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CHAPTER 1
{riknlig D 3L AE

(LR B DIEFEIC DOV TAHIPIC D e > TR T 5. £7, 7 F I8 v A750% A
Y B8 AT E oo T RlEgHE 2 KRB 2 RE LT OBR & 2 o8, YEINE
IRZHHT 2. £/, BARTIIZHGERL - BROBIRP. HRAA7 X -5 (R
AV E=F VA, EHRIEER) IC X BREEREDIHTICOVBTHHINT 5. 51T,
& TR RN E TR O REARITH O KD T7, B7HE L CHEEGEHLD & 5 Al
ICB T 2ENEERE @EEERE, MABRERE) OFME, 2 L CHERKAGD



JFEELE 4 v E—= 8V ZBEEADIGHIZ DWW THEEMICER U T 5, RIS, T
FEFIC BT 54 v E—8 v ZATHIEROBEHICMA T, I AEEREK T X —
5 R DOBEIR 2 e ISR 5 5.

1.1 7 F I 2114

1.1.1  EEEN 2 ke U 728 3z i ] #%

MEZEHREIcEB T, V=711V —=7&i%x I;, €EERZ V, t35L (i =
1,2,---,N), ¥lthxy 70&ERALD,

20+ Lol + -+ NI =V,
Zorly + Zools + -+ LIy = Vo

Il + Pnolo + -+ ZynIn = Vi (1.1)

ZIT 23V —T7iDA4 v =% A (self-impedance), Z;; 3NV —7"i & jOMEDA
VE—FURATH B, 77 A LDAA (Cramer’s rule) X D ERICOWTHEE, o1DIT



FIRA; ZFi5 i=1,2,---) TEBHT3E,

I = AAl = i(AnW + Ao Vo +
I = AA2 = i(A12V1 + A Vs +
Z 2T,
2 22
A |2 P
N1 QpNz
E
Vi 2o 2N
A, = Vo o 2o 2N A,

e AN1VN>

N AN2VN>

Zn N
Zn Vs

N1 VN

(1.2)

(1.3)

(1.4)



2L, A IIAIRAILE T2 25, ORRT2RT. Wk, ROEKD X HIV—711C

DAEBERZER Vo=Vs=---=Vy=0) T2LERIL, I},
A11 A12
I ===V, I,==2V 1.6
72, GO X )TV —7"2lcorEBEREZER V1 =Vs=---=Vy=0) §T5&1I,
Iy 3,
A21 A22
I{/ - TVQ, Ié/ == TVQ (17)
RO 2 L g 2 L
— o0 o~ — O - o——
e R BEE + B EREE QL
0 —o——— o —o0——
' 2! ' 2!

B 1.1, e %2 B L 7z il



Ik, Lo orERAEDESE,
Aoy

A
L=T+1I] = =2Vi+ =2 Ve = Y Vi + YiaVa

A A
A A
L=I,+1) = A12V1 + AZQVQ = Yo1 V1 + Yoo s
l;l 2*é
— = o S —
e B E B 17

L o] - o——

I 2"

1.2. HL GO

fIRRT % &,

%)

Yii Yo\ (V4
Yor Yoo/ \ Vo

(1.8)

(1.9)

(1.10)



HHwix, o &gz
I = [Y]V

(Y
(Y

Yio

] = (Y“ e

Yo,

() ()

EXD Y] %27 F 2% 2174 (admittance matrix),

1.1.2 FFEEEE 7 F S 4 A

(1.11)

V::(Vil (1.12)

Va

|

F 7212 Y1150 (Y-matrix) &\ 9,

7R RTHIEZOYINERIZCOWTEZ X ). £,
I Yi1Vi + Yo Vs
I _ Yuh + Y12Vo — Y, (1.13)
Vilv,=o Vi Vo=0
I Y- Y-
Iy _ 21 V1 + Yoo /s Y, (1.14)
Valy,=o Va Vi=0

-
—

-
—

>
\I)

T, Y11, Yoo ZIHEKEN R 7 B 2 ¥~ A (short-circuit driving point admittance) &
BWE 7 F 4 > A (driving point admittance) IFHIZ T FIF VR EF->ThH &



{, =DDFR—FMIBF2Y =V/[ICE>TEEINS,

1.1.3 RifSinEZ7 FI ¥ A

% 7=,
I Y11 Vi + Yo Vo
Valvi—o Vo Vi=0 - ( )
I Yo Vi + Yoo V-
12 _ i + Yoo Vo — Yy, (1.16)
Vilv,=o Vi Va=0

ZZT, Yo, Yo ZHEAEIRIET F 2 ¥~ A (short-circuit transfer admittance) &9, P4
RIS BIT S 2D X ) B 5 200K — MEDERE, EBIROBERZE TIRE DRI
MBS (transfer function) TH 5.



1.1.4 7 K 3 ¥ ¥ 25D 0

Mz @l (passive linear network) ¢, MEH (reciprocity theorem) (H[ixE
H) DT 505,

Yis = Yo (1.17)

by [Y]IENHTIIT, KBTS (transposed matrix) z Y1 &9 5 &,

Y] =[¥)" (1.18)

1.1.5 255 mlg

RDKD & 9 72 2 G - Al#%  (two-terminal pair network, two-port network) %% Z,
KN OEL, BRES AL EZICORARICT Iy v 252 HOTET I L3 TE 3

(Vi, Va 343 7o D FIE) .
Il _ Yll Y12 ‘/1
) =02 52) 62 o



1
Vw 2 i FRIEI

1!

L ,

.

2!

X 1.3. 2 &l

1.1.6 a5~ 0 nl
LT RHE R T 2k

ik,

(1.20)

(1.21)



(Y
(Y

Yii. Yo

Yo1 Yoo
Y] = :

Yni Yo

1.2 4= 274

1.2.1 e 2 Hebi U 7 SRSz wh Dl i

TE RN 2 e L -l 2 & 2 5.



I

'

iz | El

V'

ob—— b

Vl n

?»—A

P

!

[a—

TR B [O] 2%

V2 14

L

EOERE D VY, Vi &Ko, HRED VY, VY &k, BRROBE ) ROMEIE SN2,

2 s 7 o 223 T O L

1
Il Vl|

1/

FRFEZ Ep[E] %

Va

2!

b

X 1.5. HLGHE 7N




kb, XKA»BEons,

Vl = Vll + Vll, = 211[1 + 212[2 (122)
Vo = ‘/2/ + Vgl = Zo111 + Zools (123)
1THFN T,
Vi Zu Zi2\ (N
= 1.24
)= (2 22 () 121
HHWLIE, b o Efilgic
V =[Z]1 (1.25)
G,
Z11 Zi2
71 = 1.26
2= (7 7 (1.26)

FRXo [Z] 24 v E—% v 24751 (impedance matrix), F7:1%Z47%] (Z-matrix) &\ 9.



1.2.2 BiiEBRES A v E—4 v A

A v =¥ 2750 BEE OV ER I,

V; Z1111 + Z1o1

V1 _ 4uh + Zi2do — 7Zn (1.27)
I 11,—0 I I5=0

V- Zo1l1 + Zool

Va2 _ 4214y + Zoolo — 7o (1.28)
I> 11,0 I =0

ZIT, Zit, Zoo ZHAEKEI N A v E—%" A (open-circuit driving point impedance)
), WERA v =4 A (driving point impedance) FHIZA Y E—=F VA EF 5
TH LK, = DDXR—MCBITEZ=1/VICLkoTEERINS,

1.2.3 BiUBEAL Y E—F VA

% 77,
V Z1111 + Z1o1
V1 _ Zuh + Zi9do — Zus (1.29)
I>11,—o I 1,=0
V- o1l + Zool
Va2 _ 421h + Zogolo — 7oy (1.30)
I 11,—0 I I,=0




I, Zia, Zoy ZHNIEEA v E—4% 2 2 (open-circuit transfer impedance) &9,

1.2.4 A Y E—% v 275 DXL
HBCGER (reciprocity theorem) (RIWERE) 23KAZLT 2 54,
Zi2 = Zn

1141 [ Z) DiEiEFT5 (transposed matrix) % [Z]T £ $ 5 &,

1.2.5 Ziiomgon 4 v ©—4 v 2155
Mgl LT, SurxtaligiciiiEd 2 &,

Vi Z1w Zia - Zin)\ [ L1
Vo Loy Ly -+ Zon || L2

Vi Zn1 Zn2 -+ ZnN) \UN

(1.31)

(1.32)

(1.33)



ko,

v =[Zi (1.34)
2T,
Zi Zig ZiN
I (1.35)
Ini Zns o Znw
1.2.6 Y {rilE ZisAopf%
E
V=[Y|"'T1=[2]I (1.36)
kD,

2] = [y)™ (1.37)



A =V 21757 RN 27 v R0 DWTHCh 5026, £ v E—F v A{THIEEIZ T
R3SV ATHEENPSRDEIICLTRDBEIENBTE S,

_1
Zun Ziz\ _ (Y Yi _ 1 Yoo Yo (1.38)
Zo1 Zao Yor Yoo detY \—=Ya1 Y11 '
H 50T,
Yoo —Yi9 —Yo1 Y11
U detY? 27 det Y 217 det Y 227 detY ( )
Z T,
Y1 Yol Yoo o Y
detY —= 1.40
© Yor Yoo Zy1  Zo ( )
kb,
Y, A
L (1.41)
Yoo  Zig
Wiz,

—1
Yin Y2\ _ (Zu Zio _ 1 Ly —Zi2 (1.42)
Yor Yoo Zo1 Zao det Z \—Z21  Zn .



£0,

vy, = 22 , atiy 1.43
U7 etz 12 detz? "2 detz’ TP detZ (1.43)
ko,
Z11 Zia 1
det Z 1.44
¢ Zo1 Zoa| detY ( )

1.2.7 JFEATH (281750, fitsit i)

2 U RHEEE UL, W AHCBIT 2 B2 K4 —fE LT, KDL HITET LEHL I L2
% (B —LI3A Y E=F VR« 7R IF A7 L3R S ICER).

()= (e o) (%) 19



Tiabb,

(Y
(Y

2 Ui X [B] %

L 5

Va

2!

X 1.6. 2 %%l

Vi = AV, — B,
Il = CV2 - D[g

7=

A B
C D

|

(1.48)

Z VUi 74141 (four terminal matrix), F {7151, ABCD 1741, 344771 (fundamental matrix),

fitke 141 (chain matrix), HEH < EROIEETTS] (voltage-current transmission matrix)



w9,

1.2.8 VUi F-E5L

W, HARITSIZ

¥7%, A, B, C, D ZVMif#doueE

B, HD0IINGTEEE D,

A, B
) = ((; 142) (1.49)
ELT, MEBOYBNE®REZEZ L.
il A= BLl L s (1.50)
Valr,=o Vi I,=0
W AV Bhl g e el gy 7 (1.51)
—I>ly, —1Is Vo=0
Ly _ G- bl o gy s sx) (152)
Valr, Va I,=0
A _ CVa— Ay =D [RIA&HEILL] (1.53)
—1Ialy, —1I Vo=0




1.2.9 R, BBRLIZANNL v E—=F VA

- 2-2 BRHE L2t E (V=0 DAIA v E—F VA Z1,, BXUOBK L L Z (I, =0)

DANA v E=F VR Z1 413,

\% A1V — BI. B

Zis= S An = (1.54)
1 lv,=0 o — Aslaly,—g Ao
V] AVo — BI A

Zyy = 11 - C;Q v 12 =1 (1.55)

FARLTHNDHATHN DT,

(v
(v
A

=

(KZ):[FT4<E) (1.56)

C A Gt F \—C 4 57)



oz -, —L EhbLHIEVTSE,

(1) =aer (@ 3) (%) 4

T, P4l 2 R R L 7 & Z DHEARITHITH Y, W TIIdet F =1Tdh 5

75,
(‘ffj) - (% fl) (_V}l) (1.59)

XD, W l1-U 2L EE (V1 =0) DANAVE=F VR Zy,, BXOBHKL 72
=1 (Il :0) DANITA v E—F A ZQf X,

Vs AV — Bl B
Z s = — = —_ — 1.60
* 7 Lly—o CVi—AiLly—o A (1.60)
V. AsVi — BI A
Zop = 2| =21 ! =2 (1.61)
Iy CVi—-AiLl;,— C
EloTC, HIZAI 2 A ICRMAL 2B E D, 26 DFERLD,
AR Lo BC o AjAs —1 _q 1 (162)

Zip  Zay  A1Ay AAy AA,



£ -7,

7
A1 Ay = 7 L= &l
1f—Z1s Lo — ZLas
BC le Z2s

AT AP - Lo — Zasg

1.2.10 Y154, Z13H & HATHNDBITR

Y Aoz ZH LT,

Vi=—"Vo+ —1
1 Yor 2+Y21 2

Y11Y22> Y11
I = (Y — Vo + —1
1 ( 12 Yor 2+Y21 2

(1.63)

(1.64)

(1.65)

(1.66)



[FIRRIC ZATHN DX S L L THARLTH & 9 % &,

Y- A
A Yoo Zn
Yor 2oy
B:—l :detZ
Yo, Zo
C:_detY: 1
Yo, Zo1
Y, A
D— _-1_Z22
Yor  Zoy

Atz L,

[F] o 1 Y22 1 o L le det Z

22T, XA DD,

Zi2 Yo
det F=AD — BC = —= ==
Zy1 Yo

(1.67)
(1.68)
(1.69)

(1.70)

(1.71)

(1.72)



AR TIE, det = AD — BC = 1W2Z, MM 2ZBIZ3ME 25, BIEINRL S,

Yll = Y22 (173)
11 = Zoo (1.74)
A=D (1.75)

L0, HSIARBIF2MEE 5, W, £ -8 AT ERTHITRT L,

Z11 Zia 1 (A detF
7] — _ = 1.76
2] (221 Zzz) C (1 D ) ( )
ik,
B
det Z = 211Z22 — 212Z21 = 5 (177)

I 62, 7FIY AT EFERITINTERT &,

1 222 —Zlg 1 D —det F
V] — —— 1.78
Y] det Z (—221 Zn B \-1 A (1.78)




1.3 BT A—%

1.3.1 faffiE A4 v E—F 2V ZDPURIZHOWT

FEARITHNTH Z 53T 2 mik[al i

i\ (A B\ (Vs
()= (e 2) (%) a7
Z#EZ, NOHSGTICEI 2y, Zo 2T 5. £9, ANWT2 o BENEZ Bz AJiA

‘/l:°—§7“‘/7\ Zz'n,l Ci, Vé - ZQ(—IQ) J: D ’

Vi AVa+B(-I) AZy+B
I, COVo+D(-I) CZy+D

—77, WD S IBRRE 2 B ANA v =8 VR Z 0 ZRD D120,

-2 )0

Zing = (1.80)




LWL, Vi=Zi(—1) &1,

Vo, DV —-BI, DZi+B

Zo g 22— _ 1.82
2T L, CVi— A, CZ,+ A (1.82)
D& RERRIERICEEAN Z,, Z, 28T 5. BESAE
71 = Zina (1.83)
Zy = Zins (1.84)
X0,
(CZy+ D)Z, = AZ> + B (1.85)
(CZ1+ A)Zy = DZ, + B (1.86)
Wx, %=z UL, DZy = AZ,. B E, Zi, 7,3,
AB
7z o |22 1,
1 D (1.87)
BD
T = 1| = 1,
2 e (1.88)




[ HDSRFR 72 6, A=D WX,

7y = o= (1.89)

Ql

1.3.2 BN T A=Y DER

WG TS B Zoo R L 72 & &, AT DO HICRIZATIA v =5V 2D Zy,
AT ET 2oy 28t Lo L &, HODSEIZRIEATIA v E—=F VAR Zgy 725
EIHCTELETNL, FLDIHFIZECTIES &) EROEED X J BRI 2 DT,
Zo1, Zoo B3 A v E—%"v A (image impedance) EWES, ZDEED Zyy, Zgpldk, T
T (1.88) TR LB DT, Hild % &,

AB
Zo1 =\ == 1.
0 =1 o (190
BD
Zo2 =\ —— 1.91
= (191



¥, AMhov—+rEHLED,

0, Vil
Vo(—13)

e (1.92)

EBVWTERING 0, (HFH) =54 " (image propagation constant) &9, %
LT,

Vi=Zoih (1.93)
Va = Zoa(—12)d (1.94)

£0,

0 zllog Vily zllog iz = log N 2o
T2 TP\ Va(—1y) 2 "\ (—12)%Zy2 “\—1I2\ Zp2

1 szOZ Vl ZOQ
— 1 1 —1 i 1.95
g OBe (V22Zo1) Obe (Vz Zo1 (199)




R, dEoke LTI,

Va Zo2 _g
— =\ |=—e 7 1.96
Vi Zo1 (1.96)
I Zo1 _g
— =, |=—e 7 1.97
I Z02 (1.97)

ZIT, 0, =a+jo kT BE, aneper] FHEERLUBERIIERL L, ¢ [rad] 3%
RLUEBOMHE L ). £72, Zo1, Zog, 0,2 F LD THEG YT A —% (image parameter)
EV
1.3.3 #H3 T X =8 ZHOIIEARTTHIER

HARfTINE HOTEE, ERolZRkd 3 L,

Vo = Zoo(—Is) (1.98)



£0,

AV+BW B A A
Wi _ AV 2 = A4 — = A+BJC:JD<\/AD—|—\/BC> (1.99)

v, Vs Zoa BD
I OZyp(~L)+D(-I) . |BD {
= “r =CZn+D=C\ 55 +D V@O+¢A@

(1.100)

Znky,
AN L L 'Y > UV 7o (1.101)

Vo\ I
Nz TET &,
e 0 = ! VAD - "lﬂj:»UMI—JBC (1.102)
VAD +VBC  AD—BC
I 51g,
9’}’ Y

coshg, = T _ /AD (1.103)

sinh 0, = erte o v BC (1.104)



% 7z,

Zoi | A
L el 1.1
s 5 (1.105)
B
VZoZon =\ & (1.106)
£ 0, BEARITHERIE, HRANTA—FZHOTRD L) IZELKINS,
Z
A= 22 cosho, (1.107)
Zo2
B = vV Z()lZOQ sinh (97
1
C = sinh 0 1.108
Zo1%02 K ( )
Zo2
D = ,|——cosh¥, (1.109)
Zo1

2%0,

(‘2) —[F] (_V;2> (1.110)



(y
(y

iffﬁ‘@iuli% Z()1 = ZOQ = Zo 7’3: 6 ci\’

1
Z—O sinh 0, cosh 0,

cosh 0, Zysinh 0,
[F] =

(1.111)

(1.112)

i, FEA Y €=V R Zy, BIRGEEy, MEER I DEEREETO, =yl LBV F

LEMTH 5.



