U R, band 91A148 1.95 GHz %8391nUUINNII9INNIIATOIFYYIUN UL UANNDLRLA
avmeiulagldaeiidyaraiuvlulasansuuuy Tjunction Auansissuil 3.8 druiiueu
Bnwslandngesuuy 3 nesalagldisluumesivungiidaduwuuwnms (Patch) fAauandagy
a v =3 3 s D & 1 =
1 3.9 wagwunvedlasiainnasiaminesuuy 3 wesalagldisluumesivundiioaniuu

AR 2.14 GHz wag 1.95 GHz dmsun1aay/Sukandlandnisnai 3.2
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Port 1

18
1

Y

sUN 3.8 2saslawmdnwesuuu 3 nesalagldisluunesinungnfaduwuuwnmd

JUT 3.9 Furuasnsasiaumdngesuuy 3 wesalagldisluunesivungfiadunuuunnd
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A157197 3.2 awevedlastaiinslandngesiuu 3 nesalaeldisluumesinuaaniiaduwuy

N

WA R,=1.95 GHz T =2.14 GHz
Anunivesaslulasansislonnes (w) 1 mm 1 mm
Anunivesaedeudyyialulasasiy (wf) 1.87 mm 1.87 mm
aunvesanetiouduuas (cf) 0.4 mm 0.4 mm
svozeeseetouslufatuslauunes (g) 0.6 mm 0.6 mm
Aunivensluunes (a) 14 mm 14 mm
ANNEIRNLIlLADS (b) 3 mm 2 mm
ANNEVBITIELADS (c) 11.94 mm 9.89 mm
ANUENWRILIT (d) 7 mm 8.95 mm
ANNNITBNNG (e) 6.55 mm 9 mm
Auevesansteudyanu () 19.8 mm 19.8 mm
mmevesaglulasansy (¢) 29.35 mim 27.05 mm

nanIaeILuUMIIsENaslamdnwesuuy 3 wesnladlfisluumeslvungddl
afuLuuuwnd (Patch) Tnaslranugadeidesainnisldunsn (nsertion loss (L): S,,) Yoy
111 0.58 dB uaz 0.71 dB dusuniade/su auddu drudmiuanugyideideinnns
gounau (Return loss (RL): S,,) Ana1 20 dB Y038 IULAUAINTUNIAF/TU éﬁ’mamﬂugﬂﬁ
3.10 WAz 3UA 3.11 uanaman1sitassuuumMsnusesinsuenlaniielszninanad/su i

ANANIT 28.5 dB Tusen1agds/su
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T T T T T T T T T
0
-10 4 ]
o
=2
® -20 .
L
(]
S
© -30 | -
©
*
()
-40 | 4
|| Simulated S,;:RL
—— Simulated S,:IL
& | Simulated S, ;:IL I
T : T L T T T T T T

T A V7 7 P L
15 16 17 18 19 20 21 22 23 24 25
Frequency (GHz)

5UN 3.10 HAN13TROWUUNITTINNUVBIAIANLENLEENDI9INNNSTRUNAU (Return loss (RL):

S,) war ArAdnuayidgiiiosninnisldunsn (Insertion loss (IL): S, 4ae Sz) V999933

Y

lawdnwesuuu 3 wesalagldsluumesinuagniaduwuuwnmd

N
o

1 ‘—-— Simulated S;,:Isolation

S-parameters (dB)
Tl Q0,5 ot
1 1 1 1 |

n
[$)]
|

&
<
|

!

T — T ' T Tt T T T
16 17 18 19 20 21 22 23 24 25
Frequency (GHz)

—_
[&)]

JUT 3.11 nan1sdnaesiuumMIinanuresAnsuenianiael (Isolation: Sy, ) U89393

Tandnwasuuy 3 naselagldislaiunasinunaniaduluuknng

Y
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3.2.3 N39NUUUNAsamANLasuUY 4 wasnlaeldislanunasnuagiifiaduuwuy
W
N39AUYRINRINTNd YRy UL ULUU IR AYasaR RN ulugua bl T

warnasyu R, Tuguuuurensasiamanigesiuuu 4 wese [19] Awandluguil 3.12

\

B sy |

i \

Pt : i

- : t ; 4 Rx
Antenna ¥ :i BESERe i ¢

| i Dual-mode o i

iry: . - i

i i Diplexer 1 E !

1 el =L 1

PR ol !

= F !

e =

' Dual-mode H

] Diplexer 2 i

E 7 G\ AN .
Tx © : —  Rx filt : S QO Load

] : P

1

1

Four-port diplexer
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sUf 3.13 Fadngunuuaseseglugy 3 wesnlamdnwesnuagaosiaiundsuiuwas iyuma
e 180 saaluanumile dmsunseeniuulndsiieidoua Inegldaethdyaramuulile
sansUTiTAMuEIM Wi (Electrical length) 180 8367 553N Wasn 2 uay 4 @TuNUase
2aslamdnivesiu 4 wesnlnelisluumesTnungidasuuuuunmd duansfagud 3.14 3
yunvaslassanasasiamaneesuuug weselaeliisluiumesinungfioanuuuiinnud 1.95

GHz way 2.14 GHz #SUNPasy/su hanalamansnan 3.3
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A15797 3.3 Awnvedlaniaiinaslandngesuuu 4 wesalagldislaumesinuaaniiaduwuy

N

WA R, =1.95 GHz T =2.14 GHz
Anunivesaslulasansvislonnes (w) 1 mm 1 mm
Anunivesaedoudygalilasaniu (wf) 1.87 mm 1.87 mm
aunvesanetiouduuas (cf) 0.4 mm 0.4 mm
svozeesaetousUuiaiuslanees (g) 0.6 mm 0.6 mm
Aunivensluunes (a) 14 mm 14 mm
ANNIvRLLIlane3 (b) 3 mm 2 mm
ANNETELIlTLUReS (c) 11.94 mm 9.89 mm
AINETIVOIUINNT (d) 7 mm 8.95 mm
AN TTENNG (e) 6.55 mm 9 mm
Amgvesaetoudyaia (/) 19.8 mm 19.8 mm
Auevesaelulasansy (¢) 29.35 mm 27.05 mm
Auevesaelilasansy (k) 18.4 mm
Amevesandlalasansy (m) 5.58 mm
Auevesaslilasansy (n) 17.7 mm

o o I3 s s 1% iaa
Naﬂ']i‘ﬂqa@\‘]LLUUﬂ'ﬁV]'N']uGUEN'N'“U{LWL‘W'ﬁﬂLG?J'EﬁLL‘U‘U 4 W@imi@ﬂisﬁlﬁi‘?]’LUL@@%IV]N@@V]NEI

Aukuuwnmng Inedidnaruandeiiiesninnislaunsn (nsertion loss (L) S,,) Weenin 0.69 dB

uwag 0.73 dB dwmsumede/su a1 dudmiuaianugaideiieninnisdeundu (Retumn

loss (RL): ;) #n31 20 dB westssunaudMFuNIAEs/Su Fauanslusud 3.15 uas JUT 3.16

LAAINANITINADILUUNITYINIUVBIATNITHENIARLABITENINNIAGEL/SU HANITINABILUUNIS

o 1 d' < 6 I3 % 6° I a
MUAINITHENIARLALIT09MAIAmANgasLUY 3 nesalagldislaiunesivung da1 Sy,

AN 28.5 dB Tur9n1AdY/5U hazAINISLENIAAAENUR9RsaNANasuy 4 naselaeldls

lgunesluung A1 S,, And1 52 dB FeawuiuladnAnisuendadayeyia (Signal isolation: S, )

VBN IANANIBILUU 4 Wosn JAnsiendndyaia An199stamanigesiuy 3 wose
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3.3 n1seanuuUNeINsasugsauaudlaglfislaumesivunginisdsiuduguduuy
laiguunns

3.3.1 M3eenuUUNasnIasutauanudlaglfisluumesinuagitiafuuuuummd

dwunseenuuuasnsesiunuanudlaglfislaunoslnungidaduuuy uwnd
(Patch) %ﬂﬁ%mﬂwaﬂum@jLLaz?ﬁlzLﬂué’hﬁmumﬂ"}msa'qquﬂu@uémamwamaqmuaaumu
anud Wiaudulumsindyaasuuusasiuas venasnsesiugemaunnyd duiily
nseenuuUIIInsesisauluideiiainiseenuuusaslaeld

auiinan 1.8 GHz way 2.4 GHz

Taneihdyaanuululasansyuves RT/Duroid

)}

frledidne3nduimg &, =6.15

Bunuaug 50 Q

ANUgIeIgIuIedladidnain k= 1.27 mm

ponuuulpgldanvthdyaauuulilasansduuy U-shape Afladuiuuunnisioagns

e‘-d! d‘ | 5 Y v [ ¥ £ Qy =

NaUBILI UMD IFANDIINNATNTDINIULOUTNE DL UULT A UlAelAsIass AUa-Tn 9z
MlrleasnIesRIuaesuauAmLAdANAsafndIMTUNIUlARUY

o ¢ 1 s a ¢ o L v 1% o

Misleug e SiausanaInBunnLaze1dnn AUUAY faalassasnvesatsdeudyyiu
(feed) Miiflanuntsvesasdoudyaiu (of ) sardszazinsvesaadoudUuas (coupling) (g)
fuislones dwwandlugun 3.1

