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Abstract

In this thesis, we propose the design of coupled-line directional coupler with
arbitrary coupling level based on complementary split-rectangle resonators (CSRR),
which can be broadly classified into two major categories. The directional coupler
includes an asymmetry phase coupler and two novel directional couplers, which are
designed for single band and dual band. Complementary split-rectangle resonator,
which is one kind of the meta-materials exhibits unique electromagnetic properties
that lead to a wide range of application in design of microwave circuit and antenna.

In the first part of this thesis, a CRLH transmission line is implemented by

utilizing the CSRR. And then we adopt the coupled-mode theory based on the new



structure to propose the concept of size reduction and design of the asymmetry phase
coupler. This coupler exhibits the superior coupling and direction; furthermore, its
size also can be reduced by means of CSRR.

In the last part of this thesis, a novel coupled line concept based on CSRR is
proposed, and realized the single-band and dual-band couplers which feature not only
high coupling and direction, but also breakthrough of the conventional coupled way to
increase the coupling bandwidth and even miniature the circuit.

In the research, the coupling, isolation, and bandwidth of the novel CRLH
directional coupler are more excellent than conventional couplers. Furthermore, the
novel coupled line concept we propose can solve the trade-off in the microwave
circuit design. Under the fine coupling potency, it can reduce the size of coupler

largely, and increase the integration with other microwave circuit.
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dR23¢ Frugd S f@ﬁ%fﬁli ip i A (phase velocity )27 ##:# A& (group

velocity ) & & > v v, >0 0 K 2 &ii@@?}fﬁzviﬁ v Ty v <0 e
HEF255

v,=olf=-0"\|LC <0 (2.2)

v, =(0B10w)™ =w*\JL,C_ >0 (2.3)

A7 0 CRLH @ pled o5 Bt > B ip i @p ¥ B2 47 5% 5

Bern = S(a))\/(ﬁ)z + (ﬂ)z - Ka)ll_z
[0}

2
-1 o<min(o
+1 i —o>max(

o) LH range
@g) RH range

se’

27 s(w) ={ (2.4)

wy =1/ \L.Ca, o, =1/ JLLC ; k=L C +L.C,
o, =11 .C¢, o, =1L Cy

S

dNQRANFEF R MR SRR e s f 0 R AR
Pl Bl & ﬁﬁ%’ﬁiﬁﬁﬁi’%WEﬁ—ﬁm{ﬁﬁw'#&Bm?ﬁ
§ o TR IR (0, )8 T F R R E (0, )2 B A 2 7 i (band-gap) Ik % o fut AT A

LB R LT @b - if CRLH @855 & MR (0, #0,) fE2 5

222 =k i (unbalanced) ;@ § % B LeCL=L\Cr FF(@,=y,) » ¢ 4c¥ 4 p=0 P

Fip o Pt R AR 5 T Rk ik (balanced) -



JET i

CRLH CRLH
w @ Puva P
A y .
Ao § e \ :
\ X \
\ ,'/ -\
NS Ee AN
K ./ A B
AW / /
v, |/

B 2-3 @Esd AeH
@) +* @EsR (b) =+ By (c) CRLH @

¥ - % 5 »d CRLH e& B e da(intrinsic impedance)£? 4 #fe 4=(characteristic
impedance)¥ & 1 /1 T #ic: 2 ¥ ¥ 4058 (25) -

L= z B 1
jo »’C, (25)
Y 1 '
E=—= >
Jo oL
d v aes AR ARG LREE BEAEG L R RS T R

A g R ds foo 2 B CRLH B EA Briditd - & P 2 LR B3
LB AEHARR & -

212 RIFA B @ﬁﬁ.

2001 & 2 W EF 7 B 4 < & David Smith £ 30 32 8 508158 2% ML F A
Mo Ag B o R & e st (metal thin-wire, TW)'E 7] 22 B 5k 2 & Jr B
(split-ring resonator, SRR) i¥ik #p t+ £ 7| @ = [18] » 4@ 2-4 #7177 » b ‘.‘s—ﬁ;é £
AR AL FREEGE ARV EREEAA AT R & A2 2 22
i g RET ¥ #FZLE TNV G Veselago #7# # chipgi > fvd v pt B4 < +
BFEES T AIRFEMA TS B PR X5 LSS
fs j\?}—*‘mﬁﬂi‘ LR RO R LR R S Rk S
p ol T. Itoh g2 8 en® 4 C. Caloz % £ #73% 119 CRLH @ﬁg?]sﬁll AR E
< 5 [6] > 4B 2-5-