1.3.4 &M OMtHibebe

WX, BEIETRAEIN, Mt 5 L,

ZoN+1 g
: e
Zo,N

@759714'072_""'

VNt VaVa Vg
Vi WiVa

Vi
J Zo1 J Zo2

(Y
((

FREIC LT,

—Ini1
I

Zo.N+1 _o
= (&
Zo1

(1.113)

(1.114)

(1.115)

D F D, EEOREE M L 72850, B COEADHBRA v E—F VY ARE LT
i, A\ CoGBRA v E—F VR 201> ZQN_|_1 BEAETHDLENZD, $1-, B



(R RIGHM RN Z & 22T TRkOoN D, 4k, fithibebe L ZMgko Ao — L8
el

Vt1(—In41) J VN+1J —Iny1 e
= = ¥ 1.116
\l il Wi L ° ( )

1.3.5 il vl

MG NHRBIE 2 E 2, BRAVE—Y VA% Z), #GIEXREZ20, L, Thz2%
B 5. ZDEE, PLOERRTHOMRA v E—F VA% Z) £ T 5. FITRLIE)
12, 2O IHEISINEEED AN NHOFGEA v €= AE Z) THE, HBISER
3T D6, /2%, Ik, FEHIOREEHIIOWTIHERTIZRT ERXDXHITR S,

Z 0 0,
—0 cosh ; ZOZO smh
1.117
0, (1.117)

A 0
Zo 7 smh O cosh ?7




Z OEB DI E M, HHVRIIKL 2L SOANA Y E—F YR Z, 1, Zpoy RO

5L,

0
V/ZoZb sinh ?’Y p

Z.. 1= :Zotamh?7

oz Z 0
Zg cosh ?'Y

Z 0
\ Z? cosh ?’Y 4
Z 0 = Zycoth —

1
OC,§
1 . 0’)/

A%, FL DL,

£ -,

(1.118)

(1.119)

(1.120)

(1.121)



AL OB, 0, = jo LBV,

& b Zscl ZSCl
tanhm:jtan;b: =g (1.122)
OC,§
- TC,
é Zscl



1.3.6 BT A= 2ERIT MDA

HARITINDE Z 5 NI BT, iRz i, H20LIHERLZE E, 4 DATIA
YE—F v A,

B
Z1se =5 (1.124)
A
Zroe= (1.125)
B
29 sc = — 1.126
25 A ( )
D
Z2,oc — 6 (1127)
TRD B Z ETE, InzHuNL,
A B
Zo1 = 6 : 5 = Zl,sczl,oc (1128)

B D
Zoo = \Z ) 5 Y. Z2,SCZQ,OC (1129)



7, AD — BC =1 (") %,

Zoc_Z sc— ~ T = : =—.DC=AD 1.130
b bs¢=c " D DC DC Zype — Z15c  C (1.130)
Zl sc B
’ =—-DC=2B 1.131
Zl,oc - Zl,sc D ¢ ¢ ( s )
£,
¢! =VAD +VBC = szl il ZZLSC (1.132)
l,o0c = 4l1,sc

/f ‘/l:°—§7°‘/7\ﬁﬂ%§ﬁ?211, le(: Zgl), Z22 %FH‘/)T?Z{%%{ ‘v/to_y“?/x ZOl’ ZO2,
EXIUOEBEIER O 2R,




%,

Zoo = V Zo1Zo2

=\ 211290 — 72,

72720, Zoo 3G A v E—F U R EIEIEN S,

(1.133)

(1.134)

(1.135)

(1.136)




1.4 KK1IEhl%

RD &) BAE T DRI ZRKD K 5. I, =0 & 7425 &) Aoz Bk s %
Ly Zg & ZBESNER S, 2y & Zg DESEEE S N, S B I 2 AL U 72 bl &
%5 DT,

B 1.7, #rRNEgE



1 Zo+Zc)(Zp+ Z
v =—2*t = (Z ~ )(Zb 2, (1.137)
=0 74z, Tz z, at 2ot et Za

SMOBEIME Y, Z, & Z.DEINEHI N7 7 v F N sER L, BLKZ, & Z;0E
G S e 77 v F IS 5 & I 1,

Zy+ Zq
I = 1.138
Y (Za+Z)+ (Zy+ Zag) (1.138)
Z,+ 7
I = a T Ze I 1.139
Y Za+ Z) + (Zy+ Zg) " (1.139)
:mi b, VQ Cj:
Zo(Zy+ Zg) — Zy(Za + Z¢) Lol — ZpZ
Vo= 2,1 — Z, 1 = I = e < 1.140
2 17 b0 Zo+ 2o+ Zo+ Zy Y A 2+ 2.+ 7y ( )
X oT, Mg E8D C i1
I Z 47+ 7.+ 7
o= 1 _ digt+ Lyt Lo+ Ly (1.141)

Valtoeo  ZaZg— ZyZ,



% 7z,

ZaZd - Zch Za + Zb + Zc + Zd ZaZd - Zch
_ . Vi = Vi (1.142)
Za + Zb + Zc + Zd (Za + Zc)(Zb + Zd) (Za + Zc)(Zb + Zd)

2

_n
Vs

_ (Za + Zc)(Zb + Zd) (1‘143)

A —
' T2=0 Lol — ZpZe.

RIT, Vo=0¢,%2% k) AlloMmzRIgT 5 &, Z, & Z. BEINER SN, Z, & Z. 0
ESIEERE S 0, S oIl 2508w L bt 2 Bfg L <l & 22 5. Ko T,

1 1 1 1
- Za 7, 7.7
Py ()t
Za " Zy) \Z. T Z,
) ZaZchZd
(Za+ Zo)(Ze + Za)

(1.144)



(v
(v
A

Zy 24 Zb(Zc + Zd) + Zd(Za + Zb)

I, = — I + I =

Zo+ Zp Ze+ Zq (Zo + Zb)(Z. + Zag)

_ —yZe+ 2.2 I (1.145)
(Za+ Zp)(Z. + Zag)

1

£ -7,

(Za + Zb)(ZC + Zd)
_Zch + Zde

I = I (1.146)

L7235,

I
s

_ (Za+Zb)(ZC+Zd) (1147)

Vo=0 Iy — 4,244

Ay =

I 561,
v ( 1 1 1 1 ) YIVAYAVE (Za + Zb)(Zc + Zd)
1 =
(

Za  Zy Ze ' Za) (Zat Z0)(Zet Za)  —Znlet Zula

B ( 1 1 1 1 ) VAV

Za " 7 Ze " Za) ~ZZet 774

= (1.148)
Za Zb Zc Zd




L7235 T,

g

- 1 1.149
“; (1.149)

2.7 2, 2.7 2,) 52.- 2.2,

_ ( 1 1 1 1 ) YAVAYAVA
Vo=0 Za Zb Zc Zd

1.5 P& IB Il

1.5.1 7Y v Ik

SRR 2 dim - 5Bl (symmetrical lattice two-port network) 13X D X 9 7 2 i1
XA TH 5.



Yo

;
>
®)

B 1.8. SRRl

LR, ROL) BTy PHEETETILERTE S,



»

X1.9. 779 » Pl




1.5.2 WM& TIB RO IEAT A

9, L=0L%2 X)) ICRIEZHKT 2 & 2, & Z, DESNESD 75 v F R0
EmInmgeEzn,

I Z1+ 2o
Vi = 1 1 - 9

_ I (1.150)
I3=0 Z1+Zo + Zr+2Zy

OIS EE S Ltz 777 v FISHN B EIIE A ICEFEL S I/2W 2,

I I 1 i
_h, 4L, L., . _ Z0— 7 1.151
Vo 5 22 5 Z 5 (Z2 — Z4) 7+ Zz( 2 1) ( )
INXY, MiGTE8oiT ¥ 20, PARERELL A 3,
1 2

C=— = 1.152
Volr,=0 22— 21 ( )

Vi Zo+ 7y
A= —— — 1.153
Valr,—0 22— 24 ( )




RIZ, Vo=0&E75 L9 I mE2miKd 5 &

26 27175

Vi

Za
1 5,

Vim0 A+ & Zi+Zs
7. — 7y

I

Ik, MWhEERORREERL D, ®ig{ v E—4 v 2 B3,

Zo+ 21

= I — =
Vam0  Zi+ 2o ' Zi+ 2o Zi+Zy

YAVYA

D— N  Zy+ 7y
—Ialy,—0  Z2— 23
L V| Vi L _ 25z
—Ily,—0 I —1I2

£ 2T, XNk ERIEEOIEAITI [F] 13,

Zo—2y

27971
Z2+Z1)

A4 =8 29751 [ Z) 1%, ERTHI[F) &0,

711 212) 1(A detF)_( t
- Zo—271

[Z]:(Zm Zy) — C\1 D

Zo—2y

AR

Z2—7Z4

2
VAR

2

2

V2:0_Zl‘|—Z2-ZQ_Zl_Z2_Z1

|

(1.154)

(1.155)

(1.156)

(1.157)

(1.158)

(1.159)



(Y
(Y
A

det F = AD — BC =1 (1.160)
£ -7,

Zl == Z11 — Zlg (1161)
Lo =211+ Z12 (1.162)

1.6 fg7E X KmiHio H 5 bk

HHNZ DWW B HT Ry, T L,

Vo = —LRy (1.163)

AJTENZOWTIE, KD X S ICEERI ERIN TS,
Vi=E;— LR, (1.164)



V| | 2 mEEes

Jo

2!

4 1.10. FEIEPRE & OFGLYT 2 Bt U 7= Inli#s

F7, BEEFRODD Y ICERRZ R T 5 &,

v
Li=Jy— 4
g

(1.165)



—><1)_ o—
Je® [ |Re | 2m7uimss [ &
0—
I 2’

1.11. FEHME X ORI T2 Bl L 7=l

g DEARTIBEZ 6N TVwEHDLET 5 L,
i\ (A B\ (Vs
L)~ \c p)\-L
R Vo = —LR, #fRALT,

V1 AVo + B(—1I2) = (ARL + B) (—12)
= CVo+ D(—Iz) = (CRL + D) (—12)

(1.166)

(1.167)
(1.168)



BN 2 Bt L 7z [mlpgioonf L, 2 (1.164) I EXX2RAL TV, [ ZIHET S &,

(ARp + B)(—1I2) = E; — (CRp + D)(—I2) R,
(ARL+B+CR RL-I—DR (—13) = E, (1.169)
ik,
—1I5 1
— 1.170
E, AR.+B+CR,R, + DR, (1.170)
Vo —1Ip Ry,
Y2~y 1.171
E, E, " ARs,+ B+ CR,R,+ DR, (1171)

—, BERIRZ R L 22 LTk, R (1.165) i EXERAL TV, I 21EET 5 &,

(AR, + B)(~I»)
RQ
(AR + B+ CRyRy + DR,)(—I5) = R,J, (1.172)

(CRL+ D)(—12) = Jg -




ko,

1.7 B

Jy, AR+ B+ CR,RL + DR,
Vs _—I2R _ Ry Ry
J,  J, " AR, + B+ CR,RL + DR,

(1.173)

(1.174)

JRh

1.7.1  FEARLH]

¥ 9, HAZTS (ideal transformer) (FEAEZRER & B9 ) DOFEARITH] (F-matrix) %
Rz, BHEERSEn 10O E, BELZ 1/nff BRZnGT2 X9 RERMEZ oM
T, 22U N EEE DIEEARITI L [FRRICER VL, Vo, BN, LZ2EFRTSE ([, [ IEH

HEIZIE 7> ) ),

v = A (1.175)
n

12 = —nIl (1176)



Ik, ERTIHIXRD X H IS,

()= (6 3 (%) a7

Bl Z X, Bfttin = Ny /Ny TEIZEDLPNT) T 78V ABRTDREZ V2D a4 )L (fie
R BERZNEIFFFELCEFEZ TS, BR2 O & LTI@E L % L EGEHEEDOEH
X OiLE e, ey I,

dd
= —Ni— 1.1
€1 1dt ( 78)
dd
= —Noy— 1.1
€92 th ( 79)
ERXED, BOOHEZIEEL T,
€1 €2
— 1.1
N~ N, (1.180)
X o,
N.
2= 2oy =2 (1.181)



(Y
(Y
A

n=-" (1.182)

1.7.2 A vyE—=% 284

ROEDED L HITHRIF E R B2 V=V ZADAM TS 3 EAEENREL 5. H
MR EZHOIUE, 8L A v =¥ 28HETEXS. GOKDANAL v E—F VR
Zin 1%,

V; % V.
L —n?2 =n?Z, (1.183)

L =2l —1I



li‘xl Il 1'2 AQ
'! —> -
A Zr, Zo Zi IV1 EHEP N VZT Zr,
=
_-?— ?
Ay Ay
(a) (b) :

B 1.12. (a) AREGDEG, (b) BOAIEUG

fF& D,

N

Zin = Zy =n*Zp, (1.184)

koT, A v E—F U RABEDT-ODEMN 1T

n=,— (1.185)



1.8 TRl bs Dl

1.8.1 HubFtTUIW Z L7z Inlig

o & 3 ARES LR T AN EE2 5. 4 ¥ E—F v 251 [Z] 14,

b)=2() == 2 1150

B 1.13. RO 4 > E—5 v 2155

HFUDFEC 25 LT, YIS 7Bz fi e & L, B, EREIIR7 ML (vy),



(io), 28 INTMEEDA v E— 5’/7\1T§J75: 1 kj‘%k

l\)

(1.187)

(1.188)

1.14. bl S - g

WE, b & DN B TAEREZ

Vi=-Vo=V (1.189)



3oL, A VE=FVRLTHILD,
Vi=Zinl+ Zi2la =V = —Vo = —(Z1211 + Z111>)
LT,
(Zi1+ Z12)(Ih +12) = 0
Lo, BitL, I, DBfRIE,
L=—-1=1

ZDOLE, 2% L7200 NKTIE,

mEDOM%Z £ 5T,

(1.190)

(1.191)

(1.192)

(1.193)

(1.194)

(1.195)



Ik, EMD L) IchLotmt o R (FIR7 L (vg) DEHR) 3TXRTERLERLD
T, AXD X ) IcHhLolE 2 aTER (S a—F) LTy, AMNOMTOERL, Bl
Bb o,

L T\/f_v Vi=V iE %S
* (v,)~(0) short
X 1.15. filpelmsmlpg o halbe 1 2 Riks U 7z & Z Ol
7, AEREZE
Vi=Vo=V (1.196)

E55¢E, AMTEROBERIZ (EHER),

L=L=1I (1.197)



ZDEE, PETFOERIITXTERIZRD, B (A—=7"Y) LTHO AR TDOE
I, BRIEZED S 20,

Z.: —: X
“open
X1 1.16. SEFRIIE O O 1% B L 7= & % 05 fiilnls
1.8.2 A v E—F L AirHHE
H 28 L2 E EDANAL v E—F R Zsc% X,
ZSC,;:V1 :Z“I+Z”<_‘I):ZH—Z12 (1.198)

Il ——1,=1 I



£, WL ESODANA v E=F VA Z, 113,

Vi Il + Zhod

Z 1 = — =
Il —r=1 I

OC,§

= Z11+ Zi2

Wz, 4 vy E—F v 21753 EI,

1.9 (ni&Phlgg N7 XA —%

(1.199)

(1.200)

(1.201)

1.9.1  B{FERRE

RO D X912 20 D R — + LISNEBIEST Ry DB E 286 L, R— 121

IEREDAM Ry 2 i 5.



I o b
I—O——————
Ry
. il | 2mEems | |V, D R,
1' 2'

X 1.17. fafi Ry Ti&um L 7z mlik

DX BB LRI SHRRKENZEL7-0I121F, ROKOD X I IZEIRO NPT Ry 125
L\ 2 B 3 Ul Lo,

1y
R
l; Vo() |::| Rl

1.18. KRB SN 5 MK



BAEAMN R CHEONBHEKEN Py EEEDOAN R, CNEINZEN P, £ DO
BRIZ X > T & > TEFERERE S DBRD L I ICEEI NS,

Poo \lVoofoo Ry 13, Ry Ino
PTNPR, T \Va(=L)  \ Ra(—I)? $Rz —I, (1.202)
Z 2T,
E
log = — 1.203
0= 5m (1203

£ oT, BIEERRE S 1E (1],

1[Ry, E
Sp=—|—=2—" 1.204
B9\ RV, ( )

RNENIPEONDFEMEDRFRE E LT, KM Ry £ 957256, XROKD X ) ICHAHZE
mn:l) ZHOTH X, W l-U2sA6HlE R7-ANA v =YV R Z,, % R &%

*1' G. C. Temes and S. K. Mitra, Modern Filter Theory and Design, “Transducer Function,
Characteristics Functions,” pp. 14-16, Wiley (1973).



