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(Conductance: g ) nszvwaganoamoludiods fwisdnes 7, ¢, r uaz g Hnnmduiusili
Jufuszezne wdonhiaedaumingue (Uniform Transmission Line) AT IUIINA Y

daludadnsy w gafivanndudailuszozne x fvwnades q iu Ax dagUi 2.1



le——x—— ax
U7 2.1 Mwdadygn

4 a & o
diovens Ax eonliazldesiadion mugii 22 4 v, x), i(, x) sziludnan lvivh

o =

waznszualiihiign x awdidy  TaodmAaniiodmiiinod (Distributed Parameter) 14 9
Sai

f X ﬂ"nmme’ﬁumu (Resistance : ohm/meter)

l: fhmmmfimm (Inductance : henry/meter)

g: AINNUHINTZIE (Conductance : mho/meter)

Vol i=1'1m111§"1ﬂﬁ1 (Capacitance : farad/meter)

i(tx) rax fAX i(tLx+AX)

e AMN—T —

gAax CAX
V(t.x) ? —— V(tx+Ax)

— AX

U7 2.2 drmveeves Ax Tumoda

=

vinglli 22 Taoldngussduuaznszudvounosyen (KirchhofPs Law) amwisoitiou

¥
=]

Wuerunis 1daad
v(t,x+Ax)—v(t,x)~—Ax[l¥+ri((,x)J (2.1)

i, x + Ax)—i(t,x) = _m{c@%@
£

+gi(t, x, A’C)] (2.2)



y o aa L4 - o '
VINAUMs (2.1), (2.2) e mualidinves Av Whlndgud v ldaunsiFeyiusion

ov(t,x) _y ai(t,x)
ox ot

ri(t, x) (2.3)

oi(t,x) . ov(t, x) B
ox ot

gv(t,x) (2.4)

1IN v(t, x) waz (s, x) Mmsudasadarasz1d

V(s,x) = L[v(t,x)]= a}v(r,x):z'”dt (2.5a)
I(s, x)= L[z'(t,x)] = oji(t,x)e"”dt (2.5b)

A o o = o 3
IHOHIDUWUTAUNIT (2.54, b) INUND x ﬂzulﬂ

E 6v£z’,x) = {avg’x)e'"dt ] Iv(t,x)e'”dt = BVSS,X‘)
ox s o ox

0

I Gv(t,x) _ J‘al(f,x)e-s:dt _ _61_ Ji(t,x)e'"dt _ a!(s,x) (2.6)
L ox | J o&x ox ; ox
Taomsuasanlaraluaums (2.3) uaz (2.4) 3w la

0
—V(s,x)==(Us+r)(s,x) 2.7
ox
d
—I(s,x)=—(es+ gV (s,x) (2.8)
ox

winanndls luaums (2.7) ua (2.8) imoaansifene x Judou dx unu dx vz 19

5; V(s,x)=-(s+r)I(s,x) (2.9)
iJ’(s x)=—(cs+g)V(s,x) (2.10)
s s g 53 :

ey RUSaus (2.9) naz (2.10) Weudu x e 7, ¢, r, g Wuanam v 1d

2

I V(s,x)z—(ls+r)%](s,x) (2.11)
dx

d’

2

s x)= —(cs+g)%V(s,x) (2.12)



TaomsunuaIgums (2.10) aaluauns (2.11) uazunuamaunis (2.9) adluaunis

(2.12) 3 ldaumsvosasaavainaue Ao

s +p)les gl =0 (2.13)
dx”

4 =0

o —(Is+r)es+g)l = (2.14)

@ o W =& = by 1y
auns (2.13) uag (2.14) ﬁ‘luﬁnmmuwuﬁﬂuﬂu 2 Faenusoiou 19 1nine
V(s,x)= A coshI'x+ A4, sinhI'x (2.15)
I(s,x) = B,cosh'x+ B, sinhI'x (2.16)
4 ] A . ) o wod
dio T Wluanizmsunsnszaioueinau (Propagation Function) Taulimaal