-5 F G CRLH @45 & 87 5% % - 85 f 8=~ # (lump element) -
HFR>2 046 "FF jiﬁar(surface mount technology SMT) » ¥ 4 # — -2t 4
A A I TR IR R F LT T3 AR AaaRe A Ty
TR Peig o R PTG - TS PRI R L AR R R ¢

EW’“&@iﬁﬁﬁﬁﬁﬁﬁ’ﬁﬁ¢%iwﬁg;&L’ﬁuﬁm%ﬁ

A #% 18 T B (microwave integrated circuit, MIC) 2 ¥ & ficidt 4% 48 T & (monolithic

.

23

—

8



microwave integrated circuit, MMIC) ® - % = & B] &_4g % ;4 =~ * (distributed
element) » — &2 fc A %‘il(microstrip line) ~ # # (stripline) ~ = T & ;& ¥ (coplanar
waveguide) & H g B o K IREEM > T AFAERF ARG > BAIIHFNT
FERERELR Y o Tw TR R R B AR B e AT T e S
BRHFEERE o

Bl 2 - 5(@)R] 5 F1* 4cie 2 K- ] > 23 A& B (shorting stub) T & £ 45
A (interdigital) & 7 A2 = = FHDOTF IR > et FL o £ @ﬁ%]fﬁLR.%i? Cq >

2R AR TR E A SHko - 5()p AT RE - B2 CRLH @
-

B 2-4 HBEHEGERESR EHaLs ()T E ~(b)F ¥ E

(2405 H 34 5[29])

<—stub
shorting pin

interdigital
capacitor
< B F" HEIFER (via)

B 2-5 CRLH#cH @ﬁ%lfs'ﬂ(a)?&‘éﬁ 7~ (b)- smixdp 5

i3t A48 e B ;tiﬁj‘jfﬁfﬁ'}“lﬂfﬁjﬁﬂi#%ﬁ%éé@,‘%_{_#ﬁ-’—lﬂﬁbji%;
R S D R IR



2.2 B M. 335 % 3= B (Split Ring Resonator)

BELEPALTFIAES 2 I REPARBHE I Z AR LY od W AR
T2 BE BB WA R NI AN HNBRASIRE S AU T At & R
ARBEEFREEZ IS ARR LR EDL LA AT2 F 27 0 730
MAADTEFIL[20] M2 F DR R ERRE BR L GREDBIEFELT > &
B AN R AREL[21] s R AR 2 @RS A AL o T e - SR o

221 B HE %R B(SRR)/I # 5 K%+ &k BE(CSRR)Z B FH L
M%)+ 3= B(SRR)& 3 4 H M3k % & B(CSRR) e g+ M & e
Wa(slotline)z B 5 48R %> Flt AT BB 4 F IH TG o F A AWP
SRR } 2. §EHAF > i&m i 3 CSRR eh g BT % o
(1) 2 M %25+ & B(SRR) :
ML IRRB2 TREFEA G4cB 2-6 977 0 3 R B end 4 A&
AR O RERZ TR ALGBESE B2 ERR 2T R A
HIMBUEZ R ETHEINE G B BEHEY AL VAN LR

(2) 3 4 & 1. %25 £ 3k B(CSRR) :

THNAUED R EL SRS S GAeB] 2-6 0% o AR
FREBERICZF NI FL BT RS R A S I 2 R
FAAARH AT RRREAEN 2 2ES 0 J Bl 2-6°¢ F UG EY
7. SRR 13 3358 ¥ CSRR éh3-2555 40 > F 2. » SRR 2. B335 58 7 |
* CSRR z_ 7 3355¢ -

CSRR

B, =cE,

SRR

a)

B 2-6 SRR ¥ CSRR 7 &3-7)35¢
(B4 p 54 < §2[20])
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B #®- &% > SRR ¥ CSRR = ﬁ‘:a?,@b‘?— Ed AR R A
Mmoo ?P;Z—"Ffﬁf g * £ Tg ,)i a%l(coplanar waveguide - CPW)g & SRR
?,5541&12-7%7%"}1 SRRE¥JERE2 L-CA4 xR H ~2 X
‘"ﬁ“t ?w“i—‘“%ﬂii?ﬁwﬁa’ﬂlﬂq*&% @@]@%{@f@CSRR s REH
Bd2Z CSRREE L-C A4 E»cf B8 A2 T I E R 4o 2-8 9757 o
R b hhe ALY AR CSRRE BSHZ AT 2 ] &9 o
#-F 44 CSRR 2 4p B 3312 103 ~ eid 34 o

£

"(“\5’ %‘R )‘7‘

23
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EL';J‘

| Ls
0000 v
A | AL e P A A ; saa
I i _l | | e 1T]
=M/ Lp |Mi2——cr2 crat .