LATHIERKRENDVBRONS,
vioaVg o 5 Vg

Tin = — = = =n’Ry =R 1.205
o o T (1.205)
X o7, BRltn 13,
Ry
_ |t 1.206
n Ry ( )
L o I
Rl / !
14 mEzRE | |V D R,
E
1’ 21

X 1.19. BUEHZ RS % H 72 5L HE o %



1.9.2 $iAIBIERE

i AMBRIREL Sy 1E, T\ E A oI 2mF N Z AL 728a L L uEao A
2 ICBIFBHEENLDIEHIRIZE > TRD I I ITERI NS,

P() J %IO Rglg IO Vb
! J& Vo(—I,) \Ro(—L)2 -1, Vs (1.207)

R’

JI2

&
o ———» O
>
[

B 1.20. ffEAMSERBDOERTHN S NS lH © Dl A Fi



2 I T X3 [

9 b

—
—o0—

s

-

2'

1.21. FiAMBERBOEETH S 5 Dl « ]l AR

1.9.3 HiAIBEREL

i ABIE R B AMBIRGREL S; Wi TEZ 61 %,

FIEEFRARIOR X b, I3,

1\ I

Va

St \P Ly Vo

Iy

E

:R1+R2

(1.208)

(1.209)



—J7, BIEEHAROX LD,

Vi=E-LR,
Vo= —I2Ry

1.9.4 FEARITH) & DR

Al DHARITHN DI G- 2 6 T 556,
Vi (A B\ [V,
I/ \C D)\-I

% AVo + B(—1Iz) = (ARx + B) (—12)
— Vo + D(~1I5) = (CRs + D) (~ L)

X (1.211) & b,

A (1.210) I EXXzfRAL TV, [ ZIBET 5L,

(ARy + B)(—Is) = E — (CRy + D)(—I,)R;

(ARQ + B+ CRiRy + DR1>(—[2> =F

(1.210)
(1.211)

(1.212)

(1.213)
(1.214)

(1.215)



ko7, (=),

E
I, =
>~ ARy + B+ CR,Ry, + DR;

B (1.209) &0, WHALRERE S, &2 OWEDMHAMLERE,

%5,
g — Iy _AR2+B+CR1R2—|-DR1
I__IQ_ R+ Rs
1 R1 + R

S; AR, + B+ CR,Ry + DR,
2 (1.203), 3 (1.216) &,

Ioo o _ ARy + B+ CRiRy + DR,

- - E
I AR+ B+CR1R2+ DR, 21

(1.216)

KD X IHIT

(1.217)

(1.218)



Ik, BIHEERE SR 13 [2],

S —F.%_F.AR2+B+CR1RQ+DR1
P7\R, -L \R, 2R,

_ AR, + B +CR{Ry + DRy B Ri+ Rs

- 2v/R1 R 2R R
BEIRONEHDT Ry L AT Ry 25 LS R= Ry = Ry D & X, ABEIRE S, L B
{RIEMRE Sp 13—3K L,

S; (1.219)

AR+ B+CR?>+ DR

S =5 1.22
B‘R:RFRQ I‘R:RlzRg R (1.220)
X512, R=17Thiud,
A+ B D
Ri=R>=1 Ri=Ry=1 2

*2 R. S. Elliott, An Introduction to Guided Waves and Microwave Circuits, “13.5 The Insertion
Loss Method: Lumped Elements,” Prentice Hall (1992).



1.9.5 A vyE—=% v 2135 & D%

DA v E—F v ZfTHBEZ 5 TWnw b

i\ _ (Zu
Vo AL

X (1.211) & b,

= (1.210) £ b,

X (1.223)

E—

Vo = —IhRy = Zh1o1h + Zao 1o
Ry + Zso
L=t
! Z12 (—12)
Vi=FE-—-©LRy =211 + Zi21>

%)ﬂ\/)f Il }E‘(ﬁfj—% k,

(R1 4+ Z11) 11 + Z1215 =
_ (Ry + Z11)(Ra + Za2)

Z12

7#?“:[’

Z2\ (11
Zaz ) \ Iz

(R1 + Z11)
— 7

(—12)

Ro + Zoo
Z12

(—13) + Z121

(1.222)

(1.223)

(1.224)

(1.225)



3 (1.225), 2 (1.216) X 1,

o . 1 (Bt Zn)(Re + Za2) — 21y (1.226)

o - EZ12 2 Z
I (R1+Z11)(Ra+Z22)—Z%, 1 12

XY, BEEERESE I,

Sp — Rl.IOO_F_ 1 _(Rl+le)(Rz+Z22)—Zl22
PTN\Ry, -1 Ry 2Ry Z1o
1 (R1 + Z11)(Ra + Za2) — Z7,

NI 71

(1.227)

1.9.6 BRI
AR ABOREGIC BT, T 1-1 2o mEEs B & 30 REHEHKT, 1,

 Zmw-Ri P -R WVi-LiR
_Zm-i-Rl N %—I—Rl _Vl—l-IlRl
B AR2+B—(CR2+D)R1
"~ ARy + B+ (CRy + D)R,

1

(1.228)



CHAPTER 2

Ji

J

|G A

HTEEWENDO BRI DIEME — FIZOW Il T 5. £7, AAT—~L

Ly R E BB LR E, TEE—FE TME—FRIZOoWT#KL, BEHRE
BHROE— FREBEERT 2, RIZ, 206 DE— PRI IERILREZ ko, FA
E— FPEXDOERE—FICBT2EAB LA DA ZXRL TS, ZLT,
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2.1 ABIFI—~)ILALFNNYHRR (A EER)

ZENCTER T AN TERE L 7% 2 RICTEHE TV, Z W72 28 5 —~ )L Ak vy fRE

ViU + k2 = 0 (2.1)
ZEAEER (2,y,2) TET L,
0*v  9*V

WX, Uz, t)=X(@)V(y) (ZBBOEIE) c£INbsLETHE,

02X ERY
C XS kXY = 2.
yagﬂ + 942 + kXY =0 (2.3)

Mm%z XY ¢l 5 L,

1 2x(x) 1 82V(y)

2 _
X(z) 022 + V) o2 +kZ=0 (2.4)




WX, IS BWIER K, yIKSBWIERk, 2 KT S L, EERDELHIZE D,

1 82)((95) 2 1 823}(9) 2
= = 2.
X(az) 22 + k2 =0, y(y) 012 + ky 0 ( 5)
L7235 T,
PX(x) 4 V() .,
= = 2.
972 + kgc)c'(x) 0, 012 + kyy(y) 0 (2.6)
Z T,
k2 =kl 4k (2.7)

Ik, Mo HRROM X (2) 13, sink,x, cosk,x H DV, ek, 7kt TH.Z 51,
Nz MULL Th(kyx) EFLS 2 EIZT 5, AMKICLT, Y(z) il TE h(kyy) TH
by,

2.2 FiIBEBEEDTEE—F




2.2.1 B

TE € — FO%E, BEEOERZ C, ZOWERATMOEZIZn t35L, HEEC TOIHE
WEMIFRD X H 1Tk 5,

agsE =0 (on C) (2.8)
TERE DY,
a\g;E o =0 (0<y<b) (2.9)
agf =0 (0s2za) (2.10)
y=0,




2.2.2 TE¥®-—VF

RN T kI h(kor), h(kyy) ZHROZE, ROXIICHD,

h(kyx) = coskyx, ki = mr (m=0,1,2,---) (2.11)
a
hkyy) = coskyy, ky == (n=0,1,2") (2.12)
7L, m=n=0 %R, £o7T,
Y =0 (2, ) 275(2) (2.13)
T,
gTE — Alpn) COS (mwx) cos <W> (2.14)
a b
ZTE — g=ikz mni2 (2.15)
ZDtE,

2 2
B = (M0 + () 42
a b ’
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i =\ () + (5] a1

(R I Y ) 13

(2.18)

Amn] = \/ki[mn] — k2 (k < kc,[mn])

DT, By RUMERE R L, DT k7 B IO L, RO, W A, 2
IS IO, KDk I IS,

kC mn 1 2 2
oty = st L |(mm)? () 219)
’ 2\ Jen 2w\ /ep a b
27 27
Ac’[mn] pr— k pu— (2.20)

¢,[mn] J <m7r>2 <n7r>2
- _|_ _
a b



B — FOEWNEER A () 13

27 27 A

Ag,fmn] = Blmn] B \/k2 — ki[mn] B \/1 . ( ; )2

Ac,[mn]

2.2.3 T— FB%
T— FEBOEHER 3] £ D by 2R3 5,

Rpnn = =V O TP

= —Apn) Vi (cos <m7r:c> cos (mry))
a b

mm . <m7r:1;> (mry) nm (mmz:) ) <
— sin cos| ——)a; + ——cos sin
a a b b a

= Apmn

nim

by> ay] (2.22)

(2.21)



mm . <m7r:1:> (mry) nm (mww) . (mry) ]
n] |—— sin cos | —— | ay + ——cos sin | —— | @y
a a b b a b

= Apn) lm CoS (mml:) sin (T) a, — mn sin (mﬁx> cos (mbry) ay] (2.23)

a a a

2.3 JiBENED TE ©— FOIEHIL

2.3.1 g€ — FBIED IEBILSALE
T — FEMOERLELE LD,

2
[ s = g [ (7 o (52
S (axb) a a b

e R T

a




BHL T,

2 ra b
<m7r> / sin? (mwx) dw/ cos” <n7ry> dy
a 0 a 0 b
2 ra b
+ <m> / cos” (m”> dx / sin? (my> dy] ~1 (2.25)
b 0 a 0 b

BEOEIE, m#A00DLEE,

mmr; da:—l/ {1—cos<2m7m>}dw:1
2 Jo a 2

\

a . [2mmx\1?
T — sin

2mm a 0
=2 (2.26)
=5 -
mmc 1 [ 2mmnx
/ cos? a::/ {1+cos< )}dm

a
S 2.2

9 (2.27)



=0DLE,

F72, m

(2.28)
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a/O ~— — ~— —

. TN I3
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) da =
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“n &l 3
g

mmx

a
/ Sll’l2 (
0
a
/ cos? (
0

FLHBE,

rJ
rJ

(2.32)



kD,

= A?
[mn] ™ 2abe, €,
42 _2(mb)*+(nd)*
A2 e =1 (2.33)

£ T, EAULHREL Appn ZKD & 51255,

1\] abe,,€n _ [emen 1 (2.34)

A== —
[mn (mb)? 4 (na)? ab ke [mn

0



2.3.2 A4 7% Z M WEIE b

HBHWIE, AATBEBUTE XD RkDZ I EHLTERDEI IS,

2 2
[ a5 = 82 [] (075 00) s
e mmx nry\ >
= k2 (mn] A[Zmn] / / {cos ( > Ccos ()} dzdy
’ 0o Jo a b

a b
= k2 (mn] A[zmn] / cos? (mm;) dz / cos® (mry) dy
’ 0 a 0 b

s a b

€m €n
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2.4.1 TE; &—F
%ZIKTEH) %‘—F\ (mzl, n:()) “G‘bi,

kc,[lO] =

£0,

T\ . [T 2 . [(7x
eno] = Apno <_a> sin (a) ay = —y - sin <a> a,
T . [(TX 2 . [(7x
h’[lO] = A[IO]E Sin <a> a, = % S1n (a) a,

(2.39)

(2.40)
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10F TT T 7T " g 1.0 10F = T I 1.0
T BE= ‘ — o = \ x [ [ —
£ s - — = fosz £ sfp il 1 7 ] Hos=
= = 1 = £ sl 5]
05— g5 15 55" 0.0 05— E’:— 10 '1'5_:_"'2'0'\' 0.0
x [mm] x [mm]
X12.9. &= FB# ey (AR, hyy (HR) X7 FLORE
2.5 JiIBEPAED TM T — FDIERHL
TM € — NG, BEEC TOEREMNT
™ =0 (on O) (2.41)
X0, hlke), hkyy) ZRDEIIC%2,
h(kyz) = sin kyz, ky = ? (m=1,2,3,-) (2.42)
h(kyy) = sinkyy, Ky, = %ﬁ (n=1,2,3,---) (2.43)



£ -7,

Y M = 0T (2, ) 2T (2) (2.44)

Z 2T,
™ = A, sin (m;”;) sin (”Zy> (2.45)
ZT™ — o=Ikz (mn) (2.46)

7272L, m#0, n#0. TEX—F&EFHERICLT

mm nmw

2 2
2 __ 2

X o T, HEWIREL ke, (mn) 13,

ke (mn) = J (T)Q + (T)z (2.48)



Znkh, TM,,, €— FEI&IZ
e(mn) = —thIfTM

= —Amn) Vi (sin (mwx) sin <W>>
a b

mm mrx\ . [nTY nmw . [(mrx nmy
—A(mn) [a cos ( ) sin ( ) a, + — sin ( ) cos () ayl

a b b a b
(2.49)
h(mn) = Ay X €(mp)
=A _mr cos (mwx) sin (mry) a, + nr sin (mmz) COS (W> a ]
— “(mn) a a b Y b a b z
= Agmn) [nbﬂ sin (mm> cos <nzy> a, — = cos (mm) sin (”Zy> ay] (2.50)
a a a

EBULEAE L D, R85 Ay ZRD 2 &,

2
// €| dS = A2, // [ =% cos (mm) sin (my)}
(axb) a b

(e s e




BHL T,

EoT, TEAULHREL A 13,

A 2J ab 2 1
(mn) = o (mb)2 + (na)? Vab ke, (mn)

TE, E—F&TM,,, E—F2 Xt ®T,

€ € 1
Amn — m+-n
ab kcmn

ZITIRAEMET 20, AAFBBICK2HBETICL>THROZ I ENTES,

(2.52)

(2.53)

(2.54)
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2.7 BHENZRTTIBSE

2.7.1 JTIBEPAE D HEHE

BEHERY 22 TS O ek, ~1E, A —FolFEEZRICEF LD TS, /i
TEIRE X, A2 L CHBERE LS, 22 F LAV SFFEDE
BHwoL IR LT3,

2.7.2  JIBELE DWW R DB

X WoHERE (o =22.9 mm, b= 10.20 mm) D TE,,,, TM,,, €— F® L 2 ¥k
Bke, LRWHER A\, LeWRMEEK f. ZEXE—FPOIHIRT ERDLIICHRS,



* 2.1 FFIPEPE O~ LA (FREHT)

FwEg. s WR Zz4 i a WS b fopo  MEEE D
[GHz| [f7]  EIA  JIS (A [mm] [mm] [GHz] [mm]
2.60-3.95 S 284 WRJ-3 72.14 34.04 2.078 73.9
3.94-5.99 C 187 WRJ-5 47.55 22.149 3.152 48.8
8.20-12.5 X 90 WRJ-10 22.860 10.160 6.557 23.4
11.9-18.0 Ku 62 WRJ-15  15.799 7.899 9.486 16.1
17.6-26.7 K 42 WRJ-24  10.668 4.318 14.047 10.9
21.7-33.7 34 WRJ-27 8.636 4.318 17.328 8.8
26.4-40.1 Ka 28 WRJ-34 7.112 3.556 21.081 7.3
33.0-50.1 Q 22 WRJ-40 5.690 2.845 26.342 5.8
39.3-59.7 U 19 WRJ-50 4.775 2.388 31.357 4.8
49.9-75.8 \% 15 WRJ-60 3.759 1.880 39.863 3.9

73.8-112 10 WRJ-95 2.540 1.270  59.010 2.6




2.2 HIBEEE (X4, a =22.9 mm, b = 10.20 mm) D€ — 3 DHEWEF:

No. | €—F ke Ac [mm]  fo [GHz]
1 | TE1, 0.1371875 45.8000 6.5456

2 | TE2 o 0.2743749 22.9000 13.0913

3 | TEo1 0.3079993 20.4000 14.6956

4,5 | TE11 0.3371705 18.6350 16.0874
4,5 | TMy,1  0.3371705 18.6350 16.0874

6 | TEs3 0.4115624 15.2667 19.6369

7,8 | TE21 0.4124865 15.2325 19.6810
7,8 | TMa1  0.4124865 15.2325 19.6810
9,10 | TE31 0.5140497 12.2229 24.5269
9,10 | TM31  0.5140497 12.2229 24.5269
11 | TE4p 0.5487498 11.4500 26.1825
12 | TEp,2 0.6159986 10.2000 29.3912
13,14 | TE41 0.6292773 9.9848 30.0247
13,14 | TM4,1  0.6292773 9.9848 30.0247
15 | TEq12 0.6310900 9.9561 30.1112
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3.1 AAT—~LALFNUY AR (MfEEBELR)

2RI E TV, Z T2 A D T —~)L LBV SRR
VU + k20 =0 (3.1)

2 FIRIIEEER (p, 6, 2) KBTI -, ZEGHIYC

W(p,6) = R(p)D(6) (3.2)
L L, XD ons,
ﬁ 8R 2 2 .
pap <p8p>+{kc m-“}R =0 (3.3)

ZUE, mRXOXRy VBB DM A (Bessel’s equation of order m) TH 1, P
p = aPMBEREDFDL (p=0) KBV TIZHERAZEZ & 5720, H1ENY VB
I (kpp) 2RI X\, F 7,

0%P

75 +m?® =0 [Harmonic equation] (3.4)



(Y
(Y
A

D (¢) = (¢ + 2m) (3.5)
0, mIZEERERD, sinme, cosme itk e,
3.2 MBEFEEDTEE—F
3.2.1 B
TE € — FOMBEIE D18 a DEREC L TOBRSEM X
(9\IJTE
=0 (3.6)
o |,—,
X -7,
Xmn (3.7)

I (kea) =0, ko=

a

2R, X, T () =0 2T n BHOREZRT,



3.2.2 TE¥®-—VF

BREM LD, TEE—FDRA 7% T 13,

P =0 (p, ) Z21E(2) (3.8)
Z 2T,
TE _ XomnP | Sin
v = A[mn] Jm (a ) COS mgb (3.9)
ZTE — g=ikz mni2 (3.10)

L, m=0DLE, sinmp=0WA, EXDOTMOATHS. £, Ay ld TE,
T— FOIERLREZ Y. 22T,

/ 2
77z L,
X/
ke mn) = =2, Jiy (Xonn) =0 (3.12)

a



ZDEE, BIEL Y 13

B Jﬁ[mn] = j\/k2 - k?,[mn] (k > kc,[mn])

Amn] = \/kg,[mn] — k? (k < kc,[mn])
E72, BABER N oy (BHEE = F), BRI A (o) 13,
27
Ag,[mn] = B[mn] (3'14)
21 2 2ma
Aot = _ _ 3.15
il ) kc,[mn] m X;nn ( )

a



3.2.3 E&— FB%

B DE — FEI By 1,

—a,+———a
ap " p 0p

d - 1 (x| @ (s
= _A[mn] Lip {Jm (X . p) } co maeo a, —l—pJ (X . p) % (2:)2 m¢> a¢]