F=J(s+r)es+g) (2:17)

" ¥ ;
dmiumen 4, 4,, B, uaz B, Wusni nazawnsasmualddell dmsumoda
o o~ a a’ﬁ! ] (Y g 1 Fd =
(Transmission Line) NUANUOIAUNINY d %w:nﬂuiﬂsqmmmn 2 NoIA Tﬂmmauv!m::;ﬂu

V(s.0). {(s5,0) ua:maxmﬁum‘ﬂu Vs,d), 1(s,d) 31nadun1s (2.15), (2.16) #i x=0 9214
A =V(s,0) (2.18)
B, = 1(s,0) (2.19)

ey aums (2.15) uag (2.16) ifeuny x nazunumaaluauns (2.9) uag (2.10)

4, = —J str 1(s,0) =-2Z,1(s,0) (2.20)
cs+g
Bz = — MV(S,O)=—M (2.21)
\jcs+g s

4 W a A o S E ] o'
e Z, Lﬁuﬂmaﬂym:mqaummum (Characteristic Impedance) YDITYFAILVUFANUAND

7, = Is+r (2.22)
V cs+g

auddy fvuald x=09z14




1(s,0) 1(s,d)
+ s e
Iy — «— Iz
(\1 Linear two-port
V(s.0) : Network V(s.d)
. B L .

51U 2.3 BunauazioMNANDS AV IAIUAY

dmivTnsaieluzdi 2.3 annsa@ouiiumsiiines ABCD lugidvesaunismasndg
18aaTuaums 2.23) Taoh ¥ (s,0), 7(s,0) Whunsamumznsziavoanesan 1 mudwy Wou

i v, 1, waz V(s,d), I(s,d) Auusaiuiaznizudusanasiai 2 audwy Wewiu

v, A B[V,
= (2.23)
-5 € Bl -4

1 =14

Vzv’-jz

I
—> —— — P —
# et T
: + ;
v, N? v, N® § vV,

Ui 2.4 msaeSuaiuvesInssielugili 2.3

Y e ] Pt (= @ o - n‘:
anilasaolugii 2.3 desgamaeisvanuaszili 2.4 masiunanua a2 Idiiuaunis

ABCD a30% 1o
V, A* B || A® BV, A B[V,

= - = ) (2.24)
1 c* D°f||c* D°| -1, C D||-1,

o A=A"A" +B°C* | B=A°B® +B°D®

C=C*4" 3 D*C* D=C°B* +D"D"



Sunuauns (2.18) 81 (2.21) asluaunis (2.15), (2.16) uazulaImInIs N s ¥ea
03 NFFATUBUNDS ANT IUATATUIAS NG (Inverse Transmission Matrix) 9% ldgunIsvoIa

AUWVVHINAUD D

(2.25)

AR EI Y

cosh'd Z sinhT'd
- f(s,d)} ) [

V(s,0)
- 1(s,0)

0
o - s a 4 a ¢ a « a o o
TumusuaeInu TﬂUﬂ13L!1Jﬁ4ﬂ151ﬂlﬂﬂ‘iﬂiﬂ\3l‘l]ﬂ§ﬂ"li "11]L“f]umimmawmanmmum
1 “a o = o a
749511a (Open-Circuit Impedance) W30 Z-Parameter HAZATNITINIADIUDILDALAUAUTIINTAA

(Short-Circuit Admittance) M50 Y-Parameter 1% 191

cothI'd cosechl'd
[z])=2z, (2.26)
cosechl'd cothl'd
1 cothl'd —cosechl'd
[r]=—= (2.27)
Z,|—cosechT'd cothI'd

b4 e ¢ =Y 4
2.2 Tmaasnmmauﬂmsmmm

mstszanInsaaduuudus  (Lumped Element) tiovhunfSouiouiulnseadia
WUAAN3 T (Distributed) 9xApa1% Tnsashonuy 2 wosanmiouiusnunaega wkins
Usznouiddaoiudaglit 2.4 Tasfusazgadesiivuiaidn naziisnmnniefouronilamioo
AMMOT  SmaugavenquieufifivaneizuaanuauiAves Insstwaani oo ?Tumjﬁu
AMABIATIAABIMS HazEIn a9 Tumeuna1nei (Time constant) vosmoda duiu'ly
Taazdnaldsugavoanguiouldiisnwihlndaieriug  (nfiniy) 390z ldTaseadhs