) 2 i = 1% A ! &

aasletume slvuaagneantuvivelglunisnsegulnuaiganinltuuaiiugiuves
slaueeiluuaneilnenislidastihduaialilasaniviuy U-shape (W15136103 a way ) lng
Neumiave dnundadsavinIsusulanen 15 WAEUILINYEIANEIIRAY AN TNVBIEAGY

a
(d) waz nan1sausamIRudIeIANNgydeiiosainnislausn S, dwuanslilugui 3.17

=4

dl U a (] 1 dl dl L4
FansUasuaNevesddvlatslanuuinndlidnanenisnevauss S, NANuDLTIELULG
InueA AN 1.8 GHz §UN 3.18 UaAINANISANBINNANNDYBIANELdIToI9NN51d
wnsn S, 1ANA 2.4 GHz lneflnungaiuisaaiuaulanmeni1siudsuninueivesduiiuaug

wuuLwng (d)
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Y

AMUDNA1 1.8 GHz TAn0813NANAISNDUN AU WU UWNAT
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404 |——d=5.5mm
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JUT 3.18 LanINAN13T180UUUNITYIUTBINITnaUaUBIN sAs U T uaud i ua 194
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ANUDNAN 2.4 GHZ dAMUYIINLANF NN DUNAUS LU U LWNNY
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91n3U7 3.17 waz 3.18 aziuladnanuenivesaduiatsdawuuduliddnaduns
nauAueY S, NANNAlruAATwIIInANdlvuaanaunsanluatlalaen1siuisuAue
Yoduiiunuduuuwnmg (d)nsdanudugudanunalsuuldieiinnsnevaussiiunzauann

ANUVULAZAIUAIIAINDNES

' o v % 1l ;o <
3.3.2 sanuuUNaTNsasHIudaskauanudlagldisluunasivuagnnisderuiu
AUIAUUNVIIANINAIY
Tunoulun15e9NLUULTIMLULADSATAUANITIHLADIFA9Y) NHDINITODNLUULNDANUA
ANENYAIEYRINAINTRRILL URFaINMTlngluntseanuuulasiiseasidendiall
ANNANANS 1.8 GHz uag 2.4 GHz
Taneihdyauuululasansyauss RT/Duroid
Hemlpdiana3nduing & =6.15
fuuAuD 50 Q
AVINEIVDIgIUTRLABANISN 1 = 1.27 mm
Tngimeee Wiaswuunazairviasinaldslgunesinungoenuuuiduaduunmd
lun159enUUUANINANGN 1.8 GHz WAz 2.4 GHz Awwandlums1e 3.4 @mSun1TeBALUUNNTDS
HIUMEULUUAUDA d13nTneaniuuwiarauiliegdaseronuiasiu Wanhusazainudun
53R ARlUTURUUINR TN TR ULUUATINEE 1ng19asnIasiulauanudwuulring
dmSueanuuUNANARINN 1.8 GHz fanandlusui 3.19 azliAnnugyidsiiiesainnisid
< & v ‘:l' A ! ! A ' o [
unsniduAugMuUNYDIANNANA1N 11 1.8 GHz diurasnsesiuiauanutuuulnungdmiy
PONWUUNIANUDNHBY 9BNLUUT 2.4 GHz lanandlugui 3.20 azilarAnugayideiiiesainnisid
I ¢ v a' - v ' = v
SN UUAGAUULYBIANNANAN 71 2.4 GHz 1ATsas1eaInTeruasiwauanudlaglds
lonasivuagiinisdsinudugudnaudduuuresnnuing1d 1.8 GHz uag 2.4 GHz uand
93U 3.21 dIUFUUITINITNTBEUABIUAUAIIND AILAAIRITUN 3.22 Ua $HANITIIREY
o ' oA o Y ] =
LUUNMSYINUYeIAIANNgLEsLEIINN138oUNaU (Retum loss (RL): ;) uagA1AwgayLde
Weosann1gldunsn (Insertion loss (IL): S,, ¥93W9INTBIHUEDIAUANDneTTET DL UADS

cal v =

uaginisasnudugudniuuuveanuiing s 1.8 GHz uay 2.4 GHz wanifsgun 3.23
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A19049 3.4 A nTedlATIEIINTNTRIudesnUANdneldslnuneslnuaan sdinudy

AUENANUAAUULYBIANANATN 1.8 GHz Uay 2.4 GHz

YUIA f,=1.8 GHz f,=2.4 GHz
Anunivesaslulasansislonnes (w) 1 mm 1 mm
Aunivesaeloudygalulasaniu (wf) 1.87 mm 1.87 mm
aunvesanetiouduuas (cf) 0.4 mm 0.4 mm
auenvesanetloudUuas (¢) 21 mm 21 mm
szephavasmetousuuastuisTauesinung (g) | 03 mm 0.3 mm
ANNvRLIlaLees (a) 14 mm 14 mm
ANNEITRLIITLLRT (b) 3 mm 3 mm
ANNETTBALELADS (c) 13.75 mm 9.1 mm
AINENIVOILINNT (d) 7.8 mm 4.52 mm
Ao (e) 6.55 mm 6.55 mm
Amgvesansloudyia (1) 10 mm 10 mm

TEYYIITOIADILAUNILAIWE (5)
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-10 -

-20 4

-30

S-parameters (dB)

40 4

—— Simulated: S| |
—— Simulated: S,| 1

-50 L N TN LML 77, i S ™ B s R W
12 14 1.6 18 20 22 24 26 28 3.0

Frequency (GHz)

JUT 3.19 #aN1531a8wUUNITYINUYeesnsesihukaulngldslaumesiuneinisdeasiny
Jugudiuuuresrnudnas AeNEydeiotninnsdaundy (Return loss (RL): S,,) uaz

AANNgadsiieaInnsldunsn (nsertion loss (IL): S,,) #A3148 1.8 GHz.

5 : T y T

-20 4

-25 4

S-parameters (dB)

-30

-35 4 |—=— Simulated: 811 7

40 —— Simulated: S5, ]

Ll 1
16 1.8 2.0 2.2 24 26 2.8 3.0
Frequency (GHz)

=

JU# 3.20 #an159naeawuUMIvIUYeRsnsesiulaulagldslaumesinuaginisdaiy

Juaudiuuuvesnudnan amenugadsiieaainnisdaundu (Retum loss (RL): S,,) waz
o oA

A1ANNgEFeLTasaINNTStdUNIN (Insertion loss (IL): S,,) NAUA 2.4 GHz.
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| Port 2

JUN 3.21 293snsesiuasduauaudiagldislonnesinungiinsdsminuduaud inuuures

ANANae 1.8 GHz wag 2.4 GHz

JUN 3.22 Furuasnasnsesuasmavanuilagldislaunesivungfinisdeiulumud

ANUVUYDIANMUDNATY 1.8 GHz way 2.4 GHz
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0 F
54 .

g -10 4 .

= .

& 151

g E

@ -20 S

5 .

@ 25—

m E L
-30 - 1
.35 ——Simulated: Sy, | -

) ——Simulated: S,,
-40 —T— T O %

A IIIF P i
T 1vdy W18 Z Q02421 26 28 W30
Frequency (GHz)

5UN 3.23 Han139naeduuun1svinauvesAnuEadeilonInnsdeunau (Return loss (RL):
Siy) LLazﬁ'ﬂmmqﬁgtﬁmﬁmmﬂmﬂaﬂmiﬂ (Insertion loss (IL): S,, ¥DIIAINTDIHUADILAY

sl Y Ql'

anudlogldisleiumesivungfinisdmudugud i uuuwesnnudng 19 1.8 GHz uay 2.4 GHz

3.3.3 anuUUNIINsaIHIUEBLaUANDIngldisTuunosTrungiin1 s ekl
Audfuuunazduan e InauAnans
Funouluniseenuuuisletumosimuamsfimeseine fifesnisoonuuuiiio
fvuanudnsaizveInasnIawuLauiiFesnsTngluniseonuuuiasiieazBeadsil
AMANeNS 1.8 GHz Uay 2.4 GHz
Tfaneihdyaanuululasansyves RT/Duroid

v W

fAladlann3nduing &, =6.15)

duiuaud 50 Q
AN IUIRdlaBianein = 1.27 mm
Tngthesneg Tudassuuunazairnsastneliisloumeslvungiiesnuuuifuaiuummd
[20] TunnseenRUUAINANA1S 1.8 GHz War 2.4 GHz fauanslunnsie 3.5 dmiunsesnuuy
2993N50INIUABILAUANE ANTADBNLUULRazAIAlFDEBaTeAuLas fu udniuday
A mdsefluguuuulsnsesihuwausuumuig Tngasasnsesihuwauauinuy

