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A Study on Multi-Characteristics Independently Tunable Bandpass Filters for Mobile

Communications
ABSTRACT : Data traffic over the mobile communication network has rapidly increased
since the start of the third generation mobile communication (3G) and is expected to
grow to four times of that in 2018 by 2022. This is because subscribers of mobile
communication are still increasing strongly and the usage of the mobile communication is
expanding from the text-based communication like SNS and e-mail to rich contents as HD
video streaming that requires large amount of data and broad bandwidth. Introduction of
new operation bands has been one method to expand a capacity for mobile communications
for accommodating the growth of mobile data traffic. Currently, approximately sixty bands
have been assigned for the mobile phone system, and further increment of the operation
band will be unavoidable. Therefore, it is required that radio communication apparatus for
the mobile communication adapt to a large number of operation bands. Applying tunability
of a center frequency, bandwidth, and attenuation slope to bandpass filters, one of important
components in the radio communication apparatus, is an important key for answering the
requirements. Furthermore, it is desired that these three characteristics, the center
frequency, bandwidth, and attenuation slope, can be tuned independently for simplify the
tuning scheme and implementation of the bandpass filter. This paper proposes bandpass
filters for mobile communication systems that can tune these characteristics independently.
The proposed filters are designed with distributed circuit components on planer substrates
and switches.

Chapter 2 presents a center frequency tunable filter that has a capability to achieve a large
number of center frequencies. A novel resonator structure is proposed to realize a lot of
resonant frequencies that define the center frequency of the bandpass filter. The proposed
structure applies comb-shaped transmission line and switches located between two teeth of
comb, which utilizes a nature that the high frequency current concentrates at edges of the
transmission line. The resonant frequency is defined according to combinations of switch
state because switch changes the current distribution on the resonator to vary a reactance
value of the resonator. A two-pole center frequency tunable filter employing proposed
resonators is fabricated and the measured results confirm that the bandpass filter can
realize a lot of frequency responses of which center frequencies are different.

Chapter 3 addresses attaining independent tunability of center frequency and bandwidth.
A resonator is proposed to have multiple resonant modes and a resonant frequency for each
resonant mode can be tuned separately. The proposed resonator consists of a ring resonator,
three tunable capacitors attached to the ring resonator at regular interval, and multiple

switches that connect the ring resonator to the ground. The resonant frequency for



determining the center frequency is changed by the tunable capacitors. The resonant
frequency that defines the bandwidth varies according to the location of on-state switch to
the ground without shifting the resonant frequency that defines the center frequency. This
unique feature provides the independent tunability of the center frequency and bandwidth
to the bandpass filter. This independent tunability is verified by the characteristics of the
bandpass filter using the proposed resonator.

Chapter 4 discusses a bandpass filter that is capable of tuning not only the center
frequency and bandwidth but also the attenuation slope. In this chapter, a novel
dual-functional circuit is proposed. A coupled transmission line and switches construct this
dual-functional circuit. Switches are located between two transmission lines of the coupled
transmission line. One of the transmission line of the coupled transmission line is also
connected to the ground via switches. This dual-functional circuit can works as a
transmission line or tunable resonator that can change its resonant frequency as well as
bandwidth independently, and the functionality can be chosen according to states of
switches. This dual-functionality allows forming resonators and coupling circuits arbitrary
on the coupled transmission line, which makes it possible to increase or decrease the order of
the bandpass filter flexibly. A circuit structure of the bandpass filter using the
dual-functional circuit is presented and characteristics of the bandpass filter demonstrate
the center frequency, bandwidth and attenuation slope independently tunable filter is
feasible.

As described above, a technology for independent tuning for multiple characteristics of
bandpass filter was developed. The author believes that this technology contributes the

further advancement of the mobile communication.
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sinf g) +8R (cosBé — cosf %) +ijZ, ((Zoa)C)2 (sinﬁ% — sinf2L, — sinf (% - 2L1)) +
2ZywC (cosﬁé - Zcosﬁ% + cos2fL, + cosp (% - 2L1) —cosf (g - ZLI)) + 8Ra)CsinB% +
4 (sinp % - sinﬁ%)>} (3.12)

B MU R Z A ToMY EXRT B L,
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Fi(L,C,w,Z0) = 1+ 2c0sp % — ZowCsinf (3.13)
Fy(L Ly, C, R, 0, Zg) = 2R(ZowC)? (cosp 2 — 1) + 4RZowC (2sinf 2 = sinf %) +
8R (cosB L_ cosfs E) +iZo((ZywC)? (sinﬁ Z_ sinf2L, — sinf (2 - 2L1)) +

3 3 3 3

L 2L 2L L
2ZywC (cos[f; - ZCOS,B? + cos2fL, + cosf (? - 2L1) — cosf (5 - 2L1)> +
. 2L oL . 2L

8RwCsinf S 1 4 (smﬁ 3 smﬁ?)) (3.14)
Yall,N ¢ F L Vb %}EHU\VCL‘/{—F@ J: 5 0:,;5'5 ﬂ%

YallN = _4'F1(L, CJ (A),ZO)FZ(L, Lll CJ RJ wJZO) (315)
Yan iE F1 & R, OO TEINSE 72D, FidEn ez, Yaxld¥rn s, %

LT, Fild LICBL THY.TH B 720, 4 IRBEICE 2 BWSW OfiiE % 2L X472
LT, HREEBIIZERL A b2 D

RIC Yap TH DD, INHBERICHRDE E YaldERA, Thbbfve—2v 2
Yrlh, WEBAERING. AIEAROAEEC, BWSW OEHUER 235 535
B, Yup DRDBEHEIC R Y Yaup AL BICR 2GR RT LML WD,  flijfio
T AR B DR R C LU BWSW OHUE R A€ 0 DEED Yap 21T &,
Yaup = —16Z3sinL (L — 2Ly) sin (L + 2Ly) (3.16)
L%, CNEEABIEE 755 T B HIET, sinE (L—2L) b L < iEsin (L + 20 2%
TR AUE Yaip & 72 0, BRTZ L OBETH 5 729, A VIREED BWSW D& I2)6
U T Bl 2 B0 2203 5 2 L 3bh 5