HUVAANS DA

Io lo . [4 Iz I% IN%1 I'n
L + & ° + + o+ =¥
Vo vy V2 Vi Vasr Vg Vi
1 1 o
31U 2.5 3uvuvealnsavio 2 wesa
o o ] c: t:;d o o £y v
AU VEva UL aINaNoNUAIVYIININA awsodszum laens 19 1asaa3519

v & s o o a ' = ) Vet ¥
VBIAUAUYY 2 WaTATIIUNAIY 9 A Adlugln 2.5 Tudumninvesmens Tasliiilasasna
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4 P Vo P a a v Y 1w o
nuy T ‘U\]ﬁ11ﬂ?ﬂl"llﬂuvlﬂﬂd1uzll'ﬂ 2.6 ﬁuum’fﬂ1’l:‘,ﬁnﬂu1wmmuﬁuu ‘l]']ﬂ']Q‘i]'i‘IﬂUﬂ'ﬁ“'l

4 o 9
auMsmAosIsune 1a

(Z,+Z)1,-2,1,, =V, (2.28)
ZIIH _(Zl + ZZ )]rul = Vn*l (229)
§on=0,1,. .. N+l
v 2
. — T
In lnﬂ
Vn [} vn+1
Z3

317 2.6 1599519989 T-Network

MINAUNS (2.28), (2.29) annsaidou 1aImiluzi Recurrence Form fie

Z
= ’ " 2.30
: 7 (2.30)
N ) [ o
I Z. z, |1
auns (2.30) aunsodoulugiiuumasng 18 Ao
V4 7!
_ H? —[;?‘+ZZ,J
1ip [M] = 2 2 (2.32)
1 Z,
—e— 14+—
Zl ZZ
V V
X..l=l" waz  [X,]=| " 233
[x,..] L} [x.] L} (2.33)

NAUNT (2.31) annsoou 18 1mine

[x.]=[M]" [x,] (2.34)
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wiofmuald [M]" w1890 Eigenvalues ¥03 [M ] A1 Eigenvalues 1ilusinvna

AUNINUANBUL 1 UND

dct|[M]—/1[1]-13—21[%+1]+1 =0 (2.35)

A =) a a Lo | a ¢ 4 '
e [7] Ao waSndonanuel n30 wasnanilamioo

" z J @ o o cl’
A1 Eigenvalues 913 2 71 3IN@WN17 (2.35) TUWUBNUAIU

A4, =1 (2.36)

4
A +A, = 2(—‘+1J (2.37)

2

NNAUMS (2.36), 2.37) fimuald A, = e, A, = e 92ld coshe =(Z,/2Z,)+1

udm [M]" Tauldmquijves Cayley-Hamilton Tnulv

] =c, 1]+ ¢ [M] (2.38)
v 1

() =c, +Cle?) (239)

() =c,+cle) (2.40)

IINAUNT (2.39), (2.40) 22 19

_sinh(n-1)g sinhng

Co=——""7T—"",C = (2.41)
’ sinhg ' sinhg
. . 2 .
smh@ )¢ N smhr.zgcoshg _(Z_,{_zzleWhng
[M]n _ sinh¢ ' sinhg . £ . sinhg (2.42)
1 sinhng _sinh(n—-1)¢ N sinhngcoshg
Z, sinhg sinhg sinhg

auns (2.42) ansaweu 1anlu

—sinh(n —1)¢ = —sinhng cosh¢ + coshngsinhg (2.43)

uag
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7?2 Z,+2,\ . -
_(Z_I+ZZ'J:Z]_22[ ‘; ] :Zz(l—cosh‘g)z—Zzsmh‘g (2.44)