(@) (b)
Bl 2-7 CPW R &SRR (a)14£ B (b)% 7 i@l
(A 407 pr[22])

L L)

(@) (b)
Bl 2-8 jkd B & CSRR(a) SHEH (D) <2 B H
(-t p 54 = pr[22])

2223 A HHEA % &R F(CSRR)P £ =¥t
IRHABBEGEIRBOER A FI AT EE TR IZER Y Ry ori® s A
Ed HZ2EIRRTAL R A *f}&zz FOAT BT (K i o i fre F
P TRE B3V - B AT R R EE---) £ J&(inter-resonator) -
PP AR TR T SR R R B m e 47[21] 0 AR 0
R g A Bl H IR RS AR S S T AR o B R Bk
TERAA AR 2-9 97 o
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C2 = 20y LCel 20y \I T
1| 1] | —
Il LIl _ ) B
B +a A

B 2-9 CSRR Zscq o8 ~#7)

d PR F A BRIRSET - UERAAERE 2 F VRN £k Cu o ¥
T UL IR @ﬁ%gﬁ,@@; TR NTE S YoBl? B BT 0 d T RN
TERSAT F A FREEG o F B A B R RS EIHBRER ) L
YR FAMETEC A AR 0 2 20 S A ARTREE S Fip s
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FIRE TR A5 o
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|
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d R 2-11 2§ 2-12°¢ v @A 2 0 3 B CSRREJRH ~ ¢ 2 FEE~ /)
AL AR OB e w AT A f BEERC) > e R R A
Méﬁi%ﬁéiéﬁ.&%ﬁrﬂ 2-11 %77 o B FEAE i R Coq P R Logw & E B
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AP RRFTRF BALE A2 BahF e 2 p LRt o

2233 /B M%) 4 3% B (CSRR)E 4 *Lig # 12
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Berri ARSI F - BRAY LR NG eon AT 2 ML BT R UARRA R
%%ﬁﬁa&u&ﬂ*ﬂ&ﬁé#ﬁﬁ FE A LT P 2 R
1,

boi B E T L EEEITRFE AL TFE TR 0 H- 4 SRR £ 4R
Bz Ealm arri 2-13 #r7r - Witz A lin £ 1800 d'iﬁﬁﬂ%@“
,u-ﬁ;%:h.%%w;@ TR E KR TERLY L HM G AL I T 4
PEATIR o o TR BB TR Ls Ak AR "lia'l‘b‘ fo 2 ERAT C
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2 BT F Cor # X RIE G fo=(LC) M 2m -

Co/2
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F 2z > CSRR £ R 448 £ o iAol 2-14 907 > 8 DRI OHEIT v H
R A AR RFOTRAI WA AR S FE BRI APTITR o
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B i g0 B AR o sk AN HESS S ot 2 T g o
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BT AME > doBl 207 7 3 SRRASAJ] TH 5 4 FAE o

2 pe d&-ﬁxﬁﬁi&rﬁ%‘] 2-160r=4.2 mm-~rp=36mm-c=0.4mm-~d=0.4 mm-
W=16mm-~s=03mm -~ 4=+ 5 & h=08mm> I J|* 7 & ## i HFSS 2
4% 1+ (de-embedding) 4 17 { ## 2 it 5 o
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B 2-47 CSRR Z 4 2 &4 it

d B 2-17F P REFER > 5 ER,EREZ A 0°~180° ik pF - 45 5 B
A ph = 45°F % 3.63GHz ~ ph=90° 5 3.5/GHz »/ @ . ph = 180°FF f| §i + 5 &
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Bl 2-18 CSRR % #&%2ih# S

e 3DEHZ (80 iRl 0 AP T B BECE I HFSS i 9% 1+ (de-embedding)
IR 2-192 5% o
0 -
A0 e e '
— | "-""\n,_..—;---'-'--
11] \
T | S R L T e
g A A .
8 E":F".z‘:- shom | g N/ = j
- Yeu, - M [~ _
—-30 | -\ Y 1806 | t-f o[~ offset=0mm |-
o PN : i i |= = = offset=1mm
e H Nt ' ieeeer offset=2mm
$-40 i . YL i 118t Ij—1|= = = offset=3mm |-
= | :i' [ === offset=4mm
-50 BN S S ; .....................................
-BU ] ] |- I ]
2 2.5 3 3.5 4 4.5 5
Frequency(GHz)