BWSW BEMIOER I Y FICH 3EAEICOWTHRBICANT FIZ VR ViR

W5, YazROZBEREEC, UToXHIC

1 Yiau,
L = Y,aii”; (3.17)
L35 L Y anlE,

Yoaun=2j-1+ 2605,8%— ZywCsinf g) *2R(Zyw()? (cosﬂ% — 1) +

4RZywC (ZSinﬁ % — sinf %) + 8R (cosB% — cosf %) +jZo((ZywC)? (sinﬁZB—L —sinfB2L, —
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. 2L L 2L 2L L
sinfs (? - ZLZ)) + 2ZywC (cosﬁg - 2005[3’? + cos2fL, + cosf (? - ZLZ) — cosf (E -
. 2L oL . 2L
2L2)) + 8Rw(Csinf St 4 (smﬁ 3= smB?)) (3.18)
75, BB F 2L TO@EYED 3.
F3(L Ly, C, R, ,Zo) = 2R(ZowC)? (cosp 2 — 1) + 4RZowC (2sinf % — sinf =) +
8R (COSB L_ cosf E) +iZo((ZywC)? (sinﬁ Z_ sinf2L, — sinf (E - 2L2)) +
3 3 3 3
L 2L 2L L
2ZywC (cosﬁ; - Zcosﬁ? + cos2fBL, + cosp (? — ZLZ) — cosf (5 — 2L2)) +
. 2L L . 2L
BRw(sinf S 1 4 (smﬁ 3= smﬁ?)) (3.19)
DL E YVanld

Yaun = 2jF1(L,C,w,Zo)F3(L, Ly, C,R, w, Zy) (3.20)

LD, Yan DB F L HofoEcErnG. CoBAD FiAEe &g,
Yanld¥w &b, hEpro Filid vIREED BWSW OfLE L I L T TH 5 7=
%, FVIREEICT 5 BWSW OfiE 22 b X ¢z L LTd, HIRFAFEBIIZ{L v C
ERODD. Yapld, HIFEFKERE CEET L LEZGA,

Y aup = j82Zsin (L — 6L,) sinf (5L + 6Ly) (3.21)
L7RY, THHICOWTH AR L LRI S AR 5o T T, sink (L -
6L,)H L < 6isin§(5L + 6L E RIS Yap ZX¥ R L 720, HBETFIE L, OB
TH 27289, FIRED BWSW DALEICIE U CIEMB BN 2 BB Z 325 2 &
Db b,

COXHICEPLZHIERO T FI 2 v 256, LT 20 v 7 HREIT A VIR
RED BWSW DAl % 48 2 T b R EIIZEE 5, WMEmo FESsZE{d 5L
DR INSG, 22 CZ oY) v IHRGBOREICO W THIERIEY T2 —va v
FHWCHEZRT 5. K34 offfigfbL7zE7 4%, X33 OrEHIREEDO X 5 IcH—+
L-R— b 2 TR L 72BRD Sy MO Sy FitkiconwT, #EREEEY Iab—va v
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BAEC P R O IAHER B 1E, MR w L, Vv 7R L2 1R & 7 % JEREE D £ [

*éﬁ(wo %FHV‘VC,
=L 322
p=r2 (3.22)

LEEZRIN, Vv IHIRBA2GHZ T L HEQA)TH LD,

w _ 2n2nf(GHz) _ nf(GHz)
wy L 22m L

g=2r (3.23)
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%, BRERI MRS S RIS S S 2L —v a VIC X ViR L7, 3.1.3 TlE, ToA[ZY
v O RB OB E R B Y I 2L — v a vy CERT 2 L L i, BIEL 2R OR

WrERL, ZOKEEICOWTEmT 5.

313 B0y I 21—y a v ROHIERR
ZCTIE, £3ALY v 7 HIREROFHEIC D W T, HREFEE (Finite Element Method *
FEM)IC X 2 BRI 2L —vavzfuTilER T 5. K3.10 A& Y v 7 Hikear D

Iial—YavETARRT.



65

O FVRED X A v F(100pumiE D £HRER)
24y F ey FERELEDETAERE L L TEME
(F 7IREED B0 pF, 7 > IREE D IF#I2 pF)

i EABoEX

Ny F —> Sy T
(#92 pFD 3 ;
zgeLc O 3 O

FIR)

P
”””””””””” T T S ) f N
SIS

H AT T BWSW

b3
LR
\ 2 /

SSRGS T

0“’400 GND
(TR Sy F)

B43.10 w[ZE) v IREDOY IaL—vavET L

FEHIFEE 0635 mm OFT AL IFe L, v~47vx by FREEEZHVS. BiRITS
pm OEHEEL 325, Vv SRR — o0 AHNERERIT 50 QFREEE L, fRERIER
0.6mm TH5. Vv 7OEREIT18mm THD, AJEAREI, H2pF OREL L CEIE
32V v 7T 3 DFHRE (120° ) ICELE L7z 2pF ICHS 3% 3mm DYy 5 &
Ny F) v SR 2R T 5 SW b, BRERZIE SW ot v ATtk o T
ZAssbDLd 5. BWSW i, Vv 7 REfA TENIC 3 ORCET 2dDE L, 4V
REE L T2 HA1CIE, GND (B 7 & —bic X b EEHER & Bk & /- gk vy V)
LYV RERTSZLeT 5, MYy NI 0200, 400, 607 & 7x BALEICH
BELTW5, hBrLERL ) v 7 HLIRE 2 /55 SW, BWSW i, A VIREED A 135
T ZFEL 100 pm HBOLEDOMMEETREL, F7IREDGEEIZZ DL DRI D
DEIT 5,

301 MUK 312 I Z ) v FHREOFHEY T 2L —v a VR 2R T



66

2 2.5 3
¥ (GHz)
(@) Su
0 ¢
_5 -
-10 |
15 |
(2]
=20 |
D o5 |
_30 =
_35 =
-40 ‘ -
1 15 2 2.5 3
EiEE (GHz)
(b) S

301 Btk a2 —v a VR Oy F e ) v 7RI )



67

o
)
<20
n
i ]
-25 |  ——20deg. ‘
60 deg.
_35 1 1
1 1.5 2 25 3
BB (GHz)
(@) Su

)
K=
&
6

—20 deg.