2

FAUUDINAUNT (2.32) ATV 19 I

cosh¢ —Z,sinh’¢

M]=| 1 S (2.45)
2

2
»
waz [M]" ewsodoulddai

coshg —-Z, sinhgsinhng

[M]" =|_ sinhng coshe (2.46)
Z,sinhg
Aniuaums (2.34) 9= 18
P coshg —Z,sinhgsinhng Vo
=| _ sinhng soshic (2.47)
] Z,sinhg if

n 0

be

useunaznszua lugei n dimsunsdiganegnitlalevsuazaniees amnsomia 1daail

dmiunsdliomnaanians 14 v, = 0 vinauns (2.47) Taonisunu n @20 N 914

coshN¢g
b= = : Vo (2.48)
Z,sinhg sinhN¢g

VINAUNIT (2.36) 1Az (2.46) Anszudiazusau lugai n vz 18

[ = _CoshW-n)g v, (2.49)
Z,sinhg sinhN¢

cosh(N =ns , (2.50)
sinhN¢

dmiunsdiomnaiaesila 181, =0 1inauns 2.36) Taomsunu n Ao N az'ld

N sinhN¢
= : v, (2.51)
Z,sinhg coshNg




VINAVMIS (2.47) 1AL (2.51) MNTTUALDZUIIAUYAN n 32 1A

I - c0§h(N-?1)§ v, (2.52)
Z,sinhg coshN¢g

cosh(N —n
e w SRR (2.53)
coshNg
" o :;
qUNIT (2.47) rﬂu Inverse Transmission Matrix Y04 AUV 2 WOTA HATINNINYA
dmSuwasnavealasatonuy 2 nesa Fwaaalugili 2.6 Hgeil N Tasnisunu n d20 N uaz

navwnsoamne e mioununseanuoniaealugli 23 s ld

Vi coshNg Z,sinhgsinhN¢ || Vo
= sml?N S coshiNe (2.54)
—~ Z,sinhg -1,
NANMS (2.54) duaawasnidumisiimesvoaoniinuauginsan az'ld
1 coth N —cosech N
[¥]-—1 d ¥ (2.55)
Z,sinhg | —cosech Ng coth Ng

INAVMS (2.55) diuImiauiuaums (2.37) vealasaviolunuufanstag laon

. [y a a o '
Z,sinh¢g 1i‘|uﬂmanymzmmummum (Characteristic Impedance) Y9300

by = d a EY- da
2.3 Iﬂ'5\'1@'31-31]03%!1—!“1’]3”?]371151]35]@15“11

Iy

s
\

| 2
- | 24738887 £4RR R NIRRT Y
o [SEAAVARAR A RRARRRT RS AN
I
Resistive Dielectric Conductive
Layer Layer Layer

3U7 2.7 Tasaadaves 2 wesauuuaaniinness

1 a aa o =) o ' = =1
Ins3 1D UATNS 1190155 o liegnieluled (Passive Integrated Circuit) Taod
o = 3 as = ] 5 ' ' [y ‘:Iyd 1 :
2 WoIA ua:uTﬂNﬁingﬂw 2.7 F952NOVVULININTIUAN 9 ANUAD muuuqmzlﬂuﬂm