/

;nn ;nn S COS
= Apnn) {—X J (X '0) n mo a p:FpJ ( ,0> . m¢a¢]

a CO a Sin

TE yTE
Rpyn) = —V, U = — (8\11 Lo )

= hp,[mn]ap + h¢7[mn]a¢ (3.16)
ifi, %ﬁo)%‘_ ]‘Bgﬁ €mn] [

€lmn) = Pmn) X @z = (B, [mn)@p + Mg (mn] @) X @

—-—hmmﬂﬂa¢+-h¢hmﬂap=:h¢hmﬂap—-h Wﬂﬂa¢

/

S11 CO

= €p,[mn]Qp T €4 [mn]Ae (3.17)



3.3 MIEENED TE ©— FDOIFBL

3.3.1 WHRE— FEIBDIEBLSA
T — FEEIE D IEHALSE B D 2713,

2 2
2 27 XomnP | Sin 2
- A[mn] k [mn/ / [ ( o ) Sm¢] pdpde

Il
= | Ajn)| K2 [mn]/o 2 Mo d¢>/ J5, (X”;”p) pdp (3.18)

(Y
(Y
A

o T (m#0
/0 sin“ mo do = { 0 Em i 0; (3.19)
/0 cos?me de = { ™ (m 7 0) _2m (3.20)



ZDEE, m=0DE—FiZcosmdp =1DARIZL>TRINTED, sinmeo =01FH %
W, sin?mo DI Tbm#A0& LT,

2 . 2 2
/ st me db = “n (3.21)
0

oS €m,
3.3.2 Xy VBBDORS
Xy e VEBD AR A
2 L] 2 o V)
/le/(az)dz =5 {z J (az) + (z — ) Jy(ozz)} (3.22)

£0,




TEE€— FOEHREFMELD, T, (X)) =0&0,

“ ! 1 m2a?
[ () oo = [ = ) 2 (3:24)
0 a 2 Xmn
L7%D3->T,
2 2.2
2 2 (Xown\ 271 [ 5 mPfa®\
A@Vwmm\dSZZPﬁmﬂl( . ) QnQ(a — oz | In )
2T
A~ 12 () = (3.25)

3.3.3 1EHULIREL

TEpn €— FOIEBULRE A, (> 0) 2RO 2 ERD K ) 12722 (Hxdfiiz S e viE
#HLTE3B),

€ 1 € 1
o m _ m 3.26
" Jﬂ(xﬁn—4n% [T (X)) ¢7ﬂkamma2—7nﬂ ERETIN



€ — F\Egﬁ%ﬁﬁﬂ/“(a

i / / / . y
€(mn] = Afmn] :FTJm Xmnl) €OS me a, —|—an J Xmnf ) SID meo ag (3.27)
L a/ a -

0 sin a | cos
himn] = @2 X €fmn) = ~€g,fmn)@p + €p,fmn) @ _
_  Xmn ¢ [ XmnP ) sin m XonP | COS
= Apmn] "4 I, ( " ) cos meo a, F p Im ( . ) sin mao a¢_ (3.28)

B, m=0DLZE, sihmp=0, cosmop=1WZ, EMIFFIEEa, MIFSDOARLZ
b; /JKO)J:\’) k—f;‘:%.

Xon 1 [ XOnP
€fon) = Aom "o ( o )% = €4,(0n] @ (3-29)
hion) = —€¢,jon]@p (3.30)

3.4 MIEEPIED TE €— FOHl
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E R OISR R ERIE IC B 28 L 2 ORI R ESHT 2, 9, HEH
MELTYATRT A4y 7, VP ARE FU 7 FEEICOWTHRIL, R
SATRT A Y VRAEIIKIEIC K > TRERETH 5. KIT, IRIEDAZMIET 5 A
A7 —iREMIE L, IRIE - AHZHE L CTERBEIC ST A= ZRDLRT FLR
ZAIE (TA 2Ry T4 v 7)) ZEHL WS, X7 FVEERMIIEICE, SOLK
Ik, TMHIE, SOLTHIE, TRLIIEZ E, B4 BIEAEVBHEINTED, Ff



I TRLFEIEIZ DWW TIIFEM AR EH &, ARIND SR a8 mE #REs T H I T & 2 Ml
ZHSPIZL TS, 2L T, 206 DIRIEIC X o TERAEREED /87 A =5 2 RE
L, e+ (DUT) DIiEkfER ST X =8 %KD BSj3E2ZRL T 5,

5.1 AniERHED GG

5.1.1  HIGERADENH
[EERHERZTIET 2 L &, XD LD HEEND .

o VATVT A v 7 L EROHMAED S DT (RN OFEDZ LT, K
L > TRETE 3,

o« TUXN LI HE, T—7NDENRYDE, a2 %7 ¥ O T EOFEMD K
WERAEIX 7 VA LIZEL 5720, KRIEICK > THRETE R\,

o FVU 7 FiRE I MELAHFEICLES AT LREBOEIC K 2ED I LT, FKIET
TUIBRETE 3.



5.1.2 Ah I —#AHIE

PRIEHIE 1 & 2 BV 2R v ABRGEDOMIER R 7 7 —3ZEMIE E WY, XD K9 %)k
DH 5,

o {RIERHIE @ ZA— (AL R —F Z2EEEER) OHEMTIERAL
o MHHIIE : ¥ a—F (HEVIEA—T) 2D AT 72 & fE <Rk

5.1.3 X2 b)VisEAHIE

RIS « PPAHZHE L CTHEBEAHE T2 2 LICL 2T, YRATRT 4 v ViERRETE, #
HEZHET (DUT: device under test) DS /87 XA —F Z@EMEEICRD L 2 L TESL, I
T4 LYy T 47 (de-embedding) V29, T DX 9 eI EHERR 2 HIVCEHII
i S, RIE, HB5WIEF Y 7L — a v (calibration) &MEXI, RD X H RI5EL
b5,

o SHHHIZE : 1 X — FKIE
o O} - ASEHIE - 70 2 R — MKRIE



o ZODfth: TRLIIEZ E

51.4 1&F—FKIE
o SOLMKIE : ®f&ds (Short), BaMER (Open), Efif (Load)
o AN TMARIE @ A)b— (Through), #¢& (Match)
5.1.5 2A—MRIE

o SOLT #IE : #if&#s (Short), BFk#R (Open), #ifif (Load), A/)— (Through)
o TRLIE @ A)V— (Through), K&#r (Reflect), {mik#iiEE (Line)
o TLSHIE : A)V— (Through), {ZikFREE (Line), #if&ds (Short)

5.1.6 % b7—27F 54 FDIREARK

e JAPERIEEE TD S 287 X — 5 HD PRI E DIEIC & < HV S 1T 2 5HlEEE DS
2y EI=0T7FIA4YTHY, ERMPIFRDELEN TH 3,



o AA — X R IME SR

o SHNIAXA—=F T ALty kK- FHRETHET B AL v F, Ehaolla, Jimatk
s i o

o LI —NIE5DIHEIK

o BIRULERAL : BOEZ &

CDEIIC—DODHEEBLELTEFLDONTWVAEDTRY FIVERERIED T WS O,

5.1.7  FLEIE

HEFR—1+ 1, 2NEICERZRE (error box, error adapter) ##% 2 5. HLELiTHIZ,

(Z?) - (Z?) | (Zi) = [5%) (Zi) (5.1



Ry RT—4 - FFSAFOREE [S,]
- === e e e e e s e e s s e s e e e e = === ===
0 1 2 t3
* g 1| BELTS o BEL1T o HEATA [y O
R [Sd] - [S] g [Sp] &7
1
bo 1| _ b b _ : bs
S| R no DUT AP REEEE |~
0’ : 1’ 2! . 3!
5.1. AN & DUT Dffithibe
AT ESE 2,

[Sa] = (600 601), [Sy) = (622 e23> (5.2)

€10 €11 €32 €33

EBE, %%, R M7 RICEWT 5 L,

1 [—egoe11 + ep1€10 €00 1 /
R,|=— = —|R 5.3
e I EER T (5.3
1 [—egne33 + €a3e39 €99 1 /
Ryl = — = —|R 5.4
) = L (e e o) < gy (5.4



(Y
(Y

(2‘;) ~ [R.] (Zi) ,

29 L7 =2 7F 54 FOMEBDBELTI [S,,] %

). [ 5

£E95%E, RN R

b a RV R
()=t (52). =
%o 3 Ry Rsp

(5.5)

(5.6)

(5.7)

(5.8)



5.1.8 FA4IYRYF4 VYT

COMEMD R~ PV 7 A [R,] 1, BER R, [R), BHIEZTD[R] ZHWTX
DEIHIEIHHETE 3,
1 / 1 /
[Ri) = [RA)[R][Ry] = ;[Ra] [R]—[1%)] (5.9)
10 €32

kY, gERTOR~ MY 7 A [R] I

7= (32 = R = eenl R IRAIRT 610

L7edi> T, lERFDEEATII[S BRD X H I L TRsNS,
1 R12 R11R22 — R12R21 al bl
S| = =15 5.11

5.2 7 Frnz7zu—279570)0H




5.2.1 #Eppg e DUT

RORNIBAEE TN EEZE LS VL7270 —25 72 R L 0DT, MIER—1+%2/ —
Fag, bg & as, bz &L, DUT DA IFIZ 2 ODEEAEREEZMA T3,

E=E= S S DUT B S
X 5.2. #ANEE DUT 64R537FVv720—257

5.2.2  MESG1IEMEE - Bot

R—=bF 026D AFKEEZZZI-GExERRE WS, BAEEE - KEICEBWTi, R—
F3DSDAFIIEEZ DT (a3 =0), EOTT7Fr70—77 71280 TURERD
W72 vFRHERETAERD I IS,



- o0 €10 b] l al’ *221 bz, 1 a 632 1.73;

e Sa ben: 1 SHY S A0Sy €,)

b @ @ T by e @ T b
HEEE pUT

5.3. WjHE% « KDL 7 Fvra—r57

RIZ, AMAD 7 = PO WT, 1/e)g2FCTHiks/ —F2EETS. £97, bk



D75 v FIzD2nT,

b _
by =eppap ..— =br=1"ag
€10
/
a B b -
a’lzl-b1 ‘..715&/1:71:1.51
€10 €10
b! _ a’ _
by = So1a} o2 = by = Sy —+ = Sy
€10 €10
a bl -
as =1-b .'.725@2:72:1‘52
€10 €10
bs = ez2a2 = €32€10 - A2
R—F 28BS LS TADT I FITOWTIA,
b T as _
by = €99a9 S =by=exp—— =€ a

(5.17)



FikIC LT, THlD7 I v FIizonT,

/ al2 _ = ba 7
10 €10
: 1 a/2 /
bll = Slzaé —L = bll = 5127 = 5126_L2 (519)
€10 €10
/ ai - /1 7/
a; =1-b] —=a=—=1-b] (5.20)
€10 €10
bo = €p91a1 — €p1€10 - C_Ll (521)

Zoft, FTO7 I vFofilzZEborwy, 2k, BRI 7a—79 70B3RD
XIIERINS,

_a ] ST ewen by
€oo) bey P Sy S 2Sy €2)
by €néio 1: S 11

K 5.4. J—FOREZEWLEL NS S Fvra—r57



5.2.3 WJGILE - K

WTTIAMEIE « KICE W TE, K= 026D ARKIEEZBVDT (ag = 0), WM
YU Fv7R—=r57 ERKRICLT,

o ERIEDRCAE TS v F YR L WA 7P 7a—757%E2 5,
o« AMND /= FPIHZOWT, 1/ess 2T/ — FEEET 3.

o« HiIZERLL ) —F2o6D77yFDfE%RRD S,

e /J—FOEHBRELEHLIWHIAS 7V 70—=077 7 %27 5,

Inky, WhHRAY S FrLv7u—r9578F, ROXHICk B,



bey S S ASnt 1 en) Sb b e33
by €m ar ] by Sp @’ i1 b, €xs &

DUT RE AR
X 5.5. WHMEX - KD T Frvra—r57

1 A 1 €363 b,
be SiY S 4S5, €] b e33
b, €onexs l: Sia 1 1 as

X5.6. J—FOEHBKRZEB LW rvza—r757




5.3 14— FMRIE

5.3.1 SOLFIE

HIEAR—F1 (a1, by) IZDUT (Lo-xfml#s) 2 $efi L CICRHREE SRS I E S 5 7
DD SOLIKIEIZOWTEHIT 2, £7, brAMEERL L SOMNRRZT, LT 5.

AITEfE

[

ag | BT [ !
~ S ST

1 [ a] FL> ZL:

:

[

[

04 - Y
C<v~v : EL—%%E% Rt

B 5.7. WAt DEbi




R—F 0 TOREHRET 1%

eroeo1l’r
I'y = —
0 = €po T | —enly
TERIN, FlZE, AfRE LTEKRS T =-1) 28kT 2L,
—1) €10€01
F(S) T _ e10601( _ B
0 0 short €00 + 1— 611(—1) €00 1+ €11
7, AmE L ChlEs T =1) 28T 5 &,
F(O) T — eoo eroo1 -1 - €10€01
open 1-— €11 - 1 1-— €11
amEAan Ip=0) DLZIIEXEIEFTHRL,
0
v —_r — 1001 Y
0 0 load €00 1— €11 - 0 — €00

(5.22)

(5.23)

(5.24)

(5.25)



kD, ey ei1, €ioeor lE, KA X->TKRDZZENTE 3,

eo0 = Tg”
q1:2F$>—F§>—F§”
F(()S) . Fg)O)
L S L O
2y (@Y i)
€10€01 — F(S) F(O)
0O — +0

(5.26)

(5.27)

(5.28)

DXL ODE—TFOMUEMEZITIDDZE 1 E—FKRIEE WS, [HREICL T, HIER—

F 2 (ag, b2) IZ2WTHEEGEN, FHikd, P2 R L Tillie2
»Rons,

11213, ess, €22, €23€32



5.3.2  FANF TM BIE
2O DA MO EHENREHR OBIE DB, BT [S,], [Sh] 13

€00 €01
S, = 5.29
. ( ) (5.29)
€22 €23 €11 €10
Sl = = 5.30
[ b] (632 633) (601 600) ( )
Z)V— (Through) &% éﬁf(Mam)’ibﬁ5®#TMﬁMwmm&)ﬁET%5
BAEM (Match) 1 SOLIIED Load AU T, HIEET™ X1 eq i3
eqo = DM (5.31)

Z)L— (Through) <oMEM S\T, ST 1%, BEATHI DML D,

T €01€10
S = = (5.32)
ST = ego+ U0 ) 461551 (5.33)

2
1—611



:hi b, €11 ¢

. S(T) — €00 _ Sﬂr) - F(()M)
= (D

(5.34)

F7z, epiero 3,

(5<T> FSM))Z

T
€01€10 = SST)( - 6%1) = Sél) - (™)
21

(5.35)

5.4 21— MEIE




5.4.1 SOLTHIE

WER—F1E2%
fieezie & DK 5,

R L 7 & X odEgs siT, s\

¥, HELATAI[S,]

S(T) _ €10€32
21 T oo
— €11€22
(T) _ €o1€23
Si2’ = 1— erien
— €11€22
Xy RNT—2 - PFSAFOIEE [Sihry]
pmmme et L DT R "
0 1 ZJ— 2 | 3
°_La0. AL T3 a o AT T,
[ | < (g -
! [Sal 1 gy iy meg—rz | 150 :
bo 4| . b, b, . 1 b
S| BEEK o -~ BEMEE [
0 I 2' L3
1

X 5.8. MR — b OEEERE (AL—)

L[S, D

(5.36)

(5.37)



ZiE SOLKIEZITZIXE, ejpesn, epreas ERDEHIIZLTRDZ LN TE S,

€10€32 ::A9§¥”(1 — e11€22) (5.38)
€01€23 ::A9§gj(1 — €11€92) (5.39)
ZDEIIT L THEONTBEREK ST X —% ey, €11, €10€01> €33, €22, €23€32, €10€32
eorea3 ZFHVIUL, T4 ZVRy T4 Y TICE > THHERT DS RIA—F 2 RKDBH L
MTE 5, H%ibhdT 2 TRLIKRIETHHEETH S 21— MLIE)., 612, HIERNTD R —
FOBMDT7TA VL —Yarvdb GOl EZK e ziid s b0z 702K — FMRIEE

WV,

5.4.2 TRLKIE

TRL (thru-reflect-line) fRIEIZFRD 3 D DEEHLIREETHIE 21T\, WIET 3 bDTH 5 *!
[6].

*1 G. F. Engen and C. A. Hoer, “Thru-Reflect-Line: An improved technique for calibrating the
dual six-port automatic network analyzer,” IEEE Trans. On Micr. Theory and Tech., vol.27,

pp-987-993, Dec. 1979.




o ZJ)— (Through) : A—F 1, 2 ZEEEK (H 2 VIFEWEREREEZ N L )

L, HIET 3.
o HIER (Reﬂect) A—F 1, 2ITKHDKE % (ﬁ%ﬂ]ﬁ) Az L, &4,
HIET 3. i, a— MOV, F—=7"VIEBLBbo TWT, KEMRED

REID1 _;\_usfbdmi‘ﬁﬁwézﬂ%.
o R (Line) : K—1F 1, 2Z2OWEERE (AV—THWVWALLDLIZREIDHEL
HIGIRRRE) 2L CEERL, HIET 5.

3R 0D K BHA R R L OB S RIEEIC b o TO AR WEATHEH TX 2 D2 TRL
BRIEOKE 28 THh 3,
5.4.3 TLSHKIE (TSDFIE)

TRLIKIEDO RS2 (Reflect) Do D IckifgdR (short) ZHW7aKiE%, TLS (thru-
line-short) BIE & W9 | fZ3EREE (line) % delay &WES & ZI21E, TSD (thru-short-delay)
BRIE E V9 Ffgas (short) 23728, T'p = -1 EBWTEKDHNUUL, RDOXkIHICLT



€11, €9 XRETE 5,

S(R) —x

€11 = —3%)72 (540)
511 — X1
S$) +

€2 = —%QR)yQ (5.41)
Ss2” + 11

ZnbAHE, TRLEIEEFRIUTH S, </p>

5.5 TRLBEIED A

TRLAZIE™ [6] I2DWTHEL CEH L CEHT 5.