InuageanuuuNANNARINT 1.8 GHz sauandluguil 3.24 azdaranugayidsiiosainnsld
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uwnsnifuguésnuuuresnnuiinans 7 1.8 GHz dmnsasnsesiuuauanuiuuulningdmsy
onuuUiANLAfiaes senLUUT 2.4 GHz fauandlugud 3.25 axfimargaideiiesainnisld
uwnsnifuguéfudnsvesnnuiinats 1 2.4 GHz Faaztelunsiindyanuszninsaosnuildd
Fudloidsudleufuwuuusn Iﬂiqa%?m'mﬁmaqm"maaaLmumm?ﬁmEJ‘L%’L?I%LuLma%TMm@ﬁmi
dwimlﬂuquﬁﬁmm?ﬁ'mumaqmmﬁﬂaw 1.8 GHz wag 2.4 GHz LLamﬁquﬁ 3.26 @71
BUNUTIIINTBRUEBIAUANLE Falansfsguil 3.27 wazHan1s91asuuuNITYNUYee
mmmquL%’ﬂLﬁmmﬂmﬁé’auﬂé’U (Return loss (RL): S,,) mehm’quyLﬁmﬁmmﬂmﬂd
unsn (nsertion loss (IL): S, 992930508 uassuauamdlaglfisloumesTnuaginng

danuduguefiuuuresnuingls 1.8 GHz uay 2.4 GHz uanafsguil 3.28

M13197 3.5 YU INVedlATIEIINITNTBITNARILaUAIND Ingld sl umesInund N TaaRY

I ¢ al Ay ‘:1' ' ' [ ¢ v ! a
Lﬂuguwmmmmuuuﬁummmmmq 1.8 GHz LLﬁ%ﬂ'ﬁE‘NN’]UL‘U‘U@‘UEJV]ﬂ’J’]ﬂJﬂ@"lua’N“UENﬂTMO

naN 2.4 GHz

YUIN f;=1.8 GHz f,=2.4 GHz
Anunisvesanelulasanivisloiunes (w) 1 mm 1 mm
runsvesens Uoudagalulasaniy (wf) 1.87 mm 1.87 mm
A evesanedouduuas (cf) 0.4 mm 0.4 mm
ArmemvesanedaufuUAs (1) 21 mm 21 mm
srovvhaasaedoudUuasiuslaunosiving () | 03 mm 0.3 mm
Auevesstames (a) 14 mm 14 mm
Aueveaslaumes (b) 3 mm 3 mm
ANNEITDLLIITULRS (c) 13.75 mm 8.5 mm
ANNETIVBIUNNT (d) 7.8 mm 5.32 mm
ANUNTUDINNG (e) 6.55 mm 6.55 mm
Auevesaetoudyann (1) 10 mm 10 mm
TYUEVIYDIADINUNTUANA (s)
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N
=)
1

-20 +

-30 4

S-parameters (dB)

-40 —=— Simulated: Sy, |
—— Simulated: S,,

-50 T T T T T T T T
1.2 14 1.6 1.8 2.0 22 24 26 2.8 3.0

Frequency (GHz)

=

JUN 3.24 #AN1591889WUUNTYINNUYRIasnsesinukaulagldis e ume sinuad N1 d kU

Jugudiuuuresrnuing1d Arnuagdeiiosninnséaundu (Return loss (RL): S,,) uaz

N A

AANgedsiliosannnislawnsn (Insertion loss (IL): S,,) AA113a 1.8 GHz.

Y

5 4

-10 -

@

z ]

v

& 157

g -

@ -20

(] ]

Q.

h -25 -
-30 4 -

—— Simulated: S,

35 —— Simulated: S,,| |

. — :
16 18 2.0 22 24 26 28 3.0
Frequency (GHz)

JUT 3.25 nan1sdnasawuunsvinnurenaasnsasuaulagldislaumesinunginisdauy
Jugudimuansesnnudnans Amanugydeiiosninnisdaundu (Retum loss (RL): S,,) waz

AANNGEEELTRIaINNTSTEAUNTN (Insertion loss (IL): S,,) AAUA 2.4 GHz.
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Port 1

JUN 3.26 29asnsesiudetaununlagldislainesivunginsdaundugudinuuures

ANUANANY 1.8 GHz uazn1am duAuENaIua19v8IANdNa1e 2.4 GHz

JUT 3.27 Fuauasnsasnsesiuassuauanudleeldslanunesivunginisdewinuluguda

FUULYDIANLANAN 1.8 GHz wasn1saaudugudfisnuans 2.4 GHz



S-parameters (dB)

5
104
_15_-
_20_-

-25 4

-30 4

-35 4

——Simulated: S,
—=—Simulated: S,,

-40 4

-45 1 1 1 1

1 1 1 1
1.2 14 1.6 1.8 2.0 2.2 24 2.6 2.8
Frequency (GHz)

3.0

50

5UN 3.28 Han1331a0duuUN1SYNIYeIAIAMEaLdeLdoRInANTERUNaU (Return loss (RL):

Siy) LLagﬁlﬂﬂ’J’]ﬂJquﬁﬂLﬁaﬁﬁlﬁﬂﬂﬂiiﬁLL‘Vliﬂ (Insertion loss (IL): S,, ¥993935NTDIHUADILAY

audlegldislomesiuungfinisdeinnlugudfdiuuuvesninuinais 1.8 GHz waznis

[ <
AU

ca v '

gNnIua

19UBIANNDNAS 2.4 GHZ
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NaN1INAsEiau

4.1 na1dn

Tuunilistagsnisnagesunisiiauue stusiuasdasld Network Analyzer was
Wisuiufunanisdaesarniusuns 163D 989u3Eh Zeland Susudl nadeufieginetu 4
Fu fio

Fuitnilasaslamdnsesuuy 3 nesalagldisluumesuulmngfifadiuuuuunnd
AsAnAge/AA3Y 7 2,16/1.95 GHz

Jufiaoraaslamdnensuuu 4 nesnlneldislnunosuuunungiifiafuuuuunnd
AnufinIndymAsy i 2.14/1.95 GHz

Juftanunsmsnsorhuaosmnuenudlasldislsiumeinund insdmnudugudduou
yosAnuAinasil 1.8 Uay 2.4 GHz

JuiidsasnsewiuaosuoumuilaglfisTounosinungiinsdsnudugusuuures

AMUDNANT 1.8 GHZ aA1UaN9U89AINNNaNeN 2.4 GHz
4.2 n13NagaU
Wn1ssiogUnIalilornTIANA#aUNITNTORURAUANUALAZ WIS IANANLDS LanS

a

Faguil 4.1

Network Analyzer

O O e Y s Y s A e B
L T T OO
—r T —7 3 4 O 4 3
| —— O O O O

:g -
— = [ e O —
@) ) o O —
S e B —

| | | |

] N PUT 50 O ]

Microstrip
Filter

U 4.1 mssiegunsaliveldlunisiameaey
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4.2.1 N1590NUUUATIAWANLTDIIUY 3 wa%miﬂﬂi%’LiImuma%uUUIwm@:ﬁ
faRuuuuwnng

Fuauatswensaslamdneoiuvy 3 wedalasldisToiumosuvulnungiisiaduuuy

g Fauandlugud 4.2 990307 4.3 uanawanismageuanugidsidesainnisldunsn

(Insertion oss : IL) (S, Ss;) 1.25 dB Wag 1.5 dB auadu wazanugadeiiosninnis

faundu (Retum losses: RL) Sy; @nd1 24.2 dB fiAud 1.95 GHz wae 22.5 dB fiaud 2.14

GHz U7 4.4 wanasgansnmainsuenlaniie (Isolation: Ss,) findn 27 dB

A o ¢

JUT 4.2 Funuasnsiandnwesuuy 3 wesalagldsluunesuuulnunaniasuuuuunmd

Y



T T T T T T T T T
0 4
-10
)
2
® -20 -
S
[]
£
© -30 4
©
Y
w
40 4
——Simulated S,;:RL —— Measured S,;:RL
—— Simulated S,;:IL  —+— Measured S,,:IL
07 | Simulated S;yIL - —«—Measured S,IL | |
T T T K T T

T Y ALy A T T " %
15 16 17 18 19 20 214 22 23 24 25
Frequency (GHz)

5UN 4.3 namsUSeuMIgUTENINNAN1TIRBIRUUNISITLLAENA NS NIAAR U YRR Y

\eswnnisldunsn (Insertion loss: IL) uagAaugayideiiasainnisdounay (Return loss: RL)

N
o

T ) T L T z T L T \ T b T ] T p T
1 [—— Simulated S,:Isolation
—— Measured Sj,:Isolation

o
S
!

o
(&)
|

A
o
1

A
o
1

S-parameters (dB)
Z
1

-55 4

-60 H

T — 1 T T T
15 16 17 18 19 20 21 22 23 24 25
Frequency (GHz)

P - = ! ° ! a
EU'VI 4.4 Naﬂ'ﬁLUiEJUW]EJ‘Us%V'J'NNaﬂ'ﬁﬂ']a@ﬂLLa3Naﬂ'ﬁ1/]®ﬁ@‘U6U?NﬂqﬂqiLLﬂﬂIﬂ@Lﬂﬁn

(Isolation: Ss,) 2M3slanaNwasLUL 3 nasmaeldisluumosiuulnunaniaduluukndg

Y



54
4.2.2 nseenuuvlsaslamEnwafuuy 4 wasalaelfisluumasuuuTvungiiiany
WUULNNY
Fuauatawesraslamdneoiuvy 4 wesalasldisTuunefuvuinungiifaduuuy
WG ﬁummlugﬂ‘ﬁ 4.5 mﬂgﬂﬁ 4.6 LLamwamimaaumm@tgLﬁmﬁaamﬂmﬂdumﬂ
(Insertion L0ss : IL) (Sy;, Ss;) Uszanay 1.15/1.2 dB finaud 1.95 GHz/2.14 GHz mudsu wag
m’mqigLﬁaLﬁaamﬂmﬁé’auﬂé’u (Return loss: RL) Sy, A1 22 dB f1AMud 1.95 GHz uay 16
dB fianud 2.14 GHz Auasu g‘d‘ﬁ 4.7 WAAIHANSVAEUTBIANISLEnlAnLAET (solation:
Ss,) AN 48.5 dB
NN1SUSEUTIBUNANTSIANAED VBT IANENIWESWUY 3 1BSH LAZLUU 4 N 5A
Fauanaluansed 4.1 Feesdiuldannisuenlaatien (solation: Ss,) ve919aslANaNIaSLUU 3
wosn fm niswenlanien (Isolation: Sy,) A1 27 dB dauminisuenlasien (solation: Ss)

29972995 bananwasuuy ¢ nesaiial n1sueniantien (solation: S;,) AN 48.5 dB
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5UN 4.6 NamMTUTEUMEUTENINHANITINRBILUUNS IO ULAENANIT AR UYDIA U LHY