¥ ¥
VDINMUAIUNIY (Resistive Layer) 399030111 HFUYDINUIY (Dielectric Layer) HazH¥uv0Id1i1
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v L d
. A v o - a ° — o
(Conductive Layer) Hanumnueandarduilszinm 107 12 3o hiesiivna@nmin
= [ o ' i %
(Microcircuits) 1aoiilnsaadeeg 2 nuv fe  InsaadaflauusuyIa (Thin-Film) uaz Insaada
aa Ly . 9/ o ' 3/ : as " -~ '
TuTuana (Monolithic) Iassasnadauurug UsznaudloFuvedlaanaiuedly Fa1eguu
o P a d = § 7 - ! .
AINANAMIIZANYDIATS 1ADIANASN (Dielectric) 1AYD1992QN Titanate HIVUHUDI Nichrome
Resistive Film $92190AUUULAZLANANIINOA (Conductive Copper Film) #17190¢A M1
] a d a 1 o i 5 .
naﬁnﬁ"wmﬂﬂamﬂmn HAZOH VU Passive Substrate A5 Vaporization M350 Electrochemical
5 ¥ . ¥ n‘: 4 o o o ﬂ = a < i
Technique Tns5983719 Monolithic UsznouAIvFUUDIaITNIANN QNN u‘gﬂﬁl'ﬂﬁﬂﬂlﬁﬂ 9 WU
é @ o
Distributed Resistance 1931910 Lightly Doped @1504A7111 1182 Distribute Capacitance 19171910
a a 1 o 2 - ° ) as
mstleuludanadudrausasovaoh - 19U (P-N Junction) n1olu 2995vaTzgmbun ledmsy
Distributed RC Active Network
o b4 4:" " oas ot ar =Y
msmaunaiihnniasadn wwdusgivanvuzyoainguaziUnsamasvinia
. " ¥
Taonasmsnez g lumsndnszduegiudetmuavinaveslnsiadn uazqudnyazmsiam
ar [ v =Y L a aa 4 o =& 1 =) o -
A70013 Tnsaard1nveasgivesuaansionesd (4] deegmoluloduaasdagzii 2.8(n) uae

Ndyanuoivna1995Aaz1lh 2.8(v)

fli-.. 4 —— Resistive Layer RC

Dielectric Layer ——
} Conductive Layer

M\
L Substrate ll [
‘ 3

3

4 T o o = d a aa
5U% 2.8 Tnsaadanaz dydnvoivesginesuAansiode1ss

0o w ' a aa o da = a % ¥4
A3 Tns W wHUVAANTUIAB1E ANz 2.7 1 2 wesa Taumulamenluns naves
n52uan13 IManyy 1 HAN13 (One Dimension Current Flow) 159 1wazgniniseenitludiudes 9

Swumsiazavesnnunaiiu Ax dwaaslugii 2.9

] AX '

rex)ax

" cnax § gxAx

AXx >

5U% 2.9 Tnsaad1auaz2995 1599109098000 Ax V0IAANTLIADISTS
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ANumUMIIvBIRazdaniuinaeoynsutulundardu  sdluilanduauusun

¥ o

y' " aa 1 9 " aa Y r'd o =1
ATUNIUUDILAAZ DU UN AIAIUAIUMIU TURaz DU r(x)Ax 0NNIHUA D

pAx
Wh,

r(x)Ax = (2.56)
lﬁﬂ £ uaz hl "Fﬂ]ﬁ ﬂj]ﬂﬁ'luﬂ'luﬁ“ﬂw'w llﬁxﬂ'ﬂnﬂu‘l!lﬁu‘“aﬁ“duﬂ'ﬂl.lﬁ'l'lﬂ"l'luﬁ X
- Y aa ¥ da
W A9 ATUNIINVUDIDAUUNN X
1 B aa o b4 s = as P By "
@74 Shunt Admittance ‘UEN'QE’IIJJ'H“ET’]IH?QH11ﬂ1uﬂﬂym$1ﬂﬂjﬂu Wﬁilx'll'izﬂf)'l]ﬂ')ﬂ 1

1 ° [ g a aa ¢ w
A1y nazanmheaHy laisnAnvodauium 1iufe

W
el = B (2.57)
hZ
W Ax
g(x)Ax = al ! (2.58)
1‘?