*2 G. F. Engen and C. A. Hoer, “Thru-Reflect-Line: An improved technique for calibrating the
dual six-port automatic network analyzer,” IEEE Trans. On Micr. Theory and Tech., vol.27,

pp.987-993, Dec. 1979.



5.5.1 A)L— (Through)
¥9, AN—DtE, F—FO0-3MDOR~FY 7 A (HEM) 13,
[Rthru] — [Ra”Rb]

£ - T,

5.5.2 {nikiftig (Line)
Kz, KD kS IAE%EE% (Line) 28T 2 &,

[Rline] - [Ra”Rl][Rb] - [Ra] [Rl][Ra]_l[Rthru]

(5.42)

(5.43)

(5.44)



XY NT—=7 - P+ A Y ORIEE [Siinel
o 1 f"'%é@ﬁé"'E""'i:'l__g
L et e
! Bl Ve 2z, mextrz| 2
;é&[%%@% é?;________;ég P
0o ap ! |2 M

B 5.9. HE R — b RIARERR 2 b L 72y

ik,
[Rline] [Rthru] 1= [Ra] [Rl] [Ra] -1 (545)
722U, [R) FEE I OBEEREOR MY 7 AZRL, RDLIH LR 5,
_'Yl O
m=(% 0 (546
22T, HIEME»SRDSNDEEZRD X HITEL,

[Rline] [Rthru]_l = (Tll T12) (547)

T21 T22



5.5.3 WD FL—A

HHha; (1,j=1,2,--- ,n) oz [A] £T5L, 7D FL—Ztr 1%, WA
%aii @*DJ: D,
tr [A] = a11 +as2+ -+ anp = D a4 (5.48)
i=1

191 [A][B] D + L — &1,

n

o [A)[B] = S5 (AIB) = 3 (z om m) S (2 bmiaim)

1 \i=1

= S (B[ A = tr [B][A] (5.49)

2%, A ANEATH FL—RABAETHS, kD,

tr([P]H[A)[P]) = tr {([P]"H[AD[P]} = tr {[P)([P] " [A])} = tr {([P][P]~1)[A]}
= tr {[U][A]} = tr [A] (5.50)

2L, [U]HAATsZ2mRY, Ko7, fTAIOMBERTS L —RIEAKETH 5.



5.5.4 [BEHIROESE
A (5.45) DITHID P L —RAZRD B &,

tr {[Rline] [Rthru]_l} = tr {[Ra] [R] [Ra]_l} = tr {[Ra]_l([Ra] [Rl])}
= tr [Ry] = e " 4 ¢ (5.51)

75D+ L—21, NAEROMWD Z,
114720 = e '+ €' = 2 cosh 4l (5.52)

£oT, BREBEOELREAZRKDL I ENTE S,

ri1 + 7“22)
2

7l = cosh™* < (5.53)

5.5.5 HANPED ST A —%

WERPEOR~ MY 7 AEES

(a)  (a)
r r
[R.] = ( %Clb) %g)) (5.54)

21" T22



EEL L,
[Rline] [Rthru] 1= [Ra] [Rl] [Ra] -1

[Rline] [Rthru]_l[Ra] — [Ra][Rl] (555)
0,
(?“11 7‘12) 7’%) 7’%) _ Tﬁ) 7’5620 (6_71 0 ) (5.56)
ro1 122) \plY rgg) ré‘i) ré%) 0 e

nkn,
riry 4 rard)) = ri{fe (5.57)
ririy) +riarsy) = rige (5.58)
rorrsy) + raorsy) = r{Pe! (5.59)
7“217“53) + 7“227"%) = Tég)@vl (5.60)

X (5.57) £X(5.59) DEEE ED, e M EZWHET S L,
7’11”'“%? +riersy” ¥

ro17 ﬁ) + 7“227“5610 7“5?

(a) ()
21

(5.61)



B2 ERD2RITEAER S,

) i
21 | (o) +(7’22—7‘11)W—7‘12:0
r r

21 21

F7, X (5.58) £X(5.60)DELZE LD, M ZWEL THEMTS L,

tut%) + t12tg) B t(lg)

t21t§02b) + t22t§3) té%)
(a)\ 2 ()
r r
r21 (i)) + (122 — 7’11)%2) —rig =0
r r
22 22

EoZop 2k BRI, REDFELWZ,
ro1z® + (rag — ri1)x — r12 =0

X oT, iRz,

_ _ + _ 2 1 4
- (122 — 711) \/(7“22 r11)% 4+ 4ro17r12 — 2.1
27“21

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)



R*bMUZAP5S< MY 7 RIZEHL T,

vy = 7“5610 _ —Coof11 + ep1€01 ~ eoo — €01€10 (5.67)
r{®) —e11 €11 '
)
T2 = —rg) = €00 (5.68)
29

EBL. BRERBICE DB RES BV ETIUR, |21 > || £ 55 X9 B2 ERIL X
Vv, L7293 T,

€00 — T2 (569)
€01€10

=29 — X 5.70

€11 ’ ! ( )

FIRRIC LT, R—1 2-3[EDIRERFEDNNT A —F HRKD D Z LIS TE,
[Riine) = [Ra)[Ri][Ro] = [Rinru) [Re] " [Ri][Ry)] (5.71)
2HL T,

[Renra) ™ [Riine) = [Re] ' [Ri][Ry] (5.72)
[Rb][Rinra) ' [Riine] = [Ri][Ry] (5.73)



WiE,

[Rthru] -1 [Rline]

/ /
) 570

T91  Tho
(b) (b)
r r
o1 Ta2
EELE,
b b _ b b
Ir.gl) T§2) (T:/ll /]"/12) — (6 ’YZ Ol) 7“%1) 7“%2) (5.76)
) A N WAV
Nk,
il + iy = riye ™ (5.77)
7“51?7”/12 + ng)rlzz = ng)e_’yl (5.78)
rgi)rlll + ng)rlzl = r{fe! (5.79)
ri) g + i rhy = rig e’ (5.80)



X (5.77) EX(B.78) DIE LD e ERHE,

b b b
7"51)7“/11 + 7“52)7"/21 B 7"51)

b b =
7“51)7“/12+7“£2)7“/22 7"%2)

)’ A
/ / / /
T2 |~y | T (rae —711) 3y — 721 =0
RO RO
12 12

F7, X (5.79) £ (5.80) DILE & D ! ZHE L THET S &,

b b b
7”51>7“/11 + 7“§2)7°§1 o 7"51)

By oty 1
(b)) ? (b)
r r
”'“/12 (?;)) + (7’52 - 7’/11)7%2) - 7’/21 =0
r r
22 22

Fo=->oHEAIZ,

gy + (T — 1)y — 19, =0

(5.81)

(5.82)

(5.83)



TERIN, B (1] > |y2)),

_ —(ryy —71y) £ \/(7“/22 —111)? + 4riord, .
Yy = 20" =Y1,Y2

R*bYZALSS~< MY 7 AICEH#L C,
(b)

_ Ty —ezze33 + €23€32 €23€32
=" = = —€33 —
rig €22 €22
(b)
_ o _
Y2 =~y = —€33
T'22
L7cD3o> T,
€33 = —Y2
€23€32
=Y — Y2
€22

5.5.6 R (Reflect)

HE A — Mz idy (Reflect) 28 L 28502525 (KRFRETL).

(5.84)



BIEME [SR] HIEME [Sp]
__________________________ |
0 ! I 3
ao 1| FRELTTEY BELTE U gy
(S, [Sp] |~
by : =g o : b3
o | REEE RREDR |\~
0’ 1 : 3’
e

B 5.10. JER— FBIIERRE 2 Bt L 728ty

A=+ 0 ToEHRE ST, BXOE—F 3o sEHR S 13,

'y e11(ze —x1)I'p
g(R) _ Cfoi€iol L _

11 €po + 1 — el T2 | —enl;
SR pgs + ezl _ o+ e22(y1 — y2)I'r

1 —eql'y 1 —e2l'r

(5.89)

(5.90)



kD,

(5( ) - 5’31)611 (S5 4+ y1)eas
€22 (S(R) - xl)(sg) + Y2)
el (S(R) — xg)(Sg) + y1)

—F5, An—0 b =zl s D, s iz,

T €22€01€10 e11€22(T2 — 1) T2 — e11€2271

S()—eoo—l——zxg-l— =

1 —-ej1ea 1 —ej1e92 1 —ej1e92

g(T) _ €22€23€32 e11€22(y1 — y2) _ TY2 +e11€22y1

20 =€33+  ——— = —Y2+ =

1 —ejrea 1 —ejrea 1 —ej1ea

-7,
(T) (T)
ST 1 Sy’
€11€22 =

17— T2 ngm + Y2

(5.91)

(5.92)

(5.93)

(5.94)

(5.95)



L727935 T,

o (S5 —a)(STY — 22) (S5 + 1)

(11 — 22) (S5 — 1) (55 + )
_ (S{If”) - xl)(ség) + 92)6
(S117 — $2)(S§§) + 1)

€22
(Sg{) +y1)l'g

(5.96)

(5.97)

(5.98)

(5.99)

J: b *&%{ﬁ%*&), €11, €22 @f@%%/j&ﬁj‘“Cii Uy, éi ‘>9 Iz €10€32; €01€23 Ci, SOLT Tﬁ?
EDAL—DREFAKETHY, AL—0BEBHEH ST, ST vbrtudkosohns, L

BT,

€00, €11, €10€01, €33, €22, €23€32, €10€32, €01€23

PIREIN, TAZURY T4 VT Lo THHERT DS IA—=F 2L EBRTE S,



CHAPTER 6
7 4 W GRD 7= D DFFEBEL

7 4 VY ERICB T BRHERIE L BfE ST X — & OPEERINEE A R T 5. T,
TR T 7y U ARBKICEB TR AN v E=Y U R E KEMREREAL, RKE
NEBEENIOLE L CEIHMEEBEEZ ERT 5. XIL, ThzkicLT74 L8 D
FRERE iz @ L, RAMREE DBRDE ML T3, 7, EENEKOMEEICD
W, ZOANAVE=F VA, A v E=FVR{TF, 7 F 3521750, BXOH

AT DO EBEL - ABABRIE 250§ 2. &RIC, BIfE N7 X —%, HELATA,



ZLTANA v E=F v A RIS L OROBRZEE, EEREE L TCOffAE

K, BKEHEHAR, (AR, BREEREZ KO T <

6.1 28w NI 72y v AMEE

QU TN 77 ARBDOR—F 1, 2% Ry, Ry (FZF) THIHL, F—1F 1, 2256

Fl(S), FQ(S) Ci,

72721, s=jw.

(6.1)

(6.2)



2 b
| 2 -
2 BT
yrssvz | |V [
Eﬁg Zin2
2!

e

X1 6.1. A% &0 L 7l

R— T 2 DGR E Ry ICHE I N8 P 13,

Py =Vo(—1)" =

_Wl?
Ry

(6.3)

A=+ LIS Ry OfE 52 86 L 75025 2 5. WlIEPUCE L WEGEIIR, %
CHUCHHE T IUSRKE N P BEON, XDEXHITH D,

Pma:z: —

E%R; E?

(R + Ry)? 4R,

(6.4)



L&

X1 6.2. etz b L7z nlig

Ik, MIRAM Ry ICHBEINEEN Py EIRAES P, & DI
Pmax_%_gﬁﬁ_}@g 65)
Py _M_4Rl\vg|2_2 Ry Vs, '
20, MEPEEROEE, WHEN P BANEN Py = |L*R(Zin1) ICE LD,
Vo |?
L*R(Zin | :
1" R(Zin1) = Ry (6.6)
X o7,
V- 2
7| = ReR(Zin) (6.7)
1




ko,

v, L Ve 1V
E E I, Ri+Zn, §L (6.8)
E 2 _ 1 ' E 2 . RQER(Zin,l) (6 9)
El  |Ri+Zinal? LIl |Ri+ Zina)? .
X7,
maw \IE 1&|R1 + Zin,1‘2 _ ‘Rl + Zin,1|2 (6 10)
Ry V3 ARy RoR(Zin 1) AR1R(Zin1) .
ﬁ@ﬂlﬁlﬂ%@%m, Pmaa:/PQ > L.
6.2 7 4 IVY DRHERIEL
FelB9% (characteristic function) K(s) %,
Pmaa:
=1+ |K(s)? (6.11)

Py



#L (s =jw), Transducer Function H(s)"1%XD X ) ITEET 5.

. Prnag 6.12
Rl V2 ( )

[H(s)]* =1+ |K(s)[’ (6.13)

£ -7,

*1 Transducer Function (FI{EEEREE) 121k, KD X I % 2 ODEENDH 30, ABETIIBREOEEZ M

WTW3),
o JA7E®D Transducer Function : & - Az & o7 AHAER (E — Vo) 2\, ERNZET LN
Bz,

o £ Transducer Function (Insertion Loss %) : #1728 - A (R, R2) KBTS 7«
WG D7 O DR T (EE SRR E R U ESR).



RIT, KR E OBz BT 5.

P, 2 Zin
Py BB Bei(Zi)
Prax Ry | E Ry |Ri+ Zinal?
B (R1+ Zin1)(R1+ anjl) — AR R(Zin1)
|R1+ Zin1|?
_ R+ Ri(Zina + 25y 1) + 1 Zinal* — 2B1(Zina + Z5,1)
|R1+ Zin1|?
. R% - Rl(Zin,l + Zz?kn,l) + ‘Zin,l 2
|R1+ Zin1|?
Ri — Zin1)(R1 — ZF, Zin1 — Ri|’
_ ( 1 ,1)( 1 5 ,1) _ ,1 1 _ |F1|2 (6.14)
|R1 + Zin 1 Zin1 + R
2%,
1 HP? -1 |K/]? K|?
byl L _lHP-1_|KP K]

_ — — — 6.15
HE T |HF HP T 1-|KP (6.15)



Ik, FERE K B L TRADNR D Lo,

(K| = T4 |H? (6.16)
KK* =T T{HH" (6.17)

6.3 AN vyE—=¥v2OMWE

YYERI I SEEA T RE 72 2 B [AlE  (passive network) D ATIA ¥ E—%"v 2D - ERHE
(even/odd properties) Z@tlHT %,
6.3.1 7—Y 1%

Wk, f(t) 2Rt (5280 OFELORIEE L, WE#E (time domain) 2> & A EGHE
I (frequency domain) 17—V =24 (Fourier transform) § % &,

F(w) = /_OO f(t)e I«tdt (6.18)



CHUERD K ) ICHEAEBIBTET Z LN TE S,
_ / 7 F) (cosewt — j simwt)dt
::/miﬂﬂaﬂwwt—j/ﬂiﬂﬂsmwuﬁ (6.19)
22T, Fi(w), Fh(w)ZEHLELT,
F(w) =R(F) + S(F) = Fi(w) — jF2(w) (6.20)
EBCL,
= [ sweos-wpit= [ ft)coswrde = Fiw)  (o21)
::/wf@ﬁm w)tdt = ,/ f(t)sinwtdt = —Fy(w) (6.22)

£ T, Fi(w) 3MEE%E (even), Fh(w) 37AR% (odd) TH 5. FBHRIEZEE LVIERSE
TR, L, C (JAEBCLETOREIIKEL BV) »oMRIND 1SRk zLEZ 5
&, HHEv(t), EIi) FREtOFEBEBETHD, Ino07—V Lmr Vi), [(w)



E95%¢E,
Viw) = Z(jw)l(w) (6.23)
2L, Z(jw) BANA v E=F U A%ZIRL,
Z(jw) = R(w) + jX () (6.24)

ZDLE, FEE, EEkicko X (6.21), X (6.22) DEEFRH D,

A4 v E=F v 2 EDRE#Z T,

Vi(w) — jVa(w) = {R(w) + j X (w) {I1(w) — jI2(w)}
= R(w)[1(w) + X (w)x(w) + j{ — R(w)[2(w) + X (w)1(w)}  (6.27)

I, B L D,



R(—w) = Vi(—w)i(-w) + Va(—w)(-w) _ Vi(w)h(w) + (= Va(w))( — L(w))
IF(—w) + I3 (—w) R(w)+ (— 12(w))2
= R(w) (6.30)
X(—w) = Vi(—w)Iz(—w) — Va(—w) 1 (—w) _ V1(w)( — Ig(w)) + ( — VQ(w)ﬂl(w)
112(—60) + 122(—(,0) 112(00) i ( B Iz(w))2
= —X(w) (6.31)
X2,

Zin(—w) = R(-w) + jX(-w) = R(w) — jX(w) = Z;, () (6.32)

m

L7zD5T, R(w) IZBEI%L (even), X(w) ZZFI (odd) TH2 I Lhibh s, bbb 2
Loy FBILATIA Vv E—=F VR 2, DEELBRICOWTHFEIETH 5.,

Zin(W) = r(w) = ja(w) = r(-w) - jl-z(-w)] = zin(-w) (6.33)



6.3.2 AL vE—F 2D - kil

ANAVE=F VA Ziy DR, 53T %, s = jw BT 2885 (even) m;(s) = my(—s)
&, @R (odd) ni(s) = —ni(—s) (i =1,2) TET L,

ml(s) + 711(8)

Zin = o (5) + na(s) (6.34)
2T, MB% i m,(s) 3L TR (n 138X,
mi(s) = agns™ 4 agn_25°" "2 4 - + ags® + ag
= my(—s) (6.35)
ZDLE,
s = (jw)* = (=1)"s™" (6.36)

L0, mi(s) 1 ZFE8 £, WS (s) FFHEATEI N (n 138EED),

2n 2n—3 -+

—1 3
nz(s) = Q9n—1S + agp—3S ---+as3s8” +a1s

= —n;(—s) (6.37)



DL E,

82n—i—1 — ( 2n+1 _ j(—l)n82n+1

jw)

I, ni(s) BHUERE 55 2 L Sbir D, 2T, Ty, fe #FRMET S L,

ny = jny, Ng = JNog
kb,
7 _m1+n1 _m1+jﬁ1 _m1—|—jﬁ1.m2—jﬁ2
" mo+ng me+jne Mo+ iz ma — jhg
_ (m1m2 — ﬁlﬁz) +j(m1ﬁ2 + mzﬁl) _ 1

EXEY, Zip, OORHIEEETH B, 0, dTDIEHI,

my(—s)ma(—s) — n1(—s)nz(—s) = myi(s)ma(s) — ( — ﬁl(s))( — ﬁg(s))
(s) —n

= m1(s)ma(s

W Z BT H 5. FRRICL T, TR,

my(—s)nz(—s) + ma(—s)n1(—s) = mi(s)( — na(s)) + ma(s)( — n1(s))

(6.38)

(6.39)

(6.40)

(6.41)

(6.42)



W 2B TH D I EBbhL, 2T, Zy, DEBEE Ev(Z;,), #E%E O0dd(Z;,) &
LT,

EEL L,

F1U, R(Zin)s S(Zon) W Zin DET, A B LRT, UEEEEDDE, AJIA Y E—
7\‘/7\ Zzn 2D,

o Zin DIEBABDIHZ LT Ev(Z;,) 13FE
o Zin DFEBDOIEZ T 0dd(Z;,) (FHEEEL

A7 FESFVRY;, bAKTH 5.