\eeannasldunsn (Insertion loss: IL) LayAugeydeLiiasdinnisdaunay (Return loss: RL)
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A15199 4.1 NaNN5LUSIUIBUTENINNITINIABILUUNITYIN UM HANIT INNAFDUINDT

ToWaNasWUU 3 WasH LAy 4 nase

13slamanges 3 wesn 1aslawmanges 4 wesn
A ans 1ADIWVUNITNINY NFIANAZDU 180UV UNITIUY NFIANAFOU
195GHz | 2.14GHz | 195GHz | 2.14GHz | 1.95GHz | 2.14GHz | 1.95GHz | 2.14GHz
Insertion loss :S 0.58dB - 1.25dB - 0.69dB - 1.15dB -
Insertion loss :53; - 0.71dB - 1.5dB - 0.73dB - 1.2dB
Retum loss :51; 22dB 30dB 22.5dB 24.2dB 22dB 20dB 22dB 16dB
Isolation :Ss; 28,508 27dB 5208 48.5dB

4.2.3 v9asnsawinuassuauaudlaeldsisiunasivuagfinisd wamdugudfiuuuves

Y

AMuEnansfl 1.8 uag 2.4 GHz
Juuaiuesnvsnsesituassuauilaslfisluumesiungdmadwiiudugud
FAUULTIRINLENANT 1.8 WAz 2.4 GHz Gﬁ’aLLamﬂugUﬁ 4.8 mngﬂﬁ 4.9 LEAINANISNAGEU
mqugl,ﬁ&lLfimmﬂmﬂﬁumﬂ (Insertion loss: IL) (S,;) Useuad 1.05/1.25 dB finnud 1.8
GHz/2.4 GHz @nuaneu LLasmmqiyLﬁmﬁmmﬂﬂmﬁ’auﬂé’u (Return loss: RL) Si; An31 24.2

dB fimnad 1.8 GHz Wag 18 dB il 2.4 GHz audsu
G R ) /T

~ VS

JUN 4.8 Fuauatrasnsesiuassnuanulngldslaumesinunginisdeinulumudn

FUVUVBIANNANANY 1.8 GHz uag 2.4 GHz
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S-parameters (dB)

—— Simulated: S,;, —— Measured: S,,

] —— Simulated: S;;, —— Measured: S,
-45 T T

1 1 1 1
1.2 14 16 1.8 2.0 2.2 2.4 26 2.8 3.0
Frequency (GHz)

U 4.9 nansdrassuuunsinnulazMsadouTasaILgaLdeLlosannstioundu (Return
loss (RL) : S;) Lmzm’qugL?imﬁaqmﬂmﬂdumﬂ (Insertion loss (IL): S, 1841933N5DINIUY
aosunvanudlasldisToumeiinungiinisdesudugudiduunvesauiinats 1.8 GHz uaz
2.4 GHz

4.2.4 2933nsaruaaskauaudiee ldislgiunaslvuaginisdeinulugudiuuue

Y

AMNANANS 1.8 GHz Wazd1ua19vaIndLANAN 2.4 GHz
JuewadewornasnsesiuaunuanuilnglisTouwnesvaaginisdsinudugus
suvuvetnaiinansil 1.8 GHz waziua1swesrmiinansd 2.4 GHz fauandluzuil 4.10 aan
E‘U‘ﬁ' 4.11 LLamqmaﬂWiWQaaUﬂawmq@LﬁaLﬁaqmﬂmﬂmmaﬂ (Insertion loss: IL) (S,;) Useana
1.02/1.2 dB fiAndl 1.8 GHz/2.4 GHz Auddy LLazmmq@yLﬁ'ﬂLﬁaqmﬂmié’aumé’u (Return
loss: RL) Sy, A1 21 dB fianudl 1.8 GHz way 19 dB finud 2.4 GHz auasy
1NNsIeuiisuranTIameaeuvese9s RIS uasauaNalaglsTuiy
woslnungiinisdsrinudugudiuuuvesauiinans 1.8 GHz uag 2.4 GHz fu 19asnTBIHY
aosunundlagldisloiunesinungiinnsdsinudugudisuuuvesmiuinans 1.8 GHz uay

cal vy '

] 1 3 a [ d' = !
ﬂ'ﬁﬁﬁN’]‘LIL‘U‘H@‘NEJVIG‘lTL!a’N‘U’eNﬂ’J’]ﬂ,Jﬂﬂa']\‘1 2.4 GHz AuandlumIs199 4.2 939350 509HIULAY

1o v o a

LUUADILAUALASULINAzEA AR QITUNIU AN 15 dB 91n919AMA 1.9 GHz 83 2.1

I o0 v o a

GHZ W8 WATNTDINTULAULUUADILAUANLAS UNEDIziANTAFYIUTUNIU AN 17.5 dB

91n9AAE 1.9 GHz B9 2.35 GHz
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JUN 4.10 Fuuainasnsesuassuauanudleeldislnnesivunginisdeinulugudn
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(Return loss (RL): S,,) kagAugadeiilosainnisldunsn (nsertion loss (L): S, 1943933
e uaeauAEdlaglfisluiumesinuadinisdeiuluaudnmuuuvesnnuiinais 1.8

cal v '

GHz wagnsdeiuluguinauaiseswnuingis 2.4 GHz
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A5199 4.2 HANISHUTIUMIBUTENINNITINEBILUUNTYINGIUBAERNANITIANAADUINITNTOINIY

aosuaunnudlagldisluiunesivung

21435NFRINIUEDILAUAND LAl TS YL

woslnuaginisasinudugudfiduuu

2995n509 UABILAUAN DALY IwL UL Bs

Wuagiinsdeiudugudiduuuesminud

AdUszans | wesauiinans 1.8GHz uay 2.4GHz nane 1.8GHzuazsdss L ugudiduan
Y93 WANANY 2.4GHz
1ADIULVUNITNNUY AMSIAVadau FIADIUVUNITNNUY AMsTANadau
18GHz | 24Ghz | 18GHz | 24Ghz | 18GHz | 24Ghz 18GHz | 24Ghz
Insertion loss: S | 0.54dB | 0.72dB | 1.05dB | 1.25dB 0.57dB 0.75dB 1.02dB 1.2dB
Return loss: Sy 25dB 24.5dB | 25.2dB 18dB 22dB 24.5dB 21dB 19dB

Cut off rejection

fin31 15 dB 9199 1.9GHZz 814 2.1GHz

fn11 17.5 dB 910199 1.9GHz 919 2.35GHz
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sAnerdnuiiiiaueisasnsesiunavuuulnuagifiedlulssgndldfuaeas
lpindniees uazasasnseshuuauluvastuauaud Tnsldsasifivmadnimidniu e
fudsylvdnisdsiududunediendegalasaineiinusiliuvimsoonuuuuazainns
nsessuLauLUUINAduaE MsUsTendldaueeniduddiufe

% s

druininnslamdneesiuy 3 wesalagldislaunesinuagidaduwuuwnmd

duitgonsaslamdnwoiuvy 4 wesnlaslfislauunesluungidasuwuuummd (Patch)

duianssnsesiudesaunnuilnglislouneslnuaginisdesinu Juguduull
AULNS T QYU UYL UA B L Nae A LD Tides

dufidasnsesiuasnuanudlaelfisluumesnundinisdsiuduguduuulyl
ANUNAT T Y By I T UUTDITIHIULAUADIN DTN LLazﬂWia'qm'wLﬂu@uél,wuhjammmﬁ

FYYIUATUENUDIT IR ULAVAUDTIFDS

5.1 agunaiildarnauineainus

15 TALAZTARDUTUIIUTTIVB91993N FUAUAIMATIFA By alulasansy
aonndosfiunguiuarasandasiunssiaesnishauielusunsy E3D namfe Junui 4
Fu fanudnansaenndosiunissiasanisiienaniusunst 1E30 uagiuuuievil - 3 dB
Tndifsstunsaesnisyhauainisunsy 1E3D deannsnagunalddide

utuusnaslamdnigesuuy 3 wosalngldisloiumesuvulnuagiislafuiuuunnd
NANISNAGOUAIFUUTEANTNI5E90Y (Insertion 10ss: IL) (S, Ss;) 1.5 dB wag 1.25 dB
ALANTU wazANdUUTEAVS NN AR VEUNSU (Return losses: RL) Sy, findn 24.2 dB fimud 1.95
GHz way 22.5 dB fienud 2.14 GHz Aleleadu (isolation: Ssp) #inn 27 dB

Mutuaesasiamdnieiuuy 4 wedalagldislnuwofuuulnungifaduuuuunnd
NanITNAdUAIENUSEANS AT (Insertion loss: IL) (S,q, Ssy) Usyaney 1.15/1.2 dB 7
AINA 1.95 GHz/2.14 GHz amasy wazAduUszansnisasyioundu (Return loss:RL) Sy
fni1 16 dB fiANud 1.95 GHz way 22 dB iANud 2.14 GHz aud i Han1saaauvesaile

Toiady (Isolation: Ss,) AN 48.5 dB
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nuTUERInsesiuaskauaudlnglfislaumesinunginisasinudugudiuuu
YRIAMUNNANN 1.8 hay 2.4 GHz Han1snageumduussansnisassiu (Insertion loss: IL)
(S,1) Useunaw 1.05/1.25 dB finnud 1.8 GHz/2.4 GHz muansu wasAduuseansnisasyviou
nau (Return loss: RL) S;; MN71 24.2 dB 1A3148 1.8 GHz way 18 dB f1A31u9 2.4 GHz
AUAIU