A e a - e L - a
10 & uaz o A Permittivity 1182 Conductivity ¥o4unu lAdIAAATN
] v a d a o«
h, fip ANUMUILUYRIL IaBiaaasn 1
= e & 1 1 1 o
tidaiaves Ax hlndgud manudumuliih mnnuy I nazannmir i

ABNUIALL 2 18

P

= 2.59

r(x) Wi (2.59)

c(x)= Liid (2.60)
h,

g(x) = O’;ﬂ (2.61)

M r(x), c(x) uaz g(x) Ui mIuGe (Real) HinToammnoiluuinuasiiiisiie
(finite) Formunil HanwdiAglumsiansands sssumAvearnadns dmsvaumsiFaoyius
& uqa‘ 9/ ' o = aa o L= o o =] o -
Fauaaanuanian ldonTnsaonun 2 wesavesdaniinge1sd Taviidnuuzmilouruzi

Y a ) o 31 e = o
2.9 (¥) fMWNTIMNINImes ¢, r waz g 91dN luvuzilinnugudoveanissiiva
o a g a =Bl a ar 4 ' a
(leakage) v0an i1 I g(x) Muladidnasn iinnteouiivensuld diernoudnduausd
(Conductance) TifimioonaannhFuaus (Capacitance) 110 9 J9vzamnsadanl g nald Aeld

a o 2 3 ' a aa & A Y =)
g umlﬁuﬁmu ‘lNﬂSvlﬂiﬂ'i\'l‘lﬂﬂ[lﬂﬂﬂﬁﬂiﬂ')ﬂ@’ﬁ‘ﬁ 071A7 r UL ¢ ‘lUlﬂﬁUUGHUﬂ'TﬂJU’n‘UfN X
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= d a aa o o - ar '=;
vailuugivesuaansionesd unsdidoadud » uaz ¢ nlaouamanuonves x suih
a g a aa o o o W o ' a d a aa o o=t
HuVHBUYHNB NATNSIIAD1T Taodyanyaiveslnshouuugivesudanstiidesd uwaa
P o ' e @ o a "
Tugdii 2.10(n) azmulddudunialdadydnuaidinnudumu duiluduldwzvoninduuuy
wougivlesy dudulddinudmuihuduasszueniudiulasouuugiesuaansiog

013% AauaaalusUi 2.10(v)

RC RC
M\ o W\
c T a B
= a aa o - ) = aa =)
(n) uougtWesuAaN31IF015% (v) grinosuAaNsiadenss

a o o - aa o =)
317 2.10 dydnuolvesRanitione s

s ] a a d o aa = ; ar
dmivnsd Inssondlunuuueugivesudansindesad  Faneludufladduain

STOZAMNUNYY Ax ANUFURUTVoIMsAounaussdunaznsTua MInaunIs (2.9), (2.10)

ausoou Tdnlu
d .
—V(s,x) =—-r(x)I(s,x) (2.62)
dx
d
—I(s,x) = —sc(x)V (s, x) (2.63)
dx

¥ o

L3 = @ ¥V
DIMIDUYNUBTAUNIT (2.62), (2.63) INBUNU x 2214

2

;‘; Vis,x)= —r(x)%](s,x) _Is, x)%r(x) (2.64)
2

d —F(s,%) = —sc(x)j— Vs, x)— sV(s,x)ic(x) (2.65)

dx” dx dx

TAUMIUNUAFNNT (2.62) a2 (2.63) aaluaunis (2.64) 1az (2.65) LA29aauMs vy

Taomsnarswumenais q luglvesnszumuazusau azld

r r

-l rseV =0 (2.66)

r

rre

I"————rsel =0 (2.67)
c
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4 4 . = @ oA o - Y
IBDIATDINUIY prime HAAIDINTHIDYNUTINOUNY x Tavh r(x) uaz c(x) Wuaniu