6.4 MEHURIIEDOPEE

MEAHRPEETIIATA v E—8 v RRBHIER, 2F D R(Z,) =00 Z,

my1+Jn1 . ming + mang
Zin = =] D) —9
mao + Jn2 my + nj
1
= S(Zin) = 0dd(Z;,) = v (6.45)

£ o T, BEREETIANA Y E=F VR Zip, AT F YV RAY,, EHUERD SR
BThs.

6.4.1 MHEMPED L v E—F v 21741

AV E=F VAT [Z] I2DW»TH

(“2) - (% 22) (2) (6.46)



BRI, i,5,k=1,2(j#k) &£ LT,

Zi =~ =9(Zy) = 0dd(Zy) (6.47)
1 I,=0

55T, (2] DRTOFFIEHIMIER, FHKE %2,

6.4.2 MEHFKPMFEOT F I8 ¥ 2175

TR [Y]IZONTY

I Yii Yo\ (V4
= 4
(b) (Y12 Y22> (Vz) (6.48)
BRI, i,5,k=1,2 (j # k) & L CTHERIZ,
I;
V= 2 29, = 0dd(vy) (6.49)
Jj I,=0

55T, [V] DATORIEEIEY, WL %2,



6.4.3 MEHKNEEDFEART I
I 61T, HARITH[F] I3,
iy Vs (A B
(n)=(%h). = (& D)
A v =8 2SR 2 HWTET &,
(A B)_ 1 (Zn Z11Z22_Zl22>

C D] Zy\1 Za9
nky,
0= 79 = ~ =€
A= 210 = gy A=
D) = Z) = e P RO
Bs) = Zu)Zn(s) = Zh(s) _ i _ g

Z12(8)

(6.50)

(6.51)

(6.52)
(6.53)
(6.54)

(6.55)



£ o T, RN TR FERD A, DIFEBEDOMEEE, B, CIIHEED DA%
£ %,

6.5 BIfENT XA -2 DIH

6.5.1 BIfEZEBIEE SN T X — 5 DB

B EABIE H (s) 1%, BEARTHIOEFE A, B, C, D&Y,
A(s)Ra+ B(s) + C(s)R1R2 + D(s)Ry

— 6.56

H(s) e (0.50

—7, BELATIIEERE So1, S ld CEHAN),

2/ R1Rs
_ _ 6.57
521 812 ARl + DRy + B + CRlRQ ( )
£ -7,
1

H(s)= — = - (6.58)



6.5.2 MEHEIINE

SEIHREIEAD & X, A, D3I, B, C SRR, H(s) DEHIE H*(s) 14,

« _ A(s)Ry — B(s) = C(s)R1Ry + D(s)Ry
H*(s) = N (6.59)

£7, A, DIZEBI%, B, C3#wB%& D,

A(=s)Rs + B(—s) + C(—s)R1Rs + D(—s)R;

2 R1R;
= H(—s) (6.60)




6.5.3 FRiPEBA%L

BIEEEBISH L b |H|? 235872 &,

’HP:HH%JA+DNH43+CR%(A+DHLWB+OW)
2R 2R
(A+ D)?R? — (B + CR?)?
B AR?
_1+—M¥+@4+DVHL{B+CR%2
4R?
—4R% + (A — D)?R? - 4ADR? — (B — CR?)? + 4BCR?
=1+ 152

22T AD—BC=14&D,
(A— D)?R? — (B — CR?)?
4R2

:1+4;JR%A—Df—(B—CRﬂﬂ (6.61)

B, CIE3MEHE®Z, LADOFE2HIETH L, FHEHB K IR TERI NS,

H*> =1+

H> =1+ |K|? (6.62)



K2 %36 KO 2 o CRT &,

K> = KK*
_ R}A-D)?— (B-CR??
- 4AR?
_ R(A-D)+(B—-CR* R(A-D)-(B-CR?
a 2R ' 2R

kD, BB K IZRD XIS,

K(s) = 5 5 { R(A(s) = D(s)) + (B(s) - C(s)R?)}
BERILE K*(s) 1220 TE,
K*(s) = %{R(A(s) ~ D(s)) = (B(s) - C(s)R?)}
1

(6.63)

(6.64)



6.5.4 FATIH & BITEREBEE,  FRPEBAE DBt
BB H, FrEBIE K D SR I (s = jw),

A(s)Ry + D(s)R1y  A(—s)Ry + D(—s)Ry

() = A D _ AR
= R(H(=s)) = He(s)
R(K(s)) = A(s)Ry — D(s)R1 _ A(—s)Ry — D(—s)Iy

2VRiRy 2v/ R Ry
= R(K(—s)) = Ke(s)

R (6.65) & X U (6.66) & b,

ARy + DRy | ARy — DR,
2V R Ry 2V R R,

H. £ K. =

B, MAIRT S A4, LIRS T,

(6.65)

(6.66)

(6.67)

(6.68)



£ -7,

ER

£ -7C,

[AERIC L C,

VIR Ry
A — He + Ke - He + Ke
R, )= R )

DR,
H, - K, =

VR Ry

vV IR1R Ry
D = He - Ke - He - Ke
Ry R e T )

R B H, FPERE K DREBGBIE,
B B(S) + C(S)Rle B —B(—S) — C(—S)R1R2

SH) == m g NI
= ~S(H(~3)) = H(s

_ B(S) — C(S)RlRQ . —B(—S) + C(_S)RlRQ

2v/R1 Ry B 2v R R,
— S(K(-5)) = Ko

(6.69)

(6.70)

(6.71)

(6.72)

(6.73)



K (6.72) X O (6.73) & b,

B+CRiRy B-CRiRy

H, £ K, = +
2V R1 Ry 2V R1 Ry

B, MRS 2 A4, BlA KD T,

B

Hy+ K, =
VR R;

X -,

R Ry
Ri1Rs

B=+VRRy(H, + K,) = (H, + K,)

:

E

CR1Ry

H,— K, =
VR R;

X -,

(6.74)

(6.75)

(6.76)

(6.77)

(6.78)



BEARLTY & BIRIERBIE, FrEBIB DBz $ L 5 L2 2],

_ ARs + DR,

c 2v/ R1R>
_ B+ CR{Rs

Ho = 2V R R;
_ AR, — DR,
° 2yRiR;
o B — CR1R,
? 2v R Ry

(6.79)

(6.80)

(6.81)

(6.82)

&
=

(A B): 1 (Rl(He+Ke) Rle<Ho+Ko>) (6.83)

¢ D vV R1R2 Ho - Ko R2<He - Ke)

*2 R. S. Elliott, “An Introduction to Guided Waves and Microwave Circuits,” Prentice Hall (1992).



6.5.5 AL =3 R EFEBB DR
BT 1-1 2 S [l A R ATA Y E— 8V R Zip g 1,

Vi AVa+B(~-L) AVa+B{> AR, +B

Z’in - T = = =
YT L CVi+D(-L) CVa+D} CRy+D

X (6.69), (6.71), (6.76), (6.78) ZfRAT 2 &,

Zin
Zin,1 = R,

o 1 Rl(He+Ke) 'R2+R1R2<H0+Ko)

B R1 (HO_KO) 'R2+R2(H6_Ke)

_ (He+ H,) + (K. + K,)

B (He + Ho) - (Ke + Ko)

_ (R(H) +3(H)) + (R(K) + 3(K))
(R(H) + 3(H)) — (R(K) + S(K))

_ H(s)+ K(s)
H(s) — K(s)

(6.84)

(6.85)



AR LT, Wt 2-2° 6 mlg 2 B A4 v E=F VR Z;), 013,

v
Lin2 = 2

R (6.69), (6.71), (6.76),

I

_ DVi+B(-I,) DVi+B{* DR +B

- OVi+A(=L) CVi+Af} CRi+A

(6.78) #RAT 3 &,

. 1 ) RQ(He - Ke) ’ Rl + R1R2(Ho + Ko)

R (H,— K,)-R1+ Ri(He + K.)

_ (He+ H,) — (K. — K,)

- (He+ Ho) + (K. — K,)
(R(H) + 3(H)) — (R(K) — S(K))
(R(H) +3(H)) + (R(K) — S(K))
H(s) — K*(s) _ H(s) — K(—s)
H(s)+ K*(s) H(s)+ K(—s)

(6.86)

(6.87)



6.5.6 £ v E—4% 2175 & Rtk B o iR

HATHIER A, B, C, DAEMTA v E—Fv A(75[2] #F & (AD—BC = 1),

2= (7 22)=c(l o) 5%
kD,
7y = é = Z] J_r gZRl (6.89)
19 = Zg1 = (17 = i Ko\/m (6.90)
%w—g=ﬁii§?b (6.91)

6.5.7 7 F I v 2115 & R BB O BIt%

FIfklicLC, A, B, C, DEHWTT FIF Vv Af5Hl Y| 2ET L,

M= ) =50 3 )



kD,
Yii =
Yio =Yy =

Yoo =

6.5.8 FEUnbHIL, #& Rt

V- 1-1 26 Eg%E B A4 v 8

Zin1 =

D H,-K, 1

B H,+K, R

—1 —1 1

B  H,+K, R.Rs
A H+K, 1

B H,+K, R

— R Zz’n,l i,

Vi AVo+ B(—1»)
I, CVy+ D(—I)

(6.93)
(6.94)

(6.95)

(6.96)



Ui 1 2-2° D& E BAI, H 50K L 2L &, T 1-U ol E R A4 v E—=F v
Zo1r Zgild,

Zop _ 1 Wi _ 1 A _Zn_HtKe (6.97)
R R Ll B C R H,—-K, '
Zo. 1 V 1 B 1 H4+K,
1 bW _ - P _ - + (6.98)
Ry Ry hly,—o R1 D RiY11 He— K.
Wi, W 2-2 oMz i AJA Y E—=Y VR Z;y 0 1,
V- DV + B(—1
Zing = — =~ - B=h) (6.99)

I,  CVi+ A(-I)

Ui 1-1 Of&IRE B, H 5 I3 L 2L &, W 2-2 ol E R A4 v E—=F v
A Zogr Zso

Z, 1 W 1 D Z H,— K,
2_ 1 W — .= f22 (6.100)
Ry Ry Ilj—g R C Ry H,—-K,
Zoo 1 V. 1 B 1  H+K,
2_1 W 1 B_ _ Hot (6.101)
Ry Ry I3ly,—0 R2 A RyYey H.+ K.



6.6 FrPEBAR & LI A D BATR

i f- 1-1" 7 & [l 2 R 7 BORHRE T 13,

ARo+ B
Zina—R1  GrAAp — Ra

— AR.1B
Zini + R G5+ Ry

(ARZ + B) — Rl(CR2 + D)
= 513 (6.102)

Ty, =

[FIBRIC LT, S 2-2° %0 5 [nlig 2 b7 SOREREL T 13,

DR,+B
Zing — Ry Griva — 12

= DR +B
Zina+ Ro g3 + Re

(DRl + B) — RQ(CRl + A)

= S99 (6.103)

Ty =




F7, KRET,, Ty EREREE K & DBk,

Ty =

'y =

Zina
Zing— Ry g =1 zipi—1

Zin1+ Ry Z}_.{—"l’lJrl © Zipa + 1
H(s)+K(s) 1

= Sll

= SQ2

A (6.58) &T, HEATII[S] IZRD L) ITh B,

(S S
[S]‘(Szl 522)

=

I
—

==

_He-Ks - _HAK)-(H-K) K
- H(s)+K(s) H+ K H-K H
BT )~ (H+ K) + (1~ K) o
Zin2— Ra %7;2_1 _ Zin,2 — 1
Zin2 + R % +1 Zin2+1
H(s)—K™*(s) " " "
el (H-K) - (HK) K —gg—;)
-~ H(s)—K*(s) H—-K*)+ (H+ K* H s

1}{) = HL) (Ki‘g) _K}_S>) (6.106)



6.7 FHEBIELE AIA v E—F U A DR

RAtREET L5 &,

0D BB | H ()2 13,
[H(s)]? =1+ |K(s)]” = 14+ |T(s)[*|H(s)|”

O

5L, KERET(s) 1,

(6.107)

(6.108)

(6.109)

(6.110)

(6.111)



kD,

g(—s) (%) (6.112)

£ -7,

H(s)H(s)* = 1 + K(s)K(s)"
H(s)H(~s) =1+ K(s)K(—s) (6.113)

BBILATIA v E=F v 2 20 1k, HT = K &1,

L _1+T(s) _H(s) 1+T(s) _ (S; K(s) (6.114)

“in T 1-T(s) H(s) 1-T(s) H(s)—K(s)

FrRI8 K (s) 2 #Y) 72 B8 C - 2, R CHEBNR R H (s) 2Kk 2 2 LB TE UL
L(s) bbb, ERXDHEBILATA v =228 T8 605, K= —HI k*f
&, RHHRENT —T £ 7% 5DT, BIBLATIA v E—=F 2V ZFRD L H 12D, B2



[FIEE DS 5 4 %5,

__H(s)-K(s) 1 _
i T Hs) £ K(s)  2f Ui (6.115)

6.8 {nikFriE

6.8.1 HAMK, KAHHER

fiAHEI (insertion loss) (&, FRALZRMRES £ D, 20logyo|S| [dB]. #v b7 —72
TFIAFICE BMETIE, FHAREKIZ Sy £V, Ly = —20log,|Ss]| [dB], KEHHEE
(return loss) 1% S1; £V, Lr = —20log;q|S11| [dB] £ LTRD 2 Z &23% 0,

E7, 74NIOEGHIE T, BIFERBIH L0, K (transducer loss) o [dB] 1%

max

a = 10log;y | —2* = 101logy, |H|* = 201og,, |H| (6.116)

L OFHIi S 45,

*3 WO 1 72 11 D SR BUS LA IS T H 5,



BITEmRBIE H (s) DIRBIE He (), AR H,(s) 13,

£0,

6.8.2 PifHRFE
TR BIS H (s) DAL 0 12,

1 S(H(s))/T _

0y = tan

(6.117)

(6.118)

(6.119)

(6.120)



6.8.3 HEEMERFTE
HHELE (group delay) T,1%, s=jw &0,

d@H ds d@H d 1 1 HO(S)
7, =T 0T 0 ok
97 dw dw ds  ds (j HHL(s)

WO HAREE% y = tanh ' ¢ DWYIE, = = tanhy £ D,

d 1 h?y — sinh”
ar _ 5 oy 231n y:l—tanthzl—:UQ
dy  cosh”y cosh”y
X -7,
d _ dy 1 1
—tanh 'z =" = — =
de T T g—x 1— 2
y
Znky,
d 4 Hy(s) 1 H'H,— H,H!
T,= — [tanh™! = . ¢
9 ds ( o He(s)> 1_ <H0>2 H?
He
_ H/H,— H,H]

(6.121)

(6.122)

(6.123)

(6.124)



A(H? — H?) = {H(s) — H(—s)}" = {H(s) + H(—s)}
=2H (s)H(—s)
X -7,
o HyHe — H,H, _ H'(s)H(s) + H'(=5)H(s)
v H2-H?2 2H (s)H(—s)
1 [H'(s)  H'(-s)
T2 { H(s) H(—s>}

- (fj((j)))

(6.125)

(6.126)

(6.127)



CHAPTER 7
w PR EZ AT 57 4 VS

A2 OB (N8 7 — RBFHE) R B 7 4 L7 DRBEF EEEIC oW TR
LT 2, £9, 7405 ORERIB EAZXRBIE 2 E L, % D EIREILE D3
BRI 7 4 L IED 2 2R LTWwS, 618, REEERoME%~H
VT, (EEGEE 7 4 LS B S EEE, HECEE, 5 & OHIRELIE 7 4 LY~z
L, FNENDT7 4 VIRHERRLTWE, IN6D7 4 VIRHERRET213L 2
BRI O IEFEEFEOEH E LT, 2BE IV SEDHZH T, A4 vyE—%



v ADEITBIEFD O R TEZ KD 57k RN L Twa, Z LT, EREORBUTRT
5 IERLR HEO— A EH T 5, £, I TDT7 4 VZICEBIT 2 FE D
ERPEBRHEDK bR L T %

7.1 P (Maximally-flat) F#ik

7.1.1  EFHERHEDOREPEBA L

R K (s) %
K(s) = sV (7.1)
L5 L,
K (s)]> = K(s)K(5)" = K(s)K(—s) = s (=) = (—=5?)" (7.2)
H(s)? =14 |K(s))> =1+ (=s*)" (7.3)
LK) =1 ()Y (7.4)

D(s)I?