NUTUNENIIN TR UdB M UAMudlngldislumesInunginsau dugudauu
YDIANUDNANTN 1.8 GHZ WALAIUANUBIANUDNANT 2.4 GHz Han1snadauAduUssansnnsg
d9:1U (Insertion loss: 1L) (S,;) Uszana 1.02/1.2 dB #A3118 1.8 GHz/2.4 GHz AUa1fu way
AduUsEansnsagvaunau (Return loss: RL) Si; Aina1 22.3 dB ima1ud 1.8 GHz way 19 dB
PANUD 2.4 GHz AuaInu

A v = P ~ & 1 < &
A19799 5.1 LaaslAAUNISUS s UTIBUNIT A DI AN VOIS IALNANLYDTILUY 3
¢ I ¢ & = 3 PR I ' ¢ A

woin waglamanwes wuu 4 weosn Faziiulaineasiamdnwesivunduuu 4 wesn azildle
TeatuanIlananmesniuUSsuisu

A15797 5.1 Wisuiileuasaslaudnugesinunguuu 4 wase fulsaslauwdnisesuiag1eq [19]

References Types Degrees | Frequency | Insertion Isolation Port
(GHz) loss (dB) (dB) no.
[8] Dual-mode 2 1.95/2.14 198/A5 >35 3
resonator
[9] Quarter- 2 1.8/2.4 1.1/1.18 >40 3
wavelength
resonators
[10] Open-loop single- 2 2.44/3.52 | 1.43/1.59 >42 3
mode
[11] Low-temperature 3 3.55/5.55 | 1.74/2.37 >40 3
co-fired ceramic
(LTTC)
This work Dual-mode 2 1.95/2.14 1.15/1.2 >48.5 a4
resonator

a

M15797 5.2 WaAIAAIUNSIUSBUTIBUNITIALADIAN9Y VBINTINTBINIUFDILAUAINY

Ingldislgiunasinunginisdsinulugudnuuliauunsineinualadainisdainudugud
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FUVUVDIANL DN T AL AT UA1IVDIANN D NADITIDLNULAINDINTDINIUABILOUALD LA
Tslaunasinung sxliadadyanalaaduanddumaesimuas

M99 5.2 Wisuiigulasnsesiuasawauanudlagldisluiunesivundiuasnsesriuaes

LaUATLALUUANY
References Types Degrees | Frequency | Insertion Cutoff rejection
(GHz) loss (dB) >15 (dB)
between two
passbands (GHz)
[21] Single-mode 2 3.5/5 2/2 4.25-4.75
resonator
[22] Coupled three-line 3 (SV/73.85 0.7/1.5 2.5-4.1
microstrip structure
[23] Coupled Stepped- 2 2.49/3.49 1.2/0.8 2.8-3.1
Impedance
Resonators
[24] Step Impedance 1 a7/7.1 0.8/0.37 4.9-6.8
Resonators (Simulated)
This work Dual-mode 2 1.8/2.4 1.02/1.2 1.9-2.35
resonator

5.2 Ugynuazdorauaiu
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Dual-Mode Diplexer with High Isolation Based on Amplitude
and Phase Cancellation Technique

Natchayathorn Wattikornsirikul® and Montree Kumngern

Abstract—This paper presents a dual-mode diplexer with easy fabrication and high signal isolation
based on amplitude and phase cancellation technique. The dual-mode structure enables a compact
and easy asymmetrical frequency response which also requires considerable attenuation between the
proximity in frequency of the transmitter and that of the receiver. Two back-to back dual-mode three-
port diplexers and a 180° phase shifter are easily employed to construct the proposed device, which are
combined to form a four-port dual-mode diplexer. A 180° phase shift in one branch can be achieved
by delayed transmission line. The simulated and measured four-port dual-mode diplexers are designed
at the operational frequency of Tx/Rx at 1.95 GHz and 2.14 GHz, respectively. The measured results
of Tx/Rx dual-mode diplexer devices are presented of 48.5dB Tx/Rx isolation. This four-port dual-
mode diplexer achieves the isolation (S32) more than 21.5 dB compared with a conventional three-port
dual-mode diplexer.

1. INTRODUCTION

Diplexer is usually used in RF front-ends of several communications to discriminate two different signal
frequency bands for transmitting (Tx) and receiving (Rx) channels while sharing a single antenna. A
diplexer structure is composed of two bandpass filters with different passband frequencies. In multiband
communications, filters and diplexers are currently required to design with compactness, light weight
and high signal isolation. Microstrip bandpass filters can be easily mounted on a dielectric substrate
and can provide a more flexible design of the circuit layout [1]. The square open-loop microstrip
resonators filters are highly desirable in wireless communication systems with compactness and high
performance [2]. A lot of efforts have been made on compact resonator filters and diplexers such as
stepped impedance open-loop resonators [3|, miniaturized open-loop resonator [4], and square open loop
with stepped-impedance resonator [5].

In addition, it is challenging to design a diplexer with high signal isolation. Because when the signal
transmitting power is high, the leakage of high signal power from transmitting channels increases. As
a result of high transmitting signal, the channel interference between Tx/Rx ports can destroy Rx
components. To increase high signal isolation while offering easy structure design, many research
papers have been focused on increasing the signal isolation in diplexers. A variety of different filters
and diplexers have been made for increasing the signal isolation in diplexers [6-11]. Normally, most
common diplexer designs require high degree filters to achieve high Tx/Rx isolation, resulting in a
very complicated filter design and fabrication process. An alternative technique to design a diplexer
with low cost, high signal isolation and easy fabrication process was proposed by using a four-port
network [12,13]. To achieve the realized prototype, the technique for size reduction and high isolation
signal by using dual-mode resonator was presented in [14]. Moreover, the considerable attenuation of
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transmitter signal in the receiver is also required to discriminate the proximity in frequencies of the
transmitter and receiver. Asymmetric filter responses can be used to achieve this kind of requirement.

In this paper, a dual-mode diplexer with easy fabrication and high signal isolation is proposed
based on amplitude and phase cancellation technique. The dual-mode structure enables a compact
size and easy asymmetrical frequency response which also requires considerable attenuation between
the proximity in frequency of the transmitter and that of the receiver. Two back-to-back three-port
dual-mode diplexers and a 180° phase shifter are easily employed to construct the proposed device and
are combined to form a four-port dual-mode diplexer. A 180° phase shift in one branch can be achieved
by delayed transmission line to cancel the same amplitude signal but different phases in transmitter
and receiver.

2. ANALYSIS OF DUAL-MODE RESONATOR FILTER

Dual-mode resonator filters are used to discriminate two different signal frequencies for Tx and Rx
channels in three- and four-port diplexers. A four-port dual-mode diplexer can be designed by using
two dual-mode diplexers with 180° different phases. This technique offers higher Tx/Rx signal isolation
than a conventional three-port diplexer. To verify the new design technique, both dual-modes for Tx and
Rx channels are presented in this section. The diplexer (four-port) design is based on the independent
design of two diplexers as in following steps.

Step 1: design a dual-mode filter in Tx between ports 1 and 2 at center frequency of 1.95 GHz with
50 MHz bandwidth, and the transmission zero is produced at upper center frequency sideband.

Step 2: design a dual-mode filter in Rx between ports 2 and 3 at center frequency of 2.14 GHz with
50 MHz bandwidth, and the transmission zero is produced at lower center frequency sideband.

Step 3: then, a T-junction connects the two independent bandpass filters in the form of a three-port
dual-mode diplexer.

Step 4: finally, the four-port dual-mode diplexer is based on two back-to-back dual-mode diplexers
with coupled-feeders, which are combined to form a four-port diplexer. The delayed-line is used to tune
the phase between ports 2 and 4 to achieve a 180° phase shift.

Dual-mode resonator filter design is based on a single mode open-loop resonator as in [15, 16]
in which the single mode resonator focuses only on the odd mode resonance. Normally, an even
mode resonance of single-mode resonator is present approximately at twice the fundamental resonant
frequency, and even-mode is of little use in single band resonator filter synthesis. For this reason, even
mode will emerge as the first spurious response which degrades the filter performance. On the other
hand, the even mode of dual-mode filters may also be used as a doubly tuned circuit [17].

Consequently, an open-loop filter may be adjusted to act as a doubly-tuned filter. Based on the
proposed structure in [17, 18], the even mode resonance can be moved close to the operating frequency
band (the odd mode). Therefore, these two poles create a second-order response. The layout of the
dual-mode filter is shown in Fig. 1. An open circuited stub is added and placed in the center of the
filter to lower the even mode resonant frequency. The extended stub has no effect on the odd mode [17].
Hence, the two modes can be tuned independently.

Figure 1. Schematic diagram of dual-mode microstrip stepped-impedance resonator.

The even and odd mode equivalent circuits at resonant mode are shown in Fig. 2. An open-circuited
half wavelength type resonator is the even mode resonator while a short circuited quarter wavelength
resonator is the odd mode one.
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Figure 2. (a) Even-mode resonator (b) Odd-mode resonator.

The dual-mode resonator by using stepped impedance can be illustrated as an example design.
The use of stepped impedances reduces the length of the open circuited stub. It can also be employed
to achieve dual-mode performance [18]. The open circuited stub consists of two sections of different
impedances as illustrated in Fig. 1. Dimensions were calculated using equations

0= — (1)

The stepped impedance stub (Z2, Z3) is connected to the middle of the resonator (Z;), where aZ, and
(73 represent the even mode equivalent impedances of the sections with impedances Z, and Z3. Let
R = BZ3/aZs, so R > 1 for the stepped impedance resonator where 373 > aZs. The electrical length

65 is given approximately by [17].
P
0y = cos™! M (2)
(RE)
The electrical length (03) of the open circuited stub may be defined from [17]

05 = (7 4+ atan[—Rtan (63)]) — < (3)

(4
A foddV/E .py )

where 0, (x =1, 2, 3) corresponds to electrical length of section in Fig. 1, and c is the speed of light in
vacuum.