T ' e a ) aa o oSt a F]
“lﬂﬂﬂu“ﬂﬁﬂﬂ']llﬂ'ﬂlﬂﬂ X ﬂQUUﬁUﬂ15‘lIBQu0“guﬂainﬂﬂﬂ5u’lﬂa'ﬁ’5 ﬂ'"llnﬁﬂl‘llﬂuvlﬂﬂa

i{;i,,}_mw _ 0 @.68)
dx { r(x) dx
daf 1 i’.] -r(x)I =0 (2.69)
dx\ sc(x) dx

o ar ' =Y d a oo o o " LY 1 v
dmsulasevonuuginosuAansiae1sd  Annudmumuuazannuy el
Wasuauamwes x  Taganuduwusveamsnladoundaasdunaznszua wmiauiuaums
“ 4 . ° ' = ° -
(2.25) voaglinesularl (Uniform Line) Taotmuald mnnumiloniv i (Inductive : 1) naz
4 o = Vo d o W —oa
A1n i 1 (Conductive : g) linumidugud dmsumoniinnuen d v 1dnasiuueaniu
¥ ¥ ¥
AUNMUNIMUA (F) NN d uagrasmveaninu I mianua (o) minud datuainauns
a =Y d o aa J o et - = o v
(2.26) uag (2.27) Aguvesuaans12a015% ansomonlugiuuuveanisitimesnnudiuniu

=

= o« o < o :
(Impedance Parameter) 2113515993 A211111 I (Admittance Parameter) 1@dail

R | coth+/sre csch+/sre
[z] = (2.70)
SC | eschA/sre  coth+/sre ]

Lz

SC | cothsre —csch/src
[r] = == (2.71)
R |—csch+/sre  coth+/src

any ¥ a s a aa o da a Y oA 3 &
nnitlanauundii giivesuAaniidgesd iilaseadaidsznoudts Fuvenim
b4 ¥ ' '
UMY FuveanuIn azduveadni i uanedazli 2.9 Tusweadoaiusingii 2.9 @)
= 1 o 4 a a [ a aa A ow a
i lifinAveannmi i Falavdndvziinniosnnn v ldInsavionuudanitinness szl

2.11

31U 2.11 Taseadavesdanitinnesa wedrnnuir i (g) Taniovuin 9
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TaegUi 2.11 manudumudes wazannuywihdes (r,c) swdeaiiiaudilng
o o o a aa o dad o ° o o
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(Admittance Parameter) 1Uaun13N (2.71) daauns vy a2 1d

Pcosh P B P
_ Rsinh P Rsinh P
[Y’"] B P Pcosh P (2.72)

" RsinhP  Rsinh P

P

dodmuall ¥ = — L
Rsinh P

, Y =coshP uar P = +sRC

:ﬂ " " - aa o 4
Taoh R uaz C iumnnudumusiuazmanuy IMisuvesdanstnmess

s Hluanudmadou (Complex Frequency)

[}’;,-]= [XY PX} (2.73)
- X Xr
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XY —X  =X(¥-)
r]=1 -x ¥ =X@sD (2.74)
-X-1) -X({¥-1) 2X(Y-1
A P
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ar
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(Passive Integrated circuits), [9], [10] ﬁﬁ 2 nosn llﬂ:ﬁiﬂidﬂ%’Nﬁilmﬂﬂmuzﬂﬁ 2.14 %'gd
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e ° =) = . . .
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l —AN—2 _
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1NN 2.15 miA v, ladail

SC,
= V
S
SC, " SC,
- C2
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V.(x) = I,(x)RAx + V (x + Ax)

[V(x+Av) -V, (x)] = - I,(x)RAx
d

—V(x) = -RI,(x)

dx

Y17N15 Take limit

v, -V, (
Limit - (tax) ~ 1 (2) = — Rl (x)
Ax>0 Ax

%[V{MM

: AsinhAd ;| = —RI, (x)
sinhAd

a(coshAd —1)

S1

Viad sinhAd + AcoshAdV, = - RI (x)

‘ﬁx=0"ﬂ$‘1¢l{

aAd(coshAd -1)  1,(0)