Bl 2-19 CSRR % &z ih# F ikt
d PRI Ao § EARTRABERR A TR BT F RR #Eéﬂﬁ CER
ISR - H AT APF R BEHIGE > FRENARER T F 2R
&if{ﬁ"*ﬁ'&ﬂg BvE X RS S R B0 offset d Omm~2mm(:R Ap 3w
ground F )P0 #E 5+ 2 X 8% @ § offset ¢ 2 mm ~4 mm (B 4238 ~ ) SF)PF

;};F.‘_jté B+ gt 2 37% o
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23 TBRIE A2 E%TRIR

AT R E R E(CSRR) L 4 & § ekt ® 7 7 B3 i]
%ﬁ%”i’;*ﬂ"‘lﬁ&i i H E2e R A2 T A R R 5 B 54[23] 0
A i BB RS TR 2 TR R0 RS L R %:%
FAE 2K 2 AR (zero)/ iR B (pole) snF 45« - K ILIG 2 AR AL o Bl o 1Y
TAERASZEd ERHE S TREFC NI ERTRLTITERE BA
T FA R TRE R E P A -

231 ¥pRred
d o & T2 TR 3 A KR L R B(CSRR)? hE % 2 %
tﬂé%ﬁ—“wmmw Wm*?% BRESTA 2 » Fpt A F 2-20
w;*ﬁxfsﬁ | % o7t H 2

/////,,,/

Zs ZS
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-l P H AR BTS2 G R TARE PR AT T A e
T B H o oen® i A pe py(Bloch impedance) 2 2 4p i #5 (phase shift) » § (& B 7
Be 3B endo 4 f250 0 5 ABCD 4B 2 4 8 U B E[11] 0 7 d 59(2.6)
FRF LA E AT 2 fF > 4o (2.7) ~ (2.8) ©

I

Zs Zs®?
1 7s i 0 1 ZS_1+Z_p 225+Z—p i
0 1= 1)0 1] | 1 Zs (26)
Zp — 1+ —
Zp Zp
Z*'—iB—Z' 7 57 (]
o (W) = =2 (124 () + 22, (Jw] 2.7)

COS¢ = A+D =1+ ZS(J:W)
2 Z,(jw)
@ igd B A2 5 XB CSRR e iE 12 o
Bh ARTRE P BIEIU(Z)E X IIEFU(Z)F » 0 (27)~(28) 7
3154(2.9) ~ (2.10) -

(2.8)

, _ [ LiC il 1
T Ll Cow 4ciw. cCw (2.9)
Cw
1/2C.w
Cosp =1+ 1 Lg/C
T - §) .
Gy U] (2.10)
e cw

50 3(2.9) ~ (210)B3 A > 50 B > AP Bk R R 5T A UM
FERMEAT O 40N(210) -

1 N 1 WZZ§ 2.11)
2 -T2 2 .
4C, CC, wor(w)® +1
He
W2 1
W) = H 2.11-1
") =\ ] (2.11-1)
1+cos 1
c, - ¢ (2.11-2)
1-cos¢ 4D, (E(w)A+1)
He ,
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A=—— 2.11-3

wrow ( )
WW

E(w) =——"5 (2.11-4)
W W
w?zZ?

=——8 2.11-5

owPr(w)?+1 ( )

HED N2 0 s A KR R(HFSS) 518 Flen % » T T 55 42
O E - WM o e R R TR B e 1T o b HFSS
%ﬁ?&r‘ TR e R BRI 2N 2 B el R T e i o

& HFSS ¥ /f 4 @3 ¢ i 8 ~ %4 ¢hS 48R~ ¢ ¢ B (Dispersion Diagram) ~
% xﬁgxrunﬂuzz Fp ] 0 d iR )¢ A R R iR AN e BGE T o

A RERPEJS FHBI2 AR BRI FREF AT FETR
(On > (DL) 4 A BER SR L e b - ML EERT > F AR IAR P Zg=50
SR R S 0011 & AR B¢ =90 %4t i 2 02’ it 3 H (o)A 2 E(w)
J AR (o) B - il ARG IL) T AR K # Dy 45 9 C 2 Co i
tho42% > 4Dy~ A E B)dies(2112)¢8 1231 Cyo £ s 2% C & Cyen
B %8 5] 5 (2.12) ©