T A IR . TR w 2 ARG L T, BUSUAREEQ 2 XA K> TERT 5.

s=74Q, Q=— (7.5)
Xy, |H?E,

2N
HP? =1+ (-s*)N =1+ =1+ (w> (7.6)

wC
2L, Q=1, w=w ZEHHEWFY, Z0LE, HOQ)?E, HOP?P=1+12Y =2
ThHB. Er, Q=00LE, [HO2=1. N> o0oTl, 0<Q<10LH|[H?=1T
IERAEE, Q> 10DL E |H|? = oo THEDPERK (&< {EXLEW) 40, HENE
Bddomis 7 4 V% (lowpass filter) ORiEE 72 %,



7.1, ARG O B PR

7.1.2 FERBOFER
PRI OB & RD B 1 BOIRT 5. £ THEGi & LT,

1+ (=2 =0 (7.7)



EBWTHEL &,

(—32)N — ] = i2n=D)m
_82 _ ej2n—17_r
s = :I:]@=72721N17r (7.8)

WE, e=elv EBL L,
H(s)H(~s) =1+ (~5*)"
= (s—je)(s —je’) - (s = jN ) (s + je) (s + j€) - (s + g T (7.9)
FEDRIFETHEBETZ 2 L) 12, H(s) Z2EE VRO EFRINO L 0 K OME 2 HvTHRE
RT B L,
N N
H(s) = (s —je)(s = je’) -~ (s = je*V 1) = I[ (s —je" ') = H (s —sn) (7.10)

Z 2T,

=T 7 (7.11)



ZDLE, KPR (s) I3,

T(s) = =+ (7.12)

7.1.3 {RBGE O R

KN = 2,3,4,5 10 L TEIHEEREE X OB 2B T2 e XRDE I %5, X
BNDBZREC 2L, LT HOHEOMEEGEEBREIGLOWTW L 2 b5,



< o
[V I T T [aV]
m N ™S o ,
([ T TR
m 2z m
© -_ _ _ _ [ | 9
S | Q
N oo ™ 0
om0 S S
2zz =z m
L ” o i ” i o
o o o o® =) o o o o®
< 5] « < 15} « -
[ap] ¢lHI [ael l1l/+
o o
AN RRARS RARS RAREN RRARE RARRE PN IABRRERERENS WD | N
N Mo Y B
enon
2222
_W 0 b 9

\
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1
e uv <
i

1
0
ai

3.0

[ap] zIH|

1
0
o

Q
o

e
S

2,3,4,5)

B 7.2, {EIGER O R TIHEE (n



7.1.4 {ERBGEED> O SEGEE O JE B
JFRIDEEEE 7 4 V4 (lowpass filter) %,
§ =34 (7.13)
E3 5L, HigEE 7 2 V4 (highpass filter) ~ W #IL,

0= (7.14)

1
O
FORDEIHIITHR B,
1 1 1
:.Q:.<_A>:A:A 7.15
s=i0=7j|-5 R (7.15)
TRIZREN = 2,3,4,5 107 2 BITEEEBIRE L MR 2R L 72 b DT, FIEE
HZ X o THEZ ICEBEEFERE S N Tn 5,



2.0

e
™

1
0
ai

i i
o 0 o
[aV] —

—

[ap] zIH|

0.5

2.0

X1 7.3, wgEE O i FHURE



7.1.5 {RBGEE D & A~ 0 R AL 1

JFERIDEEEEE 7 4 L% (8 = Q) 2 SHHEM 7 ¢ L4 (bandpass filter) ~o K%
2L,

NI

. j (A 1) 1 [ A 1 1 (A 1>
—i0="2(O0-—2)=_—"—_1[iQ0+ | = — — 7.16
§=17 W( O W(J —O-jQ W s+§ ( )
Z2C, WIkhHigiEZ s L,
W Yh T (7.17)
wo
Wy = VWiWh (7'18)

272U, wo IZHDARABEL, w, w, 2o TR, EROMBAREZ RS, TRIZRE
N = 2,3,4,5 1KY 2ol O B ERS B E L O RBZ R L 72 b DT, Hirl
W =03¢&L THRBEBEHRL T3,



[ap] z1al/1

1.5

1.0

0.5

-

i i i
o v o w o
[ep] [aV] (qV] ~—

[ap] zIH|

1
ol
o

<
o°
o

2.0

1.5

1.0

0.5

gl O FHURE (W = 0.3)

4. iy

B4 7



7.1.6 {EBGEE D S AirgBH 1k~ D R 1

FRIOEIEE 7 4 V5 (8= 4Q) 26 <b>HHKFHIE 7 4 L% </b> (bandstop filter)
N JRR L,
1 j 1 1

0T (0 h (e s) A GY
T,
W= whw_ . (7.20)
0
wo = Jwiwp, (7.21)

772U, WIHEIE, wo 3 OARBEL w, wy 2o TR, EROMRPEZ R,
FIRRIC LT, Motk W = 0.3 & U CrlsiBH Ik 12 R8s e L 72 Rtk 2 TN,



|H|? [dB]

Arg (1/H) [deg]

3.0

25F

20F

1.5 froreees

1.0 froreees

|H|? [dB]

0.5

180

90

—90
—180
—270
—360
—450
—540
—630
—720
—-810

1/|1[? [dB]

—900
0.

7.5. frkFHIE D ERHE (W = 0.3)




7.2 Bby AU

B RIREOBMEACATI A Y E—=F VR 2;,,(5) 1&, RD X ) ITHGEIEFAITEI NS,

1
Zin($) = g15 + I (7.22)
gas + 1
gss +
g4s _|_ ......
9,=L 9,=L; 9w
‘ZO G’ gg g_1 gNl ngl gN gN*1
o TC; :04, TCJ\il :Gj\lffl 701\: 7RN71
N:odd N:even

7.6. zin ITK D AR 72 HRUIRGER 7 4 L &

Wiz, BUSLAN T B 287 v Ry, DARDIG THITEIEF T E 254, KD X 9 bl
MR E 725 (EREEIH L TR 22 [R]#%) .



N:odd N:even

B 7.7, yin IT& DAL 7 EGEE 7 4 V5

7.3  wPFHERER RO 2 Be o Bl R nlig

N=20Dt%, FHEMBKG) =52 Z0LE H(s)=00¥urs,(n=12)I%,

:2.1—-142

3

sp=el 22 T =¢ela” (7.23)
i2:2-142 50 "

so=¢l 22 T =¢eli" =g] (7.24)

727120, « 3EFELEZTRT. LoT, EHsEBEEH(s) 13,

H(s)=(s—s1)(s—s3) =52 —(s1+s)s+1=5>+V2s+1 (7.25)



Comple‘x Plane
1.0
s1
0.5
. / \
o B
>
g 0.0
£ I
=)
& |
R /
-0.5
82
—-1.0
A U L D L
-1.0 -0.5 0.0 0.5 1.0
Real Part

7.8. sp, DA (N =2)

kD, BIBLATAL v E—F v R 2T 3,
L (824 V25 +1) £ 82
s ==
(824 V254 1) F 82
Ik, KA1 O TR E BT 2720, 9, EXo BRSO 2 2 BUE

m

(7.26)



FAd % &,

252 + 25+ 1 1
2, = =25+
V2s +1 " 2s + 1 (7.27)

L7335 7TC, BRI OFEFEIZRD L ) IC% 25,

o IR :EIET L =91 =2

o 2BH 1 WiFIFETCL=gs =2
—7, MHFFZD 2, IZDOWTI,

R S

W2,
o« BB WHET C) = g1 = V2
e 2BH T EIIET L) =g = V2
26 7 B TR 6 5 (R ORF LR 3). A8, lH L b,

=

Ré = G/3 = (g3 — 1 (729)



7.4 wCPFHREZ RO 3 Be o By nlig

N=3DL%, FUEFMBKG) =53 ZOLE H(s)=0DXuHs,(n

2.1-143 2

sp=¢) 23 T =¢el37
2.2-143 ,

82 —_— € 2-3 Q ejﬂ. _1

£ T, EHEREREE H(s) 13,

H(s)=(s—51)(s—s2)(s—83) = (s + 1)(s*+5+1) =8> +25+25+1

1,2,3) 14,

(7.30)
(7.31)
(7.32)

(7.33)



Comple‘x Plane
1.0 S
] 2y
0.5
. / \
o 4
>
o 4 S
-g 0.0 ] ' )
=)
& |
g ] \
-0.5
—-1.0 s3
L L L L L L B L R
-1.0 -0.5 0.0 0.5 1.0
Real Part

7.9. Sn o){iﬁ (N = 3)

kb, BUSILATIA v E—F Y R 2E 1,

L (4257 425+ 1) £ 7
m (3 42524254+ 1) F 3

2k, HIRAM 1 OMTRIEEECRIRL X 9. F3, ERo LURFS0 2 25 HUR b

(7.34)



ERCRE

L 289427 +25+1 1

mT o ras+1 0 25+ L

. (7.35)

£oT, RDOK) BHTRIREEEE &5,

. WIBEAET L, =g =1
o 2BH 1 MiFIFECH =gy =2
e SBH KT L, =g3 =1

—7, THIfFSD 2, Tl&, 2, = 5% @z, KD X)L FREEETH X v,

zZ

. B WHIETC) = g1 = 1
e 2BH T EFIET L) =gy =2
e 3BH I WHIET = g5 =1

sE, ML bR ETI,

Ry=Gy=gs=1 (7.36)



7.5 e FIREPE 2 RO RIS L - R ] i D SRS AL -

B Y[R EE IR Y 22 R D &) Bl eR S, N RO PR E2 6T 2871
Y728y Abggzamld 5 L, BBLRTEg 13, RDOX %S,

o (@k=1)7 B
gr = 2sin (2]\7 (k=1,2,---,N) (7.38)
gn+1 =1 (7.39)

772U, go \FANTDOAMENL, gy FFIRESR DS LZ R T,

9, 9 9y
T 92 T g4 T gN-l r gN r
N: 0\(lid N:even

B 7.10. AL Y E=F U R 2 12k 0 &R L FBh Rl



N:odd

gQ g_1 gN—l gN
1

N:even

X 7.11. AL YE=F VR 2 IZX D AR Fpb R g%

PR 2 A 3 2 s

Hith 7 4 VY DHIMALE g, ZRDBERDEH I B,

K N \ g1

g2 g3 g4 g5 ge gr gs
1 2 1
2 V2 V2 1
3 1 2 1 1
4 0.7654 1.8478 1.8478 0.7654 1
5 0.6180 1.6180 2 1.6180 0.6180 1
6 0.5176 V2 1.9318 1.9318 V2 0.5176 1
7 0.4450 1.2470  1.8019 2 1.8019 1.2470 0.4450 1




kY, N=2,3,4,5C00TANA Y E=F VR b THRL K OREZ Ko 2
ERDE I B,
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7.6 JAPBEBIC K U Red 7z e FIREE 2 K5O il B~ 1Y
Il 5 D BURS AL 1

e R OB OBON R 22 R D & 9 g TR I N, N RO AT 2061
Y775 v AN ORUELTE T g 13, RDXH Ik B,

.al §3 Q\N
R -
]. A A A
g? g4 gN—l r r
O O
N:odd N:even

7.16. 2 (KD AU 72 R CHIGRE ] A R L 7 i B R Il
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A

In

A
Iy r Ina T

N:odd

N:even

TAT. 2, WK O ER U 7 JEOR G0 508 i 2 i BB H U 7 i bl it g -1 [l i

BOVHERE % AT 2 EI0EE 7 4 L & OBILE T g, 2 KD D ERD X ITn b, &
L, go=1, gne1=1. TN&D, N=2,3,4,5IC2WTANL v E=F VR H T

7¢ 7.2 Butterworth ElEp@E 7 4 )V ¥ OHUMEALETE gr

PN

N |

A

A

P44 g1 g2 g3 94 gs ge g7
2 0.7071  0.7071

3 1.0000 0.5000 1.0000

4 1.3066 0.5412 0.5412 1.3066

5 1.6180 0.6180 0.5000 0.6180 1.6180

6 0.5176 1.4142 1.9319 1.9319 1.4142 0.5176

7 0.4450 1.2470 1.8019  2.0000 1.8019 1.2470  0.4450
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7.7 BT X U R T IR 2 Kol

Il 5 D BURS AL 1

Syl

MO 7 4 V213, FIREEGERE 7 4 V7 & R L T,

Nk, EIZETOIERLA v E=F R 2, 13,

1 1 A 1
zwz@w=%(&wﬂzﬁ%+-ﬂzﬁk+M

(7.40)

(7.41)

SIS N HEILA v 57 7 v 2Ty, BIREILF v 30 & v 2 ¢ 13 (EIFERI),

(7.42)

(7.43)



F7, WIRTDOIERLT F 28 Ry, 3,

9k | 1) Ik L. 1
pr— = — — —— - A 7-44
Yk = 896 = 1 (s +3) =8 T W St (7.44)

WHNBEE S N HEALF v 3o 7 v R 6y, BIREILA ¥ 77 % v 20 13 (EFIHERIANR),

A 9k

e =17 = 0k (7.45)
~ W
9k

L7h3> T, o R RIEE I DO R D & 9 g TtRI N5,

A Al A A
Iv Iy Ina Ixa

N: odd N: even

7.22. 2z 1K D AR U 72 R ] A R B L 7 A I B 1 R Il



§4 gr,_ /g\N-l ./g\]\;_l ,g\N /g\l\;
§3 9y gN r gj\;l ‘/g\N-l r
N: odd N: even

7.23. 2, [T KO IR U 7 JSOR I 50 it 2 Ji] RIS 10 U 7 A elod it g - 16 Il i

PRt Z A 2dad 7 « vy (W = 0.3) OBLR T8 gi, g, 2K
Z) &YA_’O)J: 3) C:tﬁ% 7%.7'5[/, go — 1, gN+1 = 1 :hi b, N = 2,3,4,55:“)1131]\73
AVE=F VR 2H CABLRBEOREEZ RO 2 ERD X H 12k D,



7 7.3 Butterworth fiiguii 7 4 V& (AR W = 0.3) OBUELETE o, 0

RE N g1 92 Js3 J4 Js J6 g7

2 4.7140 4.7140
0.2121 0.2121

3 3.3333  6.6667 3.3333
0.3000 0.1500 0.3000

4 2.5512  6.1592 6.1592 2.5512
0.3920 0.1624 0.1624 0.3920

5 2.0601 5.3934 6.6667 5.3934 2.0601
0.4854 0.1854 0.1500 0.1854 0.4854

6 1.7255 4.7140 6.4395 6.4395 4.7140 1.7255
0.5796 0.2121 0.1553 0.1553 0.2121 0.5796

7 1.4835 4.1566 6.0065 6.6667 6.0065 4.1566 1.4835
0.6741 0.2406 0.1665 0.1500 0.1665 0.2406 0.6741
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7.8 WP TUC X U R 7o i IR 2 R0 dirbliBH 1E B
Il 5 D BURS AL 1

WHSBHIE 7 4 V813, FABEEE#R LD,
1

w(3+3)
Nk, BEIETFOERLA v =8 R 2 13,
gk 1 1 1
2k = 8q) = ~ =<1 1 = X 1 — =~ (748)
%(H%) Swor tawar  Set g Uk

NEFIBE S N BBL X v So ¥ v R 8y, BUEILA V5 7 8 2 2D 1 QEFIEERANR)

k= Wagr = qp, (7.50)



F7, WIRTDOIERLT F 28 Ry, 3,

9k 1 1 1
Ye = SOk = - = = = — = — 7.51
R e el /= (50

EHIEERE & NI BURALF v 8v & v X [y, (LA v 52 5 v 2 & 13 (EFIBEHRINE),

3er,

1
Wi
=Wy = g,g (7.53)

I = = (7.52)

L7eD3o T, i IERE - RIR I DR 22 R D & 9 gt I N5,

al
Iy

N: even

7.28. 2 1K D AR U 72 R ] e R L 7 AL B Rl




7.29. 2, [T KU G U 7 )OS0 ik 2 i IR BBOAS1 U 72 A R BH LB - 1R Il

o PHEHE 2 G 2008 8HIE 7 4 v 7 (BB W = 0.3) OBUEALE Tl gr, g, Z KD
LERDEHICID, 72721, go =1, 9N+1:1. </p> kb, N =2,3,4,51ZDW»
TANA VY E=F VR 2 TR LB OREERD 2 ERD L H Ik B,



7 7.4 Butterworth #iiskFHIE 7 4 V& (AR W = 0.3) OBUELETE 0, O

RE N g1 92 Js3 J4 Js J6 g7

2 2.3570  2.3570
0.4243  0.4243

3 3.3333 1.6667 3.3333
0.3000 0.6000 0.3000

4 4.3552 1.8040 1.8040 4.3552
0.2296 0.5543 0.5543 0.2296

5 5.3934 2.0601 1.6667 2.0601 5.3934
0.1854 0.4854 0.6000 0.4854 0.1854

6 6.4395 2.3570 1.7255 1.7255 2.3570 6.4395
0.1553 0.4243 0.5796 0.5796 0.4243 0.1553

7 74899 2.6731 1.8499 1.6667 1.8499 2.6731 7.4899
0.1335 0.3741 0.5406 0.6000 0.5406 0.3741 0.1335
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7.9 weFMREZ A9 S AEGEE LR R O ML il
gk

g V- IR D ARaa i B - T [ D MRS AL R T O E T 278 Z 9
O HRrE ORFEBI K (s) = sN & 0D, BUIEESREBIS H (s) 13,

H(s) = ﬁl (s — jen1) (7.54)
£7,
S (7.55)
EEE, XAzRDTEL.
(EN (ejﬁ)iN — ti% = 4 (7.56)
(E2N (Gjﬁ)imv _eTim — 4 (7.57)

*1 EEFHR, “Tschebyscheff Rl %6 3 28 I A 8RO\ T, BAUEEYAAHEE, vol.34, no.2, pp.65-74
(1951).