For demonstration, the proposed dual-mode microstrip filters are based upon a U-shaped resonator
loaded by a stepped impedance open stub. The filters are designed on an RT'/Duroid substrate having
thickness h = 1.27 mm with relative dielectric constant &, = 6.15. The filters were simulated by IE3D
full-wave EM simulators. The resonator is coupled to the input and output ports with a feed structure
having a linewidth (cf) and coupling spacing (g). The odd and even modes refer to as the first two
resonating modes. These two modes can have the same or different modal frequencies which depend on
the dimensions of the stepped resonator.

The operation of resonant frequencies against the length of stepped impedance resonator has been
investigated using IE3D full-wave EM simulators. The dual-mode resonator is designed to achieve the
desired resonant frequencies. The fundamental frequency is fixed by the length of U-shaped resonator
(a and c). Even-mode characteristic can be achieved by adjusting the length of loaded stepped open
circuit stub (d and e). Two input/output microstrip lines with 50 € characteristic impedance are used
to feed the proposed dual-mode stepped stub loaded resonator. The dimensions of dual-mode resonator
filter are detailed in Table 1. As can be seen in Fig. 3, the stepped open-stub loaded length does
not affect the So; response at odd-mode resonant frequency as shown in Fig. 3(a) at 1.95 GHz and in
Fig. 3(b) at 2.14 GHz, while the even-mode resonant frequency is flexibly controlled by changing the
length of stepped-impedance (d). An inherent transmission zero (TZ) can be easily tuned to optimize
the response. The TZ causes an asymmetric response. It can be illustrated that the TZ is produced as
a direct result of the open-circuited stub. When the even mode resonant frequency appears below that
of the odd mode, the TZ actually occurs on the lower stopband. This property can be used to improve
selectivity of either the upper or lower stopband.

The microstrip dual-mode resonator filters are designed at the operational frequency 1.95 GHz and
2.14 GHz for Tx and Rx modules, respectively, with 20-dB bandwidth of 50 MHz (FBW = 2.6% at
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Table 1. Dimensions of microstrip dual-mode resonator filter.

Wattikornsirikul and Kumngern

Dimensions Rx =1.95GHz | Tx = 2.14 GHz
Resonator width (w) 1 mm 1 mm
Feed width (wf) 1.87 mm 1.87 mm
Coupling-feed width (cf) 0.4mm 0.4mm
Space between coupling-feed 0.6 Tam 0.6 mm
and dual-mode resonator (g)
Resonator length (a) 14 mm 14 mm
Resonator length (b) 3mm 2 mm
Resonator length (c) 11.9 mm 9.89 mm
Patch length (d) 7mm 8.95 mm
Patch width (e) 6.55 mm 9mm
Feed length (f) 10 mm 10 mm

S-parameters:S,, (dB)
S-parameters:S,, (dB)

T T T T T T B & 1
1.5 W16, 17 18 1.9 20,/21% 22 23 24(\25 1.5

Y Y T 7
197 20 245 22
Frequency (GHz) Frequency (GHz)

(a) (b)

23 24 25

Figure 3. Simulated response of transmission zero located at (a) upper side band of the center frequency
of 1.95GHz (b) lower side band of the center frequency of 2.14 GHz with different length of loaded
stepped-impedance.

1.95 GHz, 2.3% at 2.14 GHz). The passband insertion loss (IL) is less than 0.5dB and 0.6 dB for Tx and
Rx bands, respectively. The return losses (RLs) in both channels are better than 20 dB in the passband
as shown in Figs. 4(a) and 4(b).

3. THREE-PORT DUAL-MODE DIPLEXER DESIGN

The structure of proposed dual-mode diplexer is shown in Fig. 5(a). Two filters are interconnected
by an appropriately designed matching circuit of T-junction that has the width of 50 line. The
diplexer geometry is optimized at the T-junction for better return loss performance in both the channels.
Fullwave simulator IE3D is used to perform electromagnetic (EM) simulations. A photograph of the
fabricated diplexer is shown in Fig. 5(b). Measurements are carried out using Agilent Vector Network
Analyzer. The dimensions of dual-mode diplexer are listed in Table 2. Fig. 6(a) presents insertion losses
(So1, S31) of 1.5dB and 1.25 dB, and return losses (S11) better than 24.2 dB and 22.5dB, at 1.95 GHz and
2.14 GHz, respectively. Fig. 6(b) shows the isolation performance of the proposed diplexer. The dual-
mode diplexer presents an out-of-band rejection better than 27 dB isolation (Ss2) over the frequency
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Figure 4. Simulated RL and IL results of dual-mode resonator filter (a) at 1.95 GHz (b) at 2.14 GHz.

Port 1

Port 3

(a)

Figure 5. (a) Layout (b) photograph of three-port dual-mode diplexer.

range. The excess losses in the measurements are believed due to SMA connectors and fabrication
errors.

4. FOUR-PORT DUAL-MODE DIPLEXER DESIGN

The topology of 4-port dual-mode diplexer is formed of two conventional three-port dual-mode diplexers
joined back-to-back and a 180° phase shifter, as illustrated in Fig. 7(a). The geometry of four-port
dual-mode diplexer is illustrated in Fig. 7(b). The design technique is based on two diplexers joined
back-to-back to form the four-port diplexer. A 180° phase shifter is embedded in one of the channel
filters between port 2 and port 4. To achieve such a phase shifter, a half wavelength delayed-line is
adopted, as shown in Fig. 7(b). A phase shift of 180° 4 2° is achieved across the Tx and Rx bands. A
photograph of the fabricated four-port dual-mode diplexer is pictured in Fig. 7(c). The dimensions of
the microstrip four-port dual-mode diplexer are detailed in Table 3.

The measured and simulated results of the four-port dual-mode diplexer are shown in Fig. 8(a).
The measured in-band return loss is better than 16dB in the first passband (1.95 GHz) and 2dB in
the second passband (2.14 GHz), respectively. The insertion losses are approximately 1.15/1.20dB at
the two passbands. The simulation and measurement results are in good agreement. The comparison
of signal isolation, Ss9, of four-port dual-mode diplexer and three-port dual-mode diplexer isolation
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Table 2. Dimensions of three-port microstrip dual-mode resonator diplexer.

Dimensions Rx =1.95GHz | Tx = 2.14 GHz
Resonator width (w) 1 mm 1 mm
Feed width (wf) 1.87 mm 1.87 mm
Coupling-feed width(cf) 0.4mm 0.4mm
Space between coupling-feed and dual-mode resonator (g) 0.6 mm 0.6 mm
Resonator length (a) 14 mm 14 mm
Resonator length (b) 3mm 2mm
Resonator length (c) 11.9 mm 9.89 mm
Patch length (d) 7mm 8.95 mm
Patch width (e) 6.55 mm 9mm
Feed length (ft) 19.8 mm 19.8 mm
T-junction length (t) 29.35 mm 27.05 mm

Table 3. Dimensions of four-port microstrip dual-mode resonator diplexer.

Dimensions Rx =1.95GHz | Tx = 2.14 GHz
Resonator width (w) 1 mm 1 mm
Feed width (wf) 1.87mm 1.87 mm
Coupling-feed width (cf) 0.4 mm 0.4mm
Space between coupling-feed and dual-mode resonator (g) 0.6 mm 0.6 mm
Resonator length (a) 14 mm 14 mm
Resonator length (b) 3mm 2mm
Resonator length (c) 11.9mm 9.89 mm
Patch length (d) 7mm 8.95 mm
Patch width (e) 6.55 mm 9mm
Feed length (ft) 19.8 mm 19.8 mm
T-junction length (t) 29.35 mm 27.05 mm
Delayed-line length (k) 18.4 mm
Microstrip line length (m) 5.58 mm
Delayed-line length (n) 17.7 mm

Table 4. Comparison of proposed four-port dual-mode diplexer with the state-of-the arts diplexer.

Frequency Insertion loss Isolation Ports
References Types Degrees
(GHz) (dB) (dB) no.
8] Dual-mode resonator 2 1.95/2.14 1.2/1.5 > 35 3
[9] Quarter-wavelength resonators 2 1.8/2.4 1.1/1.18 > 40 3
[10] Open-loop single-mode 2 2.44/3.52 1.43/1.59 > 42 3
Low-t t
[11] ow-teriperature 3 3.55/5.55 1.74/2.37 > 40 3
co-fired ceramic (LTCC)
This work Dual-mode resonator 2 1.95/2.14 1.15/1.2 > 48.5 4
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Figure 6. Comparison between simulated and measured results of (a) RL and IL of three-port dual-

mode diplexer (b) isolation (Ss2) of three-port dual-mode diplexer.
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Figure 7. (a) Topology (b) layout (c) photograph of four-port dual-mode diplexer.

between Rx and Tx bands is shown in Fig. 8(b). The measured signal isolation of the conventional
three-port dual-mode diplexer is 27dB, and it is 48.5 dB for the four-port dual-mode diplexer.

To compare the size of the proposed four-port dual-mode diplexer, a conventional four-port
diplexer [13] is simulated by using a single-mode microstrip open loop resonator. The total number
of degrees required in a single-mode bandpass filter can be reduced by half for dual-mode resonator.
High signal isolation between the Tx and Rx modules is achievable by only using one resonator filter
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Figure 8. Comparison between simulated and measured results of (a) RL and IL of four-port diplexer
(b) isolation (S32) between three-port diplexer and four-port diplexer.

topology. Moreover, four-port microstrip dual-mode diplexer still reduces overall signal losses with the
same or better isolation than the existing state-of-the art diplexers [13].