(2.12)

Q12 s iR RenC i e R F 5 CE& 5 1 e 5700 Jf 5 g
Ser - B ER L EE RN SC ES LD E 0 H 2o (2.13) -
(2.14) ~ (2.15) -

C>0—4C.D, +1<0 (2.13)

1+cos¢ 1
1-cos¢ (E(w)A+1)

<-1 (2.14)

C,>0—>4D,(EWA+1)>0 (2.15)

#A % B(o)d ~ 0 700832 (2.16) -
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1+cosg W3 W2 —w?
1 cos¢>_|; - (219
- ¢ W W, —W

L F-1
¢, = COS l(F—+1) (2.17)
2 W2 — W2
F :W_ng _WL2 >1 (2.18)
L H

Ciaitz s _!.;i;}’g_%b‘—rﬁ;ﬂ=rf‘]cg\c 2 %G\-ﬁgﬂﬂii@ﬂ@fiﬁsﬂiﬁ‘ﬁj

2
g

o

5o
(4‘-«}

4

bR R R B Aw FNQ27)(28)d N EE R T R AL AERE
PR gpimeniE o - a3 o BT R fL Ze=0~g=n; Bt R fi Zg=o0 s =0
Weip s B R E S N N (Q27)(28) @3] ffyen LaC A w5 4est(2.19) -

(2.20) -

) (2.19)

1

A\ — -4 T 4.
"\ 27JLC]

(2.20)

L e ERC CA A R (219) BT ABIA 2t 0 f2 D Lo o

I
z
B—_ %
i+i (2.21)
Cg C
11
1 woowi A
WE:]-—:> LC:—L B H =E (222)
— +L.B
WH
Bis o B LcWd »38(223) ¥ fzd Ce
1
C p—
T WL (2.23)
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M - A d NS S8k Bl 4 ATRI E FEAR] Y A Sy T8 Bk Ry
LGRS B EF TR TR DCy o RAE S PR N BERTE Led b i
Sl fe e & > A BRI (HFSS) % s 5B~ CSRRAF & 3 2 + £ St 8
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v
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£
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(@) (b)
B 2-21 CSRR @ B H ~ (a)S 23cm@ (b) ¢ 475
B L ARBEPGEET L LA An R A F LA SR Y 45 0 H phase =
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« .:._,_“‘—-—ﬁ—______l',_’j'".
i= {1 Phase=90"@W,
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'
ey S T
st ]
—ezn]
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e

(a) (b)
Bl 2-22 CSRR @ iuH =~ (a) 40 =W (b) # ;&2 o fuff)
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ﬁ/‘«?ﬁi :E’Jﬁmﬂﬁfﬁi(ml > W2’ MY ’O)L)‘T"\”"T‘A‘E‘Dl’%)‘
bloch impedance (Zg) # phase(q )= f§ i 2. > f25% > f2m = 4+ (F C~Cg- (H
V-‘:u,?,‘-f‘hC Cgrﬁ"‘*"ﬁ'?n}:])

#H e o £d C~Cg »4d blochimpedance (Zg)% phase(e )i# 7 i% & =718
20Oy % oL v ® Lc~Cc o

HHI D EfeLd CgF ~d F AR T We KL
Bt #7474 g%@m # g o (Matlab)iE & > v £dided 2-17¢ 977
N ; = L
233 E%mTRIBREHKE
‘o g

:ﬁf R L EY AL D B TR e
2 R R RS RS b LB 4o F] 2-23

port2

Portl portl

Bl 2-23 CSRR ZE»x 7 it H ~

¥t s BARh=08mm gl 3 s ask ¥ B 245 (FR-4) > ree=3.6 mm ~ 1o =
3.3mm-c=02mm-d=02mm-W=216mm-s=0.3mm> # T4 F & 3.4GHz -
HA A1 2L HR R HFSS F3) S $8ic2 B W 0 R4 SR AR
BEPHI BRI T FE LR Edrd 17 RS R Y TR ADS 7
PIFEPE% > ol 2-24 ) 2-25 5 Eox T2 & 2R R -
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Pt L (nH) Cy (pF) C (pF) Ce (PF) Lc (nH)
P 0.281 3.274 10.67 30.6 0.0605

% 2-1 CSRR it S8l

N Ay | vy,
A . A .".L. . B Term
c o Co T o Temz
3 o 4 Lol ni Mum=2
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