—40 deg.

60 deg.

2 25 3
[AiR# (GHz)
(b) S21

3.2 FitEr S av—va vEER Oy T e ) v IR A D)

ETNy F LY VIR R R L R EICOWT, 043207 , 40° , 60" DHE
DILHIRIEIX, ZNZEN 7%, 20%, 37%L, OHKEL RBICHE, JAHIRE > T
W3, ok, HIRFERBUZZNZ 1, 2.09GHz, 2.06GHz, 2.08GHz & #HT O H) %
RoNn2zb0DIE2.1GHz TETH 0, FE & HIREEE A ZITH IcEH T &

TWa, RicokyF L) v 7R ZER L 728581 20wT, 025207 , 40° , 60° @D



68

B& o aisiigix, 202 3%, 9%, 19% &, 2H5H 0B KRE L ARDITHY, L
WEkoTwad, HREEEICOWTD, ZhZh, 1.60GHz, 1.61 GHz, 1.61GHz &
FEH LB A 78 <, SARFE PR & 2T % D IR & R B 13T I AT T ¥
TWwa., ZOXSIC, REFT ALY v 7 HRERSS, HHRFE B & HrsE % o7 1o 4851
AHETH B 2 LI, BWRY IaL—va voliR» b b ERTE 2.

D) v 7RO T YA v & GaAs FETSW 2 FwC, W& ) v 7 IR 2R 1EL

72, SMEL 72 HIRE 2 X 3.13 IR T,

ARy F QpFDOREE LTHHAE., sSwCtiH
EHhETRAIZERE L LTEHE )

{7y 1kQ
o Fy TR Bl

BWSW1 N\ 7
(Dswc % 1

BWSWH ;
NATRER |

3.13 GaAsFETSW ZHWTHIEL 727 & Y v 7R

Z 2 CHW72 GaAs FETSW 3 2 BICk WAL Zb DR LD THY, 20
FRtEi3sg 2 oK 24 IWRT eV THL, Ny Fe ) v I HREEAER T2 SW %
SWC &FEFRL, 3 20 BWSW (ZZ £ 4 BWSWI(0=20° ), BWSW2(6=40" ),

BWSW3(0=60" )L W3 2. % SW 07 — b ~MEGT 254 7 A&EEIL, RF 73—
7L LTHWEZ1kQDF v 7HEITE AL THIIME h, F 7RHCiE-3V, vz ov

EHIMLZ. 2y V7 =27 F 54 FEHAWCHE L 20 Z RS0 % X 3.14 &



69

U™ 3.15 ICRs. 3.14 1 SWC 284 7 DIREE (v F & ) v 77 REERIN T WL

REE), DFfET, 3.15 13 SWC 234 v DIREE Sy F L ) v 7RI N T w3k

&) DRETH 5.

S, (dB)

I 60 deg.
_20 | H
1 1.5 2 2.5 3
FAiE# (GHz)
(@) Su

Sz (dB)

BiE# (GHz)

(b) S21
3.14 RIEL 720[& ) v 7 HRE OFRiE (SWC # 7 1REE)



70

0
-5
) i
S-10 |
E I
9 i
15 | —20deg.§
| ——40deg. |
60 deg. |
-20 k _—
1 15 2 2.5 3
iK% (GHz)
(a) Su
0 —
3 /
=
)
0
30 | —20 deg.
35 | —40 deg.
60 deg.
-40 t 2
1 15 2 2.5 3
AR (GHz)
(b) S21

3.15 BMELZAZ Y v 7R oRE (SWC A v IREE)

T 9 SWC 254 7IREDAICOWT, 0% 20° , 40° , 60° & L7354, HHE
12 5%, 15%, 29% L) 72> CT\wrofz, —FHAREBENL, 224, 1.97GHz, 2.00
GHz, 2.00GHz & HIKIEDZH b 2.0 GHz TIZIE—E & 72 b, IS & HIRE AN E
ITHSZICEE TE T3, SWC A4 VIREEDE&HICEWTD, 023207 , 40° , 60°

DEEDHEIIEIZ, FHZF 6%, 11%, 19% &, QTG ChimE et h, Z ot



71

IR EIE, 1.51 GHz, 1.52GHz, 1.54GHz &13%1% 1.5GHz &£ —ETH 3.

Yial—yaVIERMPHIERRICET 2 FEEEE2R31IICT LD S,

*3.1 WRY v 7RG O ER R

SWC A HRIED BWSWO (i 6 ( ) SR 1 4 (GH2) 3-dB 1t HF LG (%) PRI € DI
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Wik 2EBENO Ay T L v ROFRZ MHICERBEZAMT 22 TA VY T L
VIRERL, ZhifEu Ay 7L v ko R PEoREEIET 2 2 T, R
JARBHBEAT S, CDOT7 4N ZDRBOEFEIL, % OHIREBOIIRF BB OE T IC X
> ThEING, Hl2IEX42 (b) LMD X 5T 4KD BPF & T 354, 4 22Tt
IRER ORI A F U f1c72 2 KO ICRET 2 2 & CHhIRBRH 2 A XL 5. —T2
XD BPF &3 286, K42 (b) oGHENR IRk CHATR 2 >0 o LR
JEREE o 2 DoIREABAR L HEIABER L LT T, BAHIEARVLE
LT B, ZHICK YKo 7z Ll 2 DD HYREZD AV HEAL, 2RO BPF & 7%, 2D