Table 4 shows the comparison of several three-port diplexers and the proposed four-port dual-
mode diplexer. It can be seen that the proposed four-port dual-mode diplexer exhibits good in-band
performance and high isolation.

5. CONCLUSIONS

A dual-mode diplexer with easy fabrication and high isolation based on amplitude and phase cancelation
technique is proved here. A compact dual-mode bandpass filter with an asymmetric frequency response
is easily realized to design with two extremely close frequency bands. The high signal isolation is
achieved by using two back-to-back dual-mode diplexers. A 180° phase shift in one branch can be
easily achieved by delayed transmission line. The microstrip four-port dual-mode diplexer can enhance
the isolation (S32) more than 21.5dB compared to the conventional diplexer. Finally, the proposed
four-port dual-mode diplexer offers a simple structure, which allows low complexity design and easy
fabrication process.
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Dual-Mode Dual-Band Bandpass Filter with Asymmetrical
Transmission Zeros

Natchayathorn Wattikornsirikul® and Montree Kumngern

Abstract—This paper presents a high-selectivity dual-mode dual-band bandpass filter with good
cutoff signal rejection. The high-selectivity dual-mode dual-band bandpass filter is designed by an
asymmetrical transmission zero (TZ). The asymmetrical transmission zeros next to the upper sideband
of the first resonant filter and the TZ at the lower sideband of the second passband filter are combined
to form a dual-mode dual-band filter. The locations of the TZ are designed at the side passbands of
the filters in order to filter out unwanted signals, obtain good cutoff rate in the stopband, and give
much improved signal selectivity for the dual-band bandpass filter. One dual-mode filter is designed at
the center frequency of 1.8 GHz and the other’s desired performance at 2.4 GHz. The two filters can be
combined using the coupled feed lines in which these coupled feed lines present a simple structure of dual-
mode dual-band bandpass filter. The insertion loss of the dual-mode dual-band bandpass filter is less
than 1.2 dB, and the rejection between two transmission bands is about 18 dB from 1.9 to 2.35 GHz. This
high-performance dual-mode dual-band bandpass filter can be used in many wireless communication
systems.

1. INTRODUCTION

Nowadays, filter is an important and essential component in the RF front ends of both the receiver
and transmitter in modern wireless and mobile communication systems. It can be designed and
fabricated on various materials. Particularly, popular filter structures are planar filters because they
can be fabricated using printed circuit technology and are suitable for commercial applications due to
their compact size, light weight, and low-cost integration [1]. In modern multi-service and multi-band
communication systems, multiband bandpass filter (BPF) is an important and essential component in
the RF /microwave front ends of both the receiver and transmitter. Dual-band filters have been proposed
and exploited extensively as a key circuit block in dual-band wireless communication systems [2-7].
Recently, various design approaches have been reported to develop dual-band BPFs for multi-band
communication systems [8-13]. However, due to limited degrees of freedom in design parameters, the
design of dual-band BPFs is still challenging to the designers [14].

Based on the single-mode open-loop resonator such as in [15, 16] this single-mode resonator structure
focuses only on the odd mode resonance. Although an even mode resonance is present, this is
approximately at twice the fundamental resonant frequency and therefore is of little use in single band
filter synthesis. Consequently, the even mode will appear as the first spurious harmonic, which degrades
the filter response. Dual-mode filters also make use of the even-mode and therefore behave as a doubly
tuned circuit. These filters are not only more compact but also offer significantly less insertion loss
[17,18].
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In addition, it is challenging to design a dual-band bandpass filter with high cutoff rejection out
of passband. An alternative technique to design dual bands with a simple and efficient design method
for a dual-band bandpass filter and ease of fabrication process was proposed by using a coupled feed
structure [8]. To achieve the realized prototype, the technique for size reduction and high cutoff signal
rejection by using dual-mode resonator can be presented. Moreover, the considerable attenuation of the
out of signal rejection in the dual-band filter is also required to discriminate the proximity in frequency
of the first and second frequency band. Asymmetric filter responses can be used to achieve this kind of
requirement.

In this paper, a simple dual-mode dual-band bandpass filter with asymmetrical transmission zeros is
presented. The dual-mode dual-band bandpass filter structure enables a compact and easy asymmetrical
frequency response which also requires considerable attenuation between the proximity in frequency of
the first and second resonant frequencies. The coupled feed lines are easily employed to combine the
proposed two dual-mode bandpass devices which are combined to form a dual-mode dual-band bandpass
filter.

2. DUAL-MODE DUAL-BAND RESONATOR FILTER ANALYSIS

To design a high performance dual-band filter, two different dual-mode resonators are combined to form
a dual-mode dual-band filter. The dual-mode dual-band filter can be designed by using two dual-mode
filters with asymmetrical TZ. This technique offers higher cutoff rejection than the same side band of
TZ at the lower or higher sideband. To verify the new design technique, both dual-mode for the first
and second channels are presented in this section. The dual-mode dual-band design is based on an
independent design of two dual-mode filters as following steps.

Step 1: design a dual-mode filter in the first resonant frequency between ports 1 and 2 at center
frequency of 1.8 GHz with 50 MHz bandwidth, and the transmission zero is produced at upper
center frequency sideband.

Step 2: design a dual-mode filter in the second resonant frequency at center frequency of 2.4 GHz
with 50 MHz bandwidth, and the transmission zero is produced at lower center frequency sideband.

Step 3: finally, the dual-mode dual-band bandpass filter is based on two dual-mode filters with
coupled-feeders, which are combined to form a dual-mode dual-band filter.

Based on a single mode open-loop resonator, a dual-mode resonator filter can be designed as in
[15,16] in which a single mode resonator focuses only on the odd mode resonance. Generally, an even
mode resonance of a single-mode resonator is present approximately twice at the fundamental resonant
frequency, and even-mode is of little use in single band resonator filter synthesis. For this reason, even
mode will emerge as the first spurious response which degrades the filter performance. On the other
hand, the even-mode of dual-mode filters may also be used as a doubly tuned circuit [17].

The even mode resonance can be moved close to the operating frequency band (the odd mode).
Therefore, a second order response can be created by these two poles. The schematic layout of the
dual-mode filter is shown in Fig. 1. An open circuited stub is added and placed in the center of the
filter to lower the even mode resonant frequency. The extended stub shown has no effect on the odd
mode [17]. Hence, the two modes can be tuned independently.

—a —
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Figure 1. Schematic layout of dual-mode microstrip with stub-loaded resonator.
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Figure 2. (a) Equivalent even-mode resonator. (b) Odd-mode resonator.

The equivalent circuits of even and odd modes at resonant mode are shown in Fig. 2. The even
mode resonator is represented by an open-circuited half wavelength type resonator while the odd mode
is represented by a short-circuited quarter wavelength resonator.

The dual-mode resonator by using the stepped impedance can be illustrated as an example design.
The use of stepped impedances reduces the length of the open circuited stub. It can also be employed
to achieve dual-mode performance [18]. The open circuited stub consists of two sections of different
impedances as illustrated in Fig. 1. Dimensions are calculated using equations

(AN (1)

The stepped impedance stub (Z2, Z3) is connected to the middle of the resonator (Z;), where aZs
and (873 represent the even mode equivalent impedances of the sections with impedances Zy and Z3.
Let R = Z3/aZy so R > 1 for the stepped impedance resonator where 573 > aZs. The electrical
length 6 is given approximately by [17].

0y = cos ( %) (2)

The electrical length (63) of the open circuited stub may be defined from [17]
c
03 = (7 + atan [—Rtan (02)]) — | ———— 3
o2 s Rran 0) = ( =) )
where 0, (r = 1,2,3) corresponds to electrical length of section in Fig. 1, and c is the speed of light in
vacuum.

For the demonstration of the dual-mode dual-band filter, dual-mode microstrip filters are based
upon a microstrip U-shaped resonator which is loaded by an open-ended stepped-impedance resonator.
The dual-mode filters are designed on an RT/Duroid substrate having a thickness h = 1.27mm with
relative dielectric constant e, = 6.15. The filters are simulated by [E3D full-wave EM simulations. The
resonator is coupled to the input and output ports with a feed structure having a line width (¢f) and
coupling spacing (¢g) as shown in Fig. 1. The odd and even modes refer to the first two resonating modes.
These two modes can have the same or different modal frequencies which depend on the dimensions of
the stepped resonator.

The operation of resonant frequencies against the length of stepped impedance resonator has been
investigated using IE3D full-wave EM simulations. The dual-mode resonator is designed to achieve
the desired resonant frequencies. The fundamental frequency is fixed by the length of the microstrip
U-shaped resonator (a and c¢). Even-mode characteristic can be achieved by adjusting the length
of the loaded stepped open circuit stub (d and e). Two input/output microstrip lines with 50 Q
characteristic impedance are used to feed the proposed dual-mode stepped stub loaded resonator. As
can be seen in Fig. 3, the stepped open-stub loaded length does not affect the So; response at odd-mode
resonant frequency as shown in Fig. 3(a) at 1.8 GHz and in Fig. 3(b) at 2.4 GHz, while the even-mode
resonant frequency is flexibly controlled by changing the length of stepped-impedance (d). An inherent
transmission zero (TZ) can be easily tuned to optimize the response. The TZ causes an asymmetric
response. It can be illustrated that the TZ is produced as a direct result of the open-circuited stub.
When the even mode resonant frequency appears below that of the odd, the TZ actually occurs on
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Figure 3. Simulated response of transmission zero located at (a) upper side band of the center frequency
of 1.8 GHz, (b) lower side band of the center frequency of 2.4 GHz with different length of loaded stepped-
impedance.

the lower stopband. This property can be used to improve selectivity of either the upper or the lower
stopband.