CIZT, s—elst LA EEZL L,

N N /
H(Zs) = ]I (628_j62n—1) = IJ € (s—je2n_3) =N ] (8_j€2n —1)

n=1 n=1 n/=
N-1
=~ I (s—je ) (7.58)
n=0
ZNn=NOHEHZEL 3 L,

H(e%s) - (s — je* N1 = H(e*s) - (s + je 1) = —(s — je*N 1) NH (s —jem 1)

N
= — 1;[0 (3 — jezn_l) (759)

FRoWE (n=003H) 248 L T,

N N
- H (S_jEQ’rL—l):_(S_jE—l) H (S_jEQ’rL—l)
n=0 n=1
= —(s—je V)H(s) (7.60)
£oT, ROBERPHESNS,

—(s —je )H(s) = (s + je ) H(e?s) (7.61)



E7, RBEERLLEZEZ (4 =1),
N .
H(s)= > A; sV (7.62)
i=0

EEE, IO Ths o est LR EEZLB L,

N N—i N , ,
H(e’s) =Y A; (¢°s) = — Y AjeZsNT (7.63)
i=0 i=0
oz Lok BERAzIRAL,
N , N . .
(s —je S A sVl = (s+je ) S Ay e 2N (7.64)
i=0 i=0
SIZDOWTEHL T L,
N . . N-1 ./ ./
._ZO (1 _ 6—22) A, N+l .,_Zl (1 _ 20 +1)> Ayq sV
N . .
=je 'Y (T+e ) AN (7.65)

1=0



ZLT, siZowTREMEL T,

ik,

(Y
(Y
f3

< SEGR

Az’—i—l

(1 _ E-2(z’+1)) Ay = jel (1 +€—2i) A,

g4 getei(@He) (e +e)

A;

jsin( DN

1 — ¢—2(+1) 6—(i+1)(6i+1 _ 6—(1‘-;-1)) P R (D)

B J2 cos (ﬂ)

2N
(z’+1)w)

(7.66)

(7.67)

(7.68)

(7.69)

(7.70)



7e72L, Ag=1WZ,

Co Co
Al = AOT - —
S1 S1
C1  CoC1
A2 — Al? = —
52 5152
Ci CoC1 Ci—1
Az = Ai—l Ea—— =
Si—1 5182 Si
Z T,
50 — 07 §’L — _E—Z — §2N—Z7

51T, IEEHETCHSNLBERAZEML TE <.

2<§i:|:j = giéj + Eigj, S92, = S;C;

2Ci+j = CiCj F 5i5j, C2i = C; —

2

(7.71)

(7.72)

(7.73)



% 7z,

o1

-
)

S

(2

giéj = gi—i—j + Si—j
CiCj = Citj — Ci—j
8iSj = —Citj + Ci—j
5iSi+1 — S182; = —C2i41 + C—1 — (—C142i + C1—2;) = C_1 — C2i—1
= —C(i—1)+i T C(i—1)—i = Si—15i
5iSi41 — 5352i—2 = —Cai41 + C—1 — (—C142; + C5-2;) = C_1 — C2i—5
= —C(i—3)+(i—2) T C(i—3)—(i—2) = Si—38i—2
Si41 — 5j52i—(j—1) = —C2i41 + C—1 — (—Ci42; + C5_24) = C_1 — C2i—5

—C(i—3)+(i—2) T C(i—3)—(i—2) = Si—35i—2

(7.84)



A; IZOWTHFEL T,

2
A== (7.85)
S1
N
Ay =22 (7.86)
S182
Ay = 225 (7.87)
815283
25254 59i—2
Ay =20 (7.88)
§182 - Si—185i

FMALATIA v E=F VR 2, ZRD X 5 IESEER L T, BFRNEEEZ KO T WL,
1
nls) = g1 + | (7.89)
ga2s + 1
gss +
g

72720, g (k=1,2,--- | N) BB RREEOBIAETE, N IZR T (BE), i3k



S

H 50,

mE 2 Rm L, KD &) ZBEARAIEHS 1S,

P()(S) 1
Zin = =015+ Pr(s)
Pl(s) Ps(s)
Pl(S) 1
=925+ By
Ps(s) )
Pk_l(S 1
= 9kS + B
Fils) Pes1(s)
PN_l(S) .
PN(S) gyS+r

Py =gi1sP1 + P
P = gasPy + Ps

Pi_1 = gxsPy + Py,

(7.90)

(7.91)

(7.92)

(7.93)

(7.94)

(7.95)



(Y
(Y

Py(s) = S5(s) £ K(s)
Pi(s) = S(s) F K(s)
INSDREY, Py, Ps, -+ LR, REDEASZIHAITL S LI
ZRDTOIFIEE V., T, Py(s) I3,
N X N—i
P0(8> = S(S) + = (AO + 1)8 + Z AZS —
i=1
_gN L 2Nt _225_28N_2 _225_225_4 N3
S1 8182 S15253
25254"' 521'—2 N—i
S s
Kz, Pi(s) 4,
N .
Pi(s) = S(s) => A;sN 0
1=1
2 2s 25958 259854 - - -
e _—SN_]' + 2_2 N=2 —5 22_4 SN_3 ...... _22_24
S1 8182 313253 8182"’

(7.99)

(7.100)
-d1, g2, -5 Gk, -

(7.101)
§2¢—_28N_i .
Si—15i

(7.102)



Py(s) = gi1sPi(s) + Ps(s) (7.103)
ck b ’ 91 %7
Po(s) DR N DFREL Ag+1 1+1
g1 = = 7 K, — - 5 = 51 (7104)
Pl(S)O)Hi‘Iﬁ’/\N — 1DIREK Ay 3
ETiUR, Py(s) D sV offBiivu tns, kb,
PQ(S) = PQ(S) — §18P1(S)
= (Al — §1A2)SN_1 + (A2 — §1A3)SN_2 R + (AZ — §1Ai+1)SN_i + .-
(7.105)
Z 2T,
2 25
A =514y == — 52 =0 (7.106)
51 5759
_ 25 2595 25 o 25
A2 - 81A3 = 2_2 S1= _22_4 = _2_2 (8283 — S184) = _2_22_ S1S82
5182 818583 818583 518583
95
=_22 (7.107)




I 51g,

j43-—-§1f14::
E
Ay
J: ’)T, PQ(S) Ci,
93
Py(s) = = 2
515283

25954  _ 2595456 25954 (555 5156) 25984 _ _
S5 9= — Sl 5 9595- — T59—o9_ (5354 — 5156) = 55 5= 5253
525355 59535354 59835334 5953533,
25954
———— (7.108)
51825354
Y 25254+ S2i—2  _ 28254 52i—252;
S14i41 = oa 2 o= T Sl o o
S$155 Si—15i S$155 S;—-157Si+1
28254+ S22 (5:5 5152:)
—5—5 i - iSi+1 — S152;
3132"' Si_lsisz'_{_l
25084+ 522 5. .3
3232 2 2z i—19%
5152 S;-15;5i4+1
25284+ 82;—2
——5 —————— (7.109)
8185 -+ 8;_285i—15:Si+1
_ 25284 _ 28254+ S22 i
N 2_|__2_ — SN 3_|_ ...... =5 — — — SN ,L_|_.
§1528354 S§185++ 8;,-95i—15iSi+1

(7.110)



Pi(s) = g2sPa(s) + Ps(s)

:hi b, 92 %’
_ Ps)DRERN — 1068 5
2= Py(s)ORARN — 20k~ 2
LTiug, Py(s) o sVl oo L ks, kD,
fﬁ(S):: fﬁ(S)-—-Egsfé(S)
2598 25984+ Soi_ i
515828354 8182+ 8;_-28i—15:iSi+1
ZZT,
2528 2s 2598
Ay — 53— _82_84_ = _8_2 —§3$ =0

8%828384 5%82 8%828384

(7.111)

(7.112)

(7.113)

(7.114)



Il

-
>

2525456 25254 _ 2828456

A3_<§3_2_2_ — - — 59=- — S355=- = —
5185535455 51585853 5185535455
25954 _ o
= 55- = = (8455 — 3336)
5152535455
25954 _ _ 25954
— 5 9- = = S1S2 — ——— — — (7-115)
8158558354855 5152535455
A _ 25284+ S92
1T % T2 s 55,
152 §i—28i—18iSi+1
28984+ S2i-4 5 25984+ S2i—2
T 2222 2 = . 322 2 & -c.c
§185 -+ 87 _9S5i—1 8185+ 8§;_-25i—15:iSi+1
B 28984+ S2i—4 (5:5 5352i_2)
= 55 e iSi+1 — 53822
§185 -+ 87 _98;—-15iSi+1
B 28984+ S2i-4 _
= =53 5 - - - Si—35i-2
8182+ 87-28i—18iSi+1
25984+ S2i-4
- (7.116)

2 —_ —_ — —_ =
§18%+++ 8;.45i—35;{—25;—-15;Si+1



L727935 T,

N-3
P —— +"'+_2_2 5 = - - ——
5152535455 5182 87-45i—35i—25i—15iSi+1

FREIC LT, —IEICOWLTI,

25084+ Sok—2 N_k 25254+ 82k_25%k N_k_1
sN k’—l— S

Py(s) = ———— 5182+ 8218
§182 - S2k—1 5152 - o150k
25954+ S2k—249i gN—(k—1) 4.
§983 -+ 828,41 Sok—1+i
T BB

Py_1(s) = grsPr(s) + Pry1(s)

W2, gp ZBRDEH)ICRDIUL, Pr_1(s) D sV L OFEII R LR,
— AU

28284 82(k—1)—2

Ik Pu(s)DIRERN — kOfR% i S22

S§182° 82k —1

. Pk;_l(S)O) Xl:t N k+ 1@{%\5& S1S92:- Sg(k 1)—-1 52]{:—252]{:—1 .

258984+ S2i—_4 (i
¢ sV (7 1)_|_...

(7.117)

(7.118)

(7.119)

ZNED, gD



(v
(v
A

LT
P =2
S; sin <2N>

£ o T, BUELETE g 1ZRD K ) ICEHTE .
o (2k — 1)w B
gk;—QSlII(QJV) (k—]_,2, ,N)

BEBEDOHIZOWTE, k=N-1,NDLZ,

28284 - - 52(1\7—1)—28 n 28984+ So(N—1)

Py 1(s) = ———— e
§182 " S2(N—-1)-1 8182 " S2(N-1)
25oN_152N -2 28oN—1 _
— _ s+ —= =281+ 2
SoN—2 51
25054+ SaN—_2
PN(S) = —— — =2

5182 S2N—-1

E

I
W]
=

gN = S2N-—1

(7.121)

(7.122)

(7.123)

(7.124)

(7.125)



X o7, &imikhir 3,
r Py-1(s) — gNS
Pn(s)
25 2
e LA N (7.126)
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CHAPTER 8
FUINREZHIT S 7 4 V%

FIET 27 74 NIDOHEIFEREICOVWTEELLLEHNT 2, 9, FzE> =7
yﬁﬁémmf74w&@ﬁﬁﬁﬁ%ﬁab ARSI BT 25 7TVERHEZ 5%
PHCE L, ki, ZORMEZRFEHT 20T MOMELZEEFH ETONML, 21
SPEM EICHEINS 2 2R L TWw5, I 512, KideEl 7 « vy 23HAL LT,
FAP AT K - CEgoEs, FEEE, B X OHHEEHIE 7 2 V8 & E D X 9 kG
TE 2%, BRI IERMEEFE ORI & RIREIGE OB 2 Fv TR I3



T 5, AR AWK 7 4 VY ORIREAICO LT i, Bl L EEo
WE»SF 2L 27 724 VY DEBFEZRL TV L,

8.1 %Y 7N (Chebyshev) Fifk

8.1.1 Fxbt¥xz7LHAZMORRER%
FREREE K (s) 2, s =3jQ &1,

K(s) = K(jQ) = eTn(Q) (8.1)
22T, TN(Q)IENXDF 2> = 7%IH (Chebyshev polynomial) %7 L,

(=1)N cosh (N cosh™" |Q]) (2 < —1)

Tn(Q2) =13 cos (N cos™1 QP (19 <1) (8.2)
cosh (N cosh™ ) (Q>1)



£z, e BEBBEDY TNVDREIZRDLNTA—=F () TDH 5.

K (s)]* = K(S)K(S)* =
= €TN(

ZIT, EEQ=1DLE, |H*IX Tn(1)=1&D,

K(s)K(—s)

— K(OK
) - eTn(—Q) = *TR(Q)
[H(s)[? =14 |K(s)[* = 1+ T (Q)

\H\?\Qzl —142T2(1) =1+ &2

IR D ) 77V D IR X

|H | oz = V1 + €2

TY UL, La, = 10logyo(1 + €2) [dB].

E =

Lar

10730

Wiz, e,

-1

(=79

ko,

(8.5)

(8.6)

(8.7)



8.1.2 WIHEREHE D KB i

YR H(s) % s ICBIL CRERET 27-0, [H()|? = 0DZ2RDZ, s =50
£, Q= —jsWZ,

|H(s)]? =1+ &*Tx(—js) =0 (8.8)
2 . 1
Tx(—js) = T2

Tn(—js) =+ E_l = iz (8.9)

I, Tn(Q) =cos(Ncos™1 Q) @z,

ii = cos{N cos™!(—js)} (8.10)

cos 1 (—js) =z + jy (8.11)



L, IEERE LV

cos jao = cosh (8.12)
sin ja = jsinh « (8.13)
L0,
+% = cos{N(xz + jy)}
=cos Nz cosjNy —sin Nxsin jNy
= cos Nx cosh Ny — jsin Nx sinh Ny (8.14)
EXDIFEELD,
cos Nxcosh Ny =0 (8.15)

cosh Ny > 12, coshNy #0, X>T, cosNoz =028 DzD, L7235 T, cosNz =0
Zi7z§ Nx g,

2k + 1
+]€7T:7< +m

T
Nz=1"_
T 2

(k=0,+1,42,--) (8.16)



£-o7TC, z I,

(2n+ 1)m
— T —0.1.2.--- _
€T 5 (n 0, ,2, ,N 1)

ZDEE, sinNe =+1., —1, kf‘ﬁbfci%@@%ﬂi n,

1
+— = sin Nz sinh Ny

€
1
— = £ sinh Ny
€
X-o7C, yl,
1 1
Y = :I:Nsinh_1 -

22T, —js=cos(x+jy) &b, FExslI,

s = jcos(x + jy)
= j(cosx coshy — jsinzsinhy)
= jcosx coshy + sin z sinh y

= 0n + JWn = Sn

(8.17)

(8.18)

(8.19)

(8.20)



FHIRTRE R RIEE 215 5 7= 01213, HF DB H 5 F 5 s, ZIENIT X VDT, R(s,) =
on <0 W2,

2 1
Op = —sinWsinha (8.21)
2 1
Wy = COS W cosha (8.22)
Z 2T,
1 1
a= sinh ™! . (8.23)

8.1.3 WIFmEBAB DM,
|H(s)]* 13,

H(s)? = 14 2T3(—js) = 1+ 2 {2V (—js)¥ +--- )
= 2PN (8.24)



TR sy & D EMRSERIE H(s), S5 IIERERET(s) 13,

N

H(s) =22V 1 =)V I (s — sp) (8.25)
n=1
NQ:gg:i IM? (8.26)
s _
2V YT (s - )
¥/, ETkdDio,, w, £,
.o (2n+ 1)m ,» 2n+ 1)1 of wZ
- 2N oo 2N sinh®a * cosh®’a ! (8.27)

&Y, Fis, FEEFROLM (BT 2 M oflix 92 & Em) Eicds &0
%, TOKIZ, N=2,345005dB%Y v 7VEEICET 5 s, 2554, 7nv b LT
DT, s, BEMEICHZ I LEHHERTE S,
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8.3 Y 7 )VEilE 7% Ko a5 nlikg o BUKAL A 50

NRXDOF 2y 2 7kE2E T8 78) 779 v A2 ERT 5 &, BigLE Tl
gk 13,

o 2’LL1

. (
4uy,
9k = 1Ok (k =2,3,--- 7N> (829)
Vk—-19k—1

(8.30)



721EL, go=1Thsb. £, gy FHEIHAMOHIT (
Zav ¥ oy A (REBEDBEFDOES) 2787, 22T,

¢ = In |coth (11;‘2"7)] (8.31)

: ¢
n = sinh (2]\7) (8.32)
ug = sin (W) (k=1,2,--- ,N) (8.33)
v = 1> + sin’ (?\?) (k=1,2,---,N) (8.34)

7L, La i3V 7V =271 [dB] %R T,

91:L1, ggzLé

9y 79,
- CN :RN—l
N:even

B 8.16. ANA Y E=F YR 2 12k &L 7B 1l s



N:odd N:even

8.17. AJIA VY E=F VR 2, 1KY KL 7861 Rl

Y 70 (0.04365 dB) #H T 2 {RISEME 7 1 V¥ OBRSALFE T g, Z3RKD D ERD &
I B, 72721, go=1, HIGAMDOIZFEHIZ N DAHED L E gy =1, NMEED &
X gN+1‘LAT:O.O4365 =1.2222. Tk E, MO DY — 7l —20dB ThH 5. A
RDOF 2 € = 7EEDEA, HT B OKRARIE gy =1 THIDITHL, X
DY, BIEMIE gy £ 1 TH DD, W L bICK 4 DAFNITH L THTE DISERHED
Fons, YR, BERXOMEEKIC r = 1 OFIGER 2 B LT HITE DRI IZE S iz,
L L7%2d35, B RIEE & e oI RE (n: 1) Z2FALT, #TRRE
oA (RO iEr =1) 2RAHBIEATIA v E—F v 2 (BT RN O Rf& Behilf
FIZET-DHA), HB50IEHBEATT K29 v 2 (RIKBEDEINZETOBE) Zgvi & T
i, MEDFMEZ2 2 L TE 5. B THRRORMKEIMINET OHE, BELAT



8.1 F Y 7)1 (0.04365 dB) {Kigudi 7 « v & o BIkEALE T g

KN g1 g2 g3 ga gs g6 g7 gs
2 0.6667 0.5455 - - - - . g3 = 1.2222
3 0.8535 1.1039 0.8535 . - - - g4 = 1.0000
4 0.9333 1.2923 1.5795 0.7636 - - - g5 = 1.2222
5 0.9732 1.3723 1.8032 1.3723 0.9732 - - g6 = 1.0000
6 0.9958 1.4131 1.8950 1.5505 1.7272 0.8148 - g7 = 1.2222
7 1.0097 1.4368 1.9414 1.6216 1.9414 1.4368 1.0097 gs = 1.0000
AVE=F VR 2 = gny1 £ D LT,
V V. Ve
_ ot _ N2 2 h2 (8.35)

2
Z == — = — = N — =N g N4+1
in ]1 71]2 —12 gN+

£-oT, n=/gni1 WA, BIZKRERDO AN G- OEH, EROBRIEIRD LI kS,

()= D) =057 ) ()

(8.36)
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