BPF ICBW TR A AT X 225802 X 4.3 iR,
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| — 2RDEREST 1s
— ARDERERE

T d T v T Y v
28 3.0 3.2 34 36

[&iR % (GHz)

X 4.3 [X4.2 ® BPF O JREBEE1E[4.2]

Fl UHEIE 255 2035, WERELSXIC L > T L TWwBZ e hs. 2Dk
512K 4.2 ® BPF I3IER 4 KB OEHEIC L YV A[ZE L L CTW3 2, Zd BPF DAL
KBTI, REOEFEICHIRLED 2. HlziX1 XD BPF &3 5729, K42@)icE0

T 2 2O HREG KO Bl AT F — F Rl Z# SERIRICSH 5 2 2ok of

Wi

o 1 >OMIREZHEA I 0 X S IR Zz&RET 2 &, R — 1t LKL
o HARER D EFHE IR O 72 DAV NE { b, R OS5 2NEE L v, /23D
DRI A VT 3 XD BPF 2B L § 2 B&ICH WTIE, 3 20 HIRERR 0 & 12
D A, AHIIR— b G T 2R ON 1 D134 F AR — b 5 o 2=
K72, CIFYBEETFOEFEFTEE L 2\, DX HICX 42 O BPF B W TIEEER

RETR REUCHIIR 2D 5 2 & 39302 5.

413 XEw HEEICEHEAHE 7 BPF OREAL

TR L) REDFEABEDE <, oD JEREL & A iEiE 2 2 Al AE 72 BPF D%
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JRICOWTEZTH S, H2EICE T, HRAPE L WgEz 2L 32 ) v 7R
&\ 72 BPF OIEE R L7225, 2D 7 4 L2 ICE W TREAREIEKZ 90° BHgRTH
o7z, TR AR ICHIRIR A TEREE DY B % 720, RS IC 3SR AHE T %
720 DEREIBAEL %20, FEREEOHTHICE T 90° DHZELZRO7ZIF TR
ol lzdTHD, ZD 90° BHHERITHE L 2 kA WO MEL 2w, 22T
KBDOFEEHREHE L, 2 DL RIS L H8iIE % 25 W[ HE 7 BPF Ok & L C,
B 4410733 K5 7%, HIRER & REMIEOEEZ YV B 2 2 © L 23vlReZelaliEg (LA 2

PREEVIERIRIEE & VAR T %) DSEEIEIE It I 2 K 2 1255 5.

21%ae GHIRSR 21%eE (FIReER 21%ee GHRSR
- (RIEIRER) - R HRER) - RIEIRER)

YA EIEE A REIES SR B

4.4 2 BEAEV]RF [Nl % FH > 72 BPF 1K

ZOWRE VS L, 2 BRI EREOMREEZ BEHY VB x 2 Lickh, BIEICHR
mOBELHEL, HIRGHZ IR CREIEL LA TE S, HlRiE, 2 XD BPF
X, 2 o0HIRER L UCHRET 5 2 BEREUIIEIER & 3 D DIk HREG L L CHERET 5 2
PEREVR [MI3E & F VCAUSHERCRTRE T, 3 RO 7 4 v 1%, 3 DHLRER & L CHERES 5 2
PEREVIEEIE & 4 D DRk e U CHRES 2 2 BREVIR I 2 v I ERE T RE ©
Hb, ZDODXICNRDT7 4N ZEWET 256, NEOLIRER & L CHERES 2 2 Fig
UIgEE e 2o a3 2 Nt HOREREEE L CHRET 2 2 BREVIE R CRERL
HRET, ROEWRER KB AHEAE V. EAEO HWIE, KEMOEHTIC X 2 =R
PDRZE 721 TldZe <, OB L WEIR D MSZICAZ L 352 Lich . ZD7kd

iR & U CEMES 2R 2 AU IR I, B2 Eor[& Y v 7HREs & [FERIC,
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R JE R & HIE 2 AT IS RIRECH B T L3Rk ® b, [EEHRIg L L CHEBET B
2 HEREVIRRMIESIC Y, HOERESEL L 2B b 2 oL EEEIC B W TRHE D
90° ¢ 723 X, MEENUETHRITINIZR SR, 2D % 2 BEREY) R n% &

LT, 42 1CBWTHIAMREE SW 2 Hnw-higa e+ 3.

42 FEARREEE SW CHERK & L7 2 BEREY)E [a] B

421 1RET 2 2 EEVIRE B O HERK

PRET 2 2 ARV R D RERIC D W TG % [ 4.5 1R 3

& S LDOFEEIRIE(Z even=22Z0)

I

I
<
<

I

I

»

A AR A SRR
ZO — cee | ZO
o /> SPSTSWit
B B e SPST1

DA VIRREDSW
PSS P Ie

P45 X 25 2 FRAEVIE [RIEK DK

DElEgIE,  ITEICE X N QIR A S L7z 2 K OIREMRE 2 55 RE L O

Y

TEORREE L, 2 ROMEREEDON 1| ROIRIERRES & Bk & 284t 3 % SPST SW #f

(SPST1) &, 2 KDIGEMISMEICHLE & 17z SPSTSW #E (SPST2) 2> b HERL & 41T
5. BREAMIEOME—FA VE— XV A (Zaen) L, FEAPREEDUHRIC D 72255 A
NG DR A v v — & v R(Z)D 2 15Q2Z) T 5. T D 2 BEBEVIEE AKX, SPST1 &

UF SPST2 DARREIC X W BEREDS A LT 5. ZhicD 0T, 4.6 ZFH\WTCEHT 5.
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A R A AR
O EEREE L Tiae
2T DHOSWHF 7 IREE
(F 7RBEEDSWIL SR EH % B HK)