From Fig. 3, it can be seen that the stepped open-stub loaded length does not affect the S
response at odd-mode resonant frequency while the even-mode resonant frequency is flexibly controlled
by changing the length of stepped-impedance (d). The transmission zero (TZ) can be easily tuned to
optimize the response from upper to lower sideband. The TZ can improve selectivity of either the upper
or the lower stopband. Therefore, the proposed dual-mode dual-band filter with controllable TZ can be
used to improve dual-band responses. The next sections (3 and 4) show the frequency performance of
the dual-mode dual-band bandpass filter with controllable transmission zeros which introduce the TZs
in the same and different sidebands.

3. DUAL-MODE DUAL-BAND BANDPASS FILTER WITH TRANSMISSION ZEROS
IN THE UPPER SIDE-BAND

Based on the dual-mode resonator structure shown in Fig. 1, the proposed dual-mode microstrip filters
are based upon an open loop resonator which is loaded by a stepped impedance open stub. The filters are
designed on an RT /Duroid substrate having a thickness h = 1.27mm with relative dielectric constant
g, = 6.15. The filters are simulated by IE3D full-wave EM simulations. The dual modes are excited via
capacitive couplings by ports 1 and 2. The odd and even modes refer to the first two resonating modes.
These two modes can have the same or different modal frequencies which depend on the dimensions of
the stepped resonator placed at the middle of resonator.

The current distributions of the proposed filters by using EM field solvers IE3D at 1.8 GHz and
2.4 GHz are shown in Figs. 4(a) and 4(c), respectively. Figs. 4(b) and 4(d) show EM simulated S-
parameters of the dual-mode resonator filter at 1.8 GHz and 2.4 GHz, respectively. It can be seen that
both dual-mode filters have the TZs at the upper side band of the resonant frequency.

To excite dual passbands, two different dual-mode filters must be located between two transmission
lines terminated at open end. Each resonant dual-mode can provide a path coupled signal energy
from one microstrip feed line to the other at around resonance. The coupled microstrip feed lines are
introduced as an input/output (I/O) structure. Generally, a smaller gap, narrower line, and longer line
lengths can increase the coupling degree and lower the insertion loss. As such, the coupled gap, line
width, and line lengths can be properly tuned to achieve stronger I/O coupling or a smaller external
quality factor of the dual-mode filter.

The structure of proposed dual-mode dual-band filter is shown in Fig. 5(a). The two dual-mode
filters are coupled by an appropriately designed matching coupled-feed line that has the width of input
feed 50€2 line. A photograph of the fabricated dual-band filter is shown in Fig. 5(b). The current
distributions of the proposed dual-mode dual-band filters by using EM field solvers IE3D at 1.8 GHz
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Figure 4. Simulated results of dual-mode resonator filters with upper sideband transmission zeros. (a)
Current distributions at 1.8 GHz. (b) S-parameters at 1.8 GHz. (c) Current distributions at 2.4 GHz.

(d) S-parameters at 2.4 GHz.

Table 1.
transmission zeros.

Dimensoins of microstrip dual-mode dual-band resonator filter with upper sideband

Dimensions f1=18GHz | fo = 24 GHz
Resonator width (w) 1 mm 1 mm
Feed width (wf) 1.87mm 1.87mm
Coupling-feed width (cf) 0.4 mm 0.4 mm
Coupling-feed length (¢) 21 mm 21 mm
Space between coupling-feed and dual-mode resonator (g) 0.3 mm 0.3 mm
Resonator length (a) 14 mm 14 mm
Resonator length (b) 3mm 3mm
Resonator length (c) 13.75 mm 9.1mm
Patch length (d) 7.8 mm 4.52 mm
Patch width (e) 6.55 mm 6.55 mm
Feed length (ft) 10 mm 10 mm
Distance(s) of the two band passes 2mm
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Figure 5. (a) Layout. (b) Photograph of fabricated structure. (c) Simulated current distribution
of dual-mode dual-band resonator filters at 1.8 GHz. (d) Simulated current distribution of dual-mode
dual-band resonator filters at 2.4 GHz. (e) Simulated and measure response of the center frequency of
1.8 GHz and 2.4 GHz with upper sideband transmission zeros.

and 2.4 GHz are shown in Figs. 5(c) and 5(d), respectively. Measurements are carried out using Agilent
Vector Network Analyzer. The dimensions of dual-mode dual-band filter are listed in Table 1. Fig. 5(e)
presents insertion losses (S21) of 1.05dB and 1.25dB, and return losses (S11) better than 24.2dB and
18dB, at 1.8 GHz and 2.4 GHz, respectively. From Fig. 5(e), the dual-mode dual-band filter presents an
out-of-band rejection better than 15dB over the frequency range from 1.9 GHz to 2.1 GHz. The excess
losses in the measurements are believed due to the SMA connectors and fabrication errors.

4. DUAL-MODE DUAL-BAND BANDPASS FILTER WITH TRANSMISSION ZEROS
IN THE UPPER AND LOWER SIDE-BAND

The dual-mode dual-band bandpass filter with high cutoff rejection out of passband is introduced in
this section. An alternative technique to design dual-band with a simple and efficient design method
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Figure 6. (a) Simulated results of dual-mode resonator filters. (a) Current distributions at 1.8 GHz. (b)
S-parameters at 1.8 GHz with upper sideband transmission zero. (c¢) Current distributions at 2.4 GHz.
(d) S-parameters at 2.4 GHz with lower sideband transmission zero.

Table 2. Dimensoins of microstrip dual-mode dual-band resonator filter with upper and lower sideband

transmission zeros.

Dimensions f1=18GHz | fo = 24 GHz

Resonator width (w) 1 mm 1 mm

Feed width (wf) 1.87mm 1.87mm
Coupling-feed width (cf) 0.4 mm 0.4 mm
Coupling-feed length (¢) 21 mm 21 mm
Space between coupling-feed and dual-mode resonator (g) 0.3 mm 0.3 mm
Resonator length (a) 14 mm 14 mm
Resonator length (b) 3mm 3mm
Resonator length (c) 13.75 mm 8.5 mm

Patch length (d) 7.8 mm 5.32 mm

Patch width (e) 6.55 mm 6.55 mm

Feed length (ft) 10 mm 10 mm

Distance(s) of the two band passes 2mm
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by controlling the location of TZ is presented to improve the dual-band response whose two passbands
are next to each other. The high-selectivity dual-mode dual-band bandpass filter is designed by an
asymmetrical transmission zero (TZ) that shows transmission zeros next to the upper sideband of the
first frequency filter (1.8 GHz), and the TZ occurs at the lower sideband of the second passband filter
(2.4 GHz) which is formed of back-to-back transmission zeros.

The current distributions of the proposed filters by using EM field solvers TE3D at 1.8 GHz and
2.4 GHz are shown in Figs. 6(a) and 6(c), respectively. Figs. 6(b) and 6(d) show the EM simulated
S-parameters of the dual-mode resonator filter at 1.8 GHz and 2.4 GHz, respectively. It can be seen that
dual-mode filters have the TZs at the upper side band of the resonant frequency of 1.8 GHz and lower
side band at 2.4 GHz.

To design the dual-mode dual-band filter with wide cutoff rate between two resonant frequencies,
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Figure 7. (a) Layout. (b) Photograph of fabricated structure. (c) Simulated current distribution
of dual-mode dual-band resonator filters at 1.8 GHz. (d) Simulated current distribution of dual-mode
dual-band resonator filters at 2.4 GHz. (e) Simulated and measure response of the center frequency of
1.8 GHz and 2.4 GHz with upper and lower sideband transmission zeros.
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the schematic structure of dual-mode dual-band bandpass filter is displayed in Fig. 7(a). A photograph
of the fabricated dual-band filter is shown in Fig. 7(b). Current distributions of the proposed dual-mode
dual-band filters by using EM field solvers IE3D at 1.8 GHz and 2.4 GHz are shown in Figs. 7(c) and
7(d), respectively. The dimensions of dual-mode dual-band filter are tabulated in Table 2. Fig. 6(e)
represents insertion losses (S21) of 1.02dB and 1.2dB and return losses (S11) better than 22.3 dB and
19dB, at 1.8 GHz and 2.4 GHz, respectively. In addition, the proposed dual-mode dual-band filter can
generate two pairs of transmission zeros, which provide a better cutoff rate in the stopband and give
much improved selectivity. The rejection between two transmission bands is about 17.5dB from 1.9 to
2.35 GHz. The use of stepped-impedance resonator reduces the length of the microstrip open stub line
placed at the middle of open-loop resonator and also changes the position of TZ from upper sideband
to lower sideband.

5. CONCLUSIONS

In this paper, a simple dual-mode dual-band bandpass filter with asymmetrical transmission zeros is
presented. A compact dual-mode dual-band bandpass filter with an asymmetric frequency response is
easily realized to design with two extremely close frequency bands. The high cutoff signal rejection
is achieved by placing the transmission zero at the upper side band of the first resonant frequency
band and putting the transmission zero at lower side-band of the second resonant frequency band. The
locations of the TZs are designed at the side passbands of the filters in order to filter out unwanted
signals, obtain good cutoff rate in the stopband, and give much improved signal selectivity for the dual-
band bandpass filter. The 1.8 GHz/2.4 GHz dual-mode dual-band filters are illustrated and measured.
The rejection between two passbands is lower than 17.5 dB, and the insertion loss for each band is lower
than 2dB. The measurement results are found in good agreement with the simulation ones. Finally,
the proposed dual-mode dual-band filter offers a simple structure, which allows low complexity design
and easy fabrication process.
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