(a) TNTDSW 254 7IRFEIC H B 554

@R & L THERE

Q&R & L THERE

F 2 IRREEDSW

L LR

(b) SPST2H D 1 2D SW 234 VIRREIC H 2 54

{REARER
&L ThRe

R RS HiRas
& LTHERE & LTHkRE

(c) SPST2H D 220D SW 254 VIRREIC B 256

4.6 2 BEHEUIERIEKIC 351 2 SW DIREE & HhE

%5 Z ORTIRASEMIE O IL, AR ORICEET 2 b D& L, AHIJI#EE
DURIAIAS, At Arfkig o BRI O TR 2 Bt L T 2. Z ok LRER & L CHERE
X250, MOMBEERT 2 2 ROGEREKC TBHC 28] 21F3 0885 5.
Bl Z XX 4.6(a) 13AE ARG & 2 OWIRHIC B 5 AHJIERERIC X - TEA L 72588 O TR )
BELONTWD, K 4.60b)DEEL, oMk e, AHIMRIKE, SPST2 oHicdh
24 VIREED 1 DD SWIC X WAL I EAIC 2 2fEbnTw 2 (2t h®, B

TRT). IHICK4.6(c)DEEIL, SPST2 OHICAH VIREEICH 5 SW 232 0B 5 23,
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Z DFERPAL 725 D X 5 ICARF3 ofEb i Tw b (2@, ®, ©®TRT).
D5 H 2 DITKEAHRE, AHIEREE, KU1 oo ViREEICH B SPST2 OH D SW
T EN, b5 1 DE3MEEMIKE 2 o0 A VIRREICH % SPST2 DD SW T X
nNTws, TORAUMEEFIC, SPSTI DN 12D SW 234 VIREEICH 28565, Z DFf
U7 SRR & L CiBET 2. Bl 2130, OO hIciZl 35, —77 2 O
B sk & LCHRES € 250, O, O, @, @TrRInL#EEO XS ic, FILL
FHILPNIC BT SPSTI HIZH B SW % | b F VIREEIC L R iTR W, 2ol h
5O IR IE, FEA v =XV AP Zewen DIBERRIEAS 2 RAGHITE R S T
ZRILE Y, FEA VY E— X VAR Zaw2, ThbDD ZoDIRiEMREEL L CHEET 2
ZLRBEHICEZOND, X TXRAELRICE T, R L CHRET 2858 1CHEN

ZYCTCHAT 5.

422 HIRZRE L CHEET 2856 DR
IRER & L THERE L T 2 58 D AIREREIc oW, b L 2K 47 DT L%

FWTEFERKY Sal—ya v LEERPRT.

SPST2/ OSW % & 50 Q
5K, BHEEN

YOO, LB

L,TRY,

180°
Zeven =100 Q
90° Lo Zogq = “10 Q 90°
,—J—f_ [\1 <—>4—> . N - /-J_f_ '\2
50 Q : LA 50 Q
A8 - v AR5
S E R e S O FrREICH 5 BlEAE-LVR
50 Q
77

B R L TWDIRRER
BXEB3Z&ICLYSPSTIHR®D
SWOIRREE b & 15, + RRE
|2 BSPSTIHDOSWORIE %
L, TR,

F 7IREBOSWIETRI(C
mFREERKT 5 & Hm L REEAK

47 JfRdse LCHEET 2 G0N Iar—vavET L
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AHIBIEOFHEA v e =XV AR PER =P DL v =XV R1X50 QL3 5.
HREEOME—FA v E—X v 22N kY 100 QL T2, HE-—FfvrE—X v
X, 40 Q& 2. MRS L CEIES SRAL Z25EE0E, F— b 1 o AHIHRREE, A
AR, SPST2 1D 1 DD U7 SW TR T 2b DL L, ZD4 VIRED SW Df7E
Lo k95, SPSTIOHD 1 DDA VIREEICH 2 SW OfLEIL, LikT5. b3
2L —vavikBiF3 LIKRELI26GHz kT2 BAELXHWTRL, AHIRE
DRI MOHEEMBRIDERTD 5. HEMBOERIT 2.6 GHz ITH 1T 2 F R
(180° )b §5%. XoTZdyIal—vavitklls L, DEAfEIE 180° L7 3. K
U (EYUE R Q) 13 SPST1 OPNA VIRFEICH 5 SW DA VIEHIZHL2bDTH 5.
B TIHEARED SWABEBENTHI LI DL L, IO DEREIHEND D (KHT

fERICDOWTIE 0 QICEE)E T 5.

0
10 |
8_20 r
=
@ 30 |
40 |
_50 [ 1 1 1
1.5 2 2.5 3 3.5
B % (GHz)
(a) S Fri:

4.8 JEBEERHEY I 2L —va VEIR(I.=1807 )



102

10 |

20

S (dB)

30 |

40 |

_50 [ 1 L

1.5 2 2.5 3 3.5
JER L (GHz)
(b) Sa it

4.8 FMEFHEY 2L —v 3 VEERL=180" ) (it )

COHIRERITFR—F 1 AR — T 2oMICEAICERI ATV SO, 22 TlEZ ot
IRERDESHIR L TV 2 REZ IR IR & 2§ 2. oA IRAEBIE Sy
BN, Sy BIRKE R BHBETH 5. L2 180° T74ab Db 2.6GHz IC BT 3 FE R DY
&, X 4.8 22 HIRFEIEE D 26 GHz Lo T B e bbb, Li2#Z{b3ds L,
HIRSER AL 2.6 GHz D F 4D b 78\ A3, RO EREZ L, T

MEZL L TWB 2 Lhbh b,
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a0 | 29

50 L - -
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(a) Su Rt

-10 |

_50 L L 1 1
2.5 3.5 45 55 6.5
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(b) S Frl:

49 FABEEEY S 2L — v 3 VAL =108 )

KIT L 23 108° OEE, K49 1R THRIC, HIRBMEED 43GHz &< o> Tw
5. ZOWRRET L #EL X R84, iz L e FRICHRREBEIL 43 GHz TE L
T, WEHESZL T e rbrd, v ialb—vaVviERICBTS L KT L
DEM, FERFHE GERERE, FEE, RSB S FEE) 2K411cELd
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41 BIEREY IaLr—vaviERoF Lo

L, (deg.) 180 108
L, (deg.) 14 29 43 14 29

HIRE R
(GH2) 2.6
LR

(%)

HEABD
Bk % 2.8 3.1 34 50 5.9
(GH2)

2.6 26 43 4.3

3 12 23 8 28

INLDY Ialb—a DR, R T % 2 RV R 2 HRes & L THRRE X &
78t B2EONRY v 7 IRE & FRkIC, HHIRREBHEL & i 2 AL i R L RTRE T
HHIEHPATNG. 2 X5 ITHHRMAPHL & W iE S AL ISR ATRET & % B IC
2T, ki LTHRES €5 DRIEDOANA v —& v 22Tl 5.

FIEEDANA v — RV 2AZE T 5720, K410 DETALEZH NS,

ﬁ%:{:l_\%??l%%(zeven s Zodd)

M*SZLE o 1
G | m—— e |
R

(re—xvzy L

<

Y__

A A

L +Lg = Lyt

X 410 FEHIRZEE L CHEIWEL T\ 320 2 BRI D £ T v

AMIEIEFE CHE—F - E— P Y =XV R 2FD0 2 W ORERIGICHEIL,

EEMKDOEE—FA Vv E—F VAR Zaa £ T 5. /2T E—Ff v E—X VY R Zow
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13, oS ERIZR 4.7 DETFALICEWT, SPSTI DA VIKEEICH B SW 2
bFR—F 1 oS ERL, ZOoRIII L &T5. HlofEREgIZ, SPST1I @
WA VIRREICH B SW 25 F— b 2 i SPST2 DNA VIRBEICH 5 1 DD SW £ TD

SRR AERL, ORI A LTS, R4T D2 oDMAEMBOEI % Lins L, L

=p

DEAMLCTOARLEL T2, Leld Lol TREIND., LLIEKATDETLICEWTLC
YL, Lrold LY 2, SHEZHMICT 2720, HF— M idHbEkiciEsd 2
boET 5, FEARIEHEIC S 2 IEPTIE SPSTI ONOA VIREEICH 2 1 DD SW D F v
KHizkL, 208bi{EZ R LT 2. COETADANA VE—X VR Zn%, G
BrEHWIZANT VDANA v =XV 2R ERD 12[4.3]% SF ICHERN RS SR D 4
vE=ZVRTHlE F vk y 7OERMER TR 5. Cokw, KiiToEE, &

HRAPARLZXK 411 OFETAICEZHZ 5.

SEHEENPAY ey i

Vin=2ZinlIn VvV, Vig Vri e )
)\jj — ILl Zeven ] Zoddy IL4 IRl Zeven 1 ZOdd’ |R4 — ’ = ]\
R—hF Vi Ly Vis Vro Le=Lrole | Vs I
IN 5 - — — ou
P I3 Iro lr
ISWT R 3

411 ZnEHDZODET L

FhiFIc kT 2 BE, BRIER 411 ORTEY &2, I AEMORERRES DI+

BT 2EE, BEROBBRIEIUTOL I IcKRINS[44].

Vi1 Zin Zip Ziz Zpa\ [Ia

Vie | _ (212 Zi1 Zia Zi3 || li2 .1)
Vi3 Ziz Zia Zin Zpp |\ i3 )
Via Zia Ziz Zip Zpi/ \pa

ZZT, AVE—X Y 2{THDOEERIILLTO@EY TH 3.

.1
Zin=-j 3 (Zeven + Zodd)cot BL, 4.2)
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.1

Zip=—] 2 (Zeven - Zodd)COt BL,
.1

Ziz=—j 3 (Zeven - Zodd)csC BL,

.1
Zia=—] 2 (Zeven + Zodd)csc BL,

53 BIIIHHERTH 5. F[FARRIC, HHIOERREEDILFIC3B T 2 EHE,

RIFUTD XS ickIN S,

VR1 ZRl ZRZ ZR3 ZR4 IR1
VRZ — ZRZ ZRl ZR4 ZR3 IRZ
VR3 ZR3 ZR4 ZR1 ZRZ IR3
VR4 ZR4- ZR3 ZRZ ZRl IR4»

ZZC, Ave—F V2T OZERIZILULTO®EY TH 5.

.1

Zp1=—J E(Zeven +Zoaa)cot B(Lror — Ly)
.1

Zpy = —] E(Zeven = Zoaa)cotB(Lror — L1)
.1

Zpz = —] E(Zeven — Z5aa)cscP(Lror — L)

.1
Zpa =—j E(Zeven + Zodd)CSCB(LTot — L)

I FIC BT 2 ETEOBER2S, UToXnEons,

Viin =V =Vin =ZinIIn

Via = Vg1
Viz = Vga = =Ry
Vrs =Vgsa =0

72, ¥Fredy 70ERL, UTOoRXBH/ONS.

Iy =1 + 11
I 4 = —Ipy
Iy = I3 + Ig;

loyr = Igz + Iga

(4.3)
(4.4)
(4.5)

DR

(4.6)

(4.7)
(4.8)
(4.9)

(4.10)

(4.11)
(4.12)
(4.13)
(4.14)

(4.15)
(4.16)
(4.17)
(4.18)

K@D 5418 ZE R E LT L, A4 v e =X v R ZnZUT D X 5 118

baNns.

Zeven (eJZBLTOt —1)fn(Lroe,LL)
fo(Ltot,LL)

Zin =

22T, fyUro L) & follpoe, LT D X HickE 23,

(4.19)

fN(LTot' LL) = —(Zeven + Zodd)(ejZBLL — e~ J2BLroc + e~j2F(ror=le) — 1) +4R(1 -
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e J2BLtor)) (4.20)
fD (LTot' LL) = _16{Sin.3(LTot - LL)(ZevenCOSBLLSinﬁLTot +
Z0aaCoSBLrotsinBL;) +jRsin2BL1o:} 4.21)

T, R@.19)IcH T, ZnAE¥eich 30, HIREPETHIREZ L w3854 T
Hb, ZDLEINDHTERTCAL L, 320RBOBOIETRING., ZDH b, 2
FHOWFTH 3 (e/2Plroe — )13, LLiw= xw DEFICE B &7 5. T ZhLMHERS

ZARx EEITIE,

T

A
Lro¢ = =%=; (4.22)

=

LY, TAabLHU ZEROMAIRIEO SR ERER & 2 2 AEE kT 5. 7
Z OHPRSAE, SPST1 Hhicks I 52 A4 VIKRED SW DALE Lo ITKIF L a7z, * v
REED SW DALE %28 2 T IR EIIZ D S 72\, ZHIEHEREEY I 21— 3
V0 IR BRI L A RS R T B 2.

RANCTRERR DS LCIE U CE LT 32 21c2o0nT, K412 DEFAZHWTEHHT 3,

AR O LA O IREE

(ZO = Zeven)
P s HAR— k

AT | 3 -
L +Lgr =L

siiEiE | SeiBAEHg

227 #1 L 28T #2

(ZO = Zeven) (ZO = Zeven)
=2R 2R

EEIREE O Tl D #R B
(ZO = Zeven)

X 4.12 JWEMOZEAFET v
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ZDETNE, M 410 BT 3 HAMED TMUIORIE%Z, SPSTI ODWNA VIKEEICH
% SW DL ZATHE, LYl 2R OEPTcHiER L i T 2 2 & T, ik
BAZTH RO L L2 DTH B, ZOEFAMCENT, RILIEKR 2 7840
REHIRFE LCEET 2 L, ANRUCHIR—- P BT v =XV 225, R230 Q
DRgICIzE e, GROMETH o7z LThihE b, £K— b OREHRED 11CE <
5. ZORR, BEAXTRE, LR Le(=L— L) DR & 72 3 BB 0% 0
#fs (0 ZBR<) OABEIC BT Sy 3N, FhabbiEEmE b, Z O REEEIL.
LUICIG U TS 2729, SPSTI O A VARBED SW DALE MR D LIE, IEMRD JE
BAZL, #Re L TREBIENAZT 2. fl K47 0T VICENTIE, BXAE
DEFINB WA 26GHz TH B Z &b, WEMOIN 3 EHE (GHz) 13, 5
UM A R THIIC K B b D% fo, FEIFAEA X TR ICL DD R fin b T 5 L, n(=l,

2, =) ZFHOWTUToOX»2 bk 653,

180-2.6

far=n— (4.23)
L
180-2.6
fro=ng o (4.24)

IRH XY, MaT7DETFAICENT, 422256k F 2 HIRFBEHKE, K@)k

R@20) 0 6K E 2IREMBOIRN B BB E, F421CF L0 D,

F 42 K@4.22)2 557 HIRE B & K (4.23) O (4.24) 2> 1572 TR D 1

Lrot(GLo) ) 180 108
L.(=Ly) ) 14 29 43 70 14 29
K@.20)h 51
HIRE R 2.6 2.6 2.6 2.6 4.3 4.3
(GHz2)

(n=1) 28 31 34 43 50 59
(n=2) 56 62 68 85 100 118

f(GHz) (n=1) 334 161 109 67 334 161

f4o(GH2z)
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kb, X@20)2 o572 HIRBHEIZER 4.1 OHIRBPEE L —H L b2 Ldb
5. FRWEMBROREERICOWTIE, fld, £411CH2FEMOREREE X —3K
LTWBZLenbhd0, fiuldX 4.8 KUK 4.9 1IR3 JERBURE © B R EGHIF X 0 &
WEBEEE o Tn B, BEDZD, Lk L, 2 70° KO 180° OEAICH T 2 JHHEK

HiE# OGHz £ CTHRZDD %X 4.13 IR T.

10 f

20 |

S (dB)

30 |

40 |

50 L
15 35 55 75
K (GHZ)

X413 Lk L, 28 70° O 180° BT 3 S Kk (1.5GHz 2*5 9 GHz ¥ )

MR 13 4.3 GHz, 6.7GHz, 8.5GHz ICEN T 3%, 43GHz U 8.5GHz 1Z fin D n=1
K2 WD EHEEIC, 6.7 GHz X fir D n=1 ODRFOREFEHEIC T 5. K412 DT
LTI, FEEREED B D#RES & IO IX5E R I rHEX , HIEREETE D A 13 g
DbDLLTWEA, b DFRFRD L, WEMmO B Z KD 2561C1%, X 4.12
DETNTHITHDL I LBbH 7.

T TCHRUE2)ICRTHIREMN R, L DAICEIVEET Y L3S LA 2T
Tib 7228, SPST1 DA VIREEICH 2 SW DY R ICH WMBARTH B, Dk,

ZDSWOF VKPR E W E LT, HRBIEKICE T34 vE—X v Rig¥ o &
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D, HIRGBOWNFICEWTIAZE LR, 2OV T, K47 DETAICENTIK
PUER % 1 Q25 5 QICBLIEZGAD S OMEREKY 2 2L —v a ViEREZN

4.14 IT/R T,

[ Zeyen=100 Q

10 [Zodd=40 Q

20 f
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30 f

a0 b

50 L— — —
1.5 2 2.5 3 3.5
Ei%# (GHz)

414 SPSTI WA VIREEIC & 3 SW O VI & B L 723554 OFiE

ZDXIIT, RBOLDS5 Qickh-72854%, 26 GHz iIcH T 2HAEKIZ0dB D F
FThrepbrb, —J, WEMICE T EERE, KEOHKICHEVET LT
WB T ERDRDL. TN 4.12 OWMEMRD JHEE A KD 2720 DETNMICENT,
FERIAG A 2 TICEE S N IRPTOEPUEIC X 0, Sehifig R 2 7R RIR R & L
TEMET 2 EEBICEWT, A2 7L RlOm#%ER L oGl 4 v e — X v 293¢
HICEbT, FE RN LAY, EBEXEEET LIkl TH S,
LLbED b, 1RET 5 2 RAEVIE Mk % Hikds & L CHRRE & & 723540, IR &
WIS 2 JT I AT RE e R & L CENE S 2 2 e &, UBHEEE Y T2 L — v a Y RT

HIRERDOAN A v e =X v 2B HFERH S L 72,



111

423 FAEL 72 2 BREEV) RS Bl B& D ek

i

TZTIETAIFER (HFEEX 94 JEX 0.635 mm) FICERIEL 212K 4 2 2 HaE

Y mIE DBl oW TR B, X 4.15 ICERIE L 72 2 BEREVI R MBS D BB % 7R 1.

S

SPST1H DSW

B 4.15 7o FHMEICEBE L 72 2 BRREVIES [l

HARIT Sum EOEHEKT, ~4 702 )y THREMEE iz, AR OB
MDF vy 713100 um, FHIEOIEIZ250um & L7-. #AHBEAORE X L 13 25mm
Th 5. EOMIED TEICH 2 OEMKIL, EiROKEICE W THIEERLE LTHWS
bOTHY, BEWDORS—ZA P 2FEL 2T F—A %A L CEAOHBER & it X
NTw3, ZORMOHBER L FEGHREED TEOMREE L ORICIZ 400um OF v v 7%
BT 7z, AR BRI 2 R T B 720, A Vv IREEICH B SPST1 b L < 1% SPST2 Hf
DSWiE, EVAVICTREL, A7REBICH255E38) Ry rfndoL L.
T oREEEREEERE S L CEIES 254082 416 1Ord. o

3, TRXRTOSWHRAZ7REICHEZDDLET S,
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0.5GHz *5 9 GHz £ T, 24825 20dB LA ED v, fmdbfiis & L CRIED 7 W Fy
HrfRonz, WAEKITL, 3,5 7, 9, GHz TZNZ# 0.1dB, 0.2dB, 0.3dB,

03dB, 0.3dB TH - 7-. &% 2.6 GHz, 5.2GHz, 7.8GHz & 2.6 GHz DEET D JE 4K
ICHIOIERR S 52 28, TAFHEAMRIE A TERIC L TR E o Thawniz Rt
LzHRE—FTh 2. X417 13, X 4.15 ORFEERSMZ MoM IC X % EREHR Y 2

2L—YavEHWTRDEZDHDTH 3,
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BIEETE %

JIC 2 XD BPF # K3 5. 4.23 12 2 XD BPF O % 7R3,

wee7 0y o

D LfJ:%%EB KEK-A > /=% i
Tetl K EEE KRR K] .
[ElEg/ X% — >
IZ & 2% <L2/2#‘ Ly =‘L2/2= Ly > Lz/%?%lﬁ%ﬂi%éSPSTZEPUDSW
//
o | 4/JA/JA/ “J"FZ

A S HRER J’\ /i NPk

F 7IREEDSWILEBE
I IREEIZH B SPST1HDSW

423 $EET % 2 HEEEYIZ NI % FH V72 2 XD BPF D&

Z D BPF 13X 422 ® 1 XD BPF OAMIICH 72 1c IR E K4 v N— X ZTEK L 7=
bDTH5. EfloIRBOERICH B K4 v oi— &I, FEEHEEE 2004 vikkE

ICH 5 SPST2 H > SW TRAU 7=l # Tk L, ZORIII L2 THD. ZDEHTI

e

SPST1 H1 D SW I3+ _RTH Z7IREETH 0, 90° BAHDIERREE & L THRES 2 72, K-
A vnN—=2 b LTo%EZ R4, HGloRER X, HERKkE 2o00F VIREICH 2

SPST2 D SW TR X L, DFAU 7258 2T L, Z ot ic4 v iRFEICH % SPSTI



122

12T 5ZLETERT 5. RBIC—FAHMD K-A v 3—21F, FRY DImEiRi &
LCHRET 2R & L2 L EOBAL 2823 2 o E 245, o X5 ic, SWokE%
WYIIcEZ 52 itk y, HIRERE KA v =2 ZBEML, 2 XD BPF ZIAIHET
H5. 3R 4R EDBPF OGS FROFIEIC X Y EKATEET, 2 Dfliz Hvh

R CHHE TR LHEIRETH 5.

432 PREWEKZ 72 BPF O BRI
$2%<3 % BPF O Z v 2 & & ¢, WL, IR, R 2 iz i 2 A
RECTH DI Lrmdzo, HERNRMBEMREEKLD SW & Hw CTHREMKIC X 5 BPF %
JERL, #PEEEY Sab—vaviFEfiLiz v Ialb—vaVICHwiz 2 R0 BPF

DETNEK 424 ITRT.

Lla 7.’_/‘U(ﬁb %éﬁfili/f/t §?/X

A > e 52 SPST2e ) SW %

200 NS KRBT 3 EE, P00

BARBOMEENEBHEE i) TAO

iR (ke
y U cHske e U
. 180° R
S — 1
|  Zm-lo00
90° L L2, L Zw= z}o Q 90°
Fopl e = - — T L e
50 Q ‘ 0 50 Q
| '\I \ '. : e )
AR ;ii\\\\ PN T

BCEICLYSPSTIOSW O
KREZEAL & 1&HE. F A RRBICH AR DSW 5 |-
2SPST1FDSWOIE % % h TR BINT 5 & Hrx LA

FNLy, Ly TRY

X 424 BREEEEHOCEZ2XD7ZAALZDY Ial—va VETIL

AR DR RIE, 2.6GHz LB 3ERE TR, AR ORES, ve—2 v R



123

3, BERENER— P4 vEe—Zv2E%HL W50 Qe L, £XI1390° &3, #Ak
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ST, RICKBEEBL, BEFEEZEIEEEACOVTIRRZ, ZBAREITI,
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