: (Rd)
RsinhAd ¥
n30 Y, = Ll - L a(cosh Ad ~1)
¥, »w Rsinh Ad
= _p a(cosh P —1)
Rsinh P
Taoh P = Ad

Y, = - Xa(Y 1)

& 1 =Y o w d‘! Vv
FINWOALAUAUFAIOU ) 2 19
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(2.88)

(2.89)

(2.90)
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(2.95)
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oA uealauANFAa 9 BINRITUMTH (2.75) 3¢ Idmuealiauaugves DURC
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el wllegipgy Zdz=alP? _a¥yoqy Ei=aP?
(-a)¥-1) —(-a)¥ -1 r— +2a(l-a)¥ -1) —
iile X=.L, Y =coshP, P=+sRC uaz a = L

Rsinh P C, +GC;

+2a(l-a)¥Y -1)

+2(1-a) (Y =1
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Gate
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¥
Na NMOS 1az PMOS ¥1@319890UFIMS0UA0INU 111912995 CMOS szardldoinni
NMOs uaniifedfie awsovilimseonuuunesldedusiasazivszansam Tuilagiv
cMos  Hunumdnguinlumalulatiessuuvueaa  uazansol¥ldnmanssimsa
¥
9111 (Analog) naziFuay (Digital) TudiuveunaTuladuuy cMos TaauTatuedasiaE
=

v lminesnuuules lalianuaulalumsesnuuuians Taold cMos wnau uazldninis

uaaravsszynd (Application) 31nmaTuTad luTwars liluma TuTaduuu cMOS wne

W, ‘L—] W B 7 Polysilicon
/ j , Oxige
i
Vs ( > § Voo
& <
il “"’; /_ S /L>
& et/ ) &/ oY

p-well

N-Substrate

3UM 3.10 MMARYI19v89 PMOS naz NMOS saueglusuaishligiuseudoanu

Thick SiO,

(isolation)

U7 3.11 Tasaadaves CMOS
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Tuz1lfi 3.10 uaz 3.1 uamanImEaY VB IWEAMALLY PMOS 1132 NMOS fismogly
qfumsﬁﬁgmmuﬁmﬁu paznaaalnsadinues CMOS awdwy Wunsetuiwdamsadn
PMOS 1Az NMOS UulAUgIMsoudeIiu Janaivazii NMos amnsaadildlaoass u
PMOS 32131941 18 TAudDaa 319100 N (n-well) Juriou Tﬂﬂﬁuﬂﬁlﬂﬂ‘ﬁdﬁﬂQﬁ?gﬂuﬂﬂﬂﬂﬁl&TﬂU
auueonlya

Mndnuuzmshuvemeaaildnamiu vertudnilunis 1usadu Infhaaunu
Usnaveanszua I mldTaunsanuduiusvesnssumasu (7,) funssiuszniatinm
wazdweia (V) wazdmsilinedang 9 veweama fuaaa¥luaumsit 1) Taodhass

>
[y o o a @ o
mﬂm'i'lueﬁ'umuE)mvlmmumuamcmuuﬁ‘vuﬂ N-Channel A39U

2
I, =K'%|i(ycs _VT)VDS _%J (3.2)
Taohi K’ = s udnoudnuand (Process Transconductance) U4N5ZUINM5 A3
uawnnu uC,,
g = MANWANUAGDIAIVD1 T8 N30 BIANATOU (Surface Mobility of Carrier)
CO_\, = fhmmq'lﬂﬁwiaﬁuﬁmmmmﬂanhﬁ (Capacitance per Unit area of the
Gate-Oxide)

W =n1un3aua¥0amadunIzid (Channel Width)

L =fAMu01Iv0a%8INIAUAUNSEUE (Channel Length)

Ve =usaau sz ianaiuesesa (Gate- Source Voltage)
Vs = 1530u I3 219109 5ui %05 o (Drain- Source Voltage)

Vyo = u339u Iihiaisy (Threshold Voltage)

3.3.1 M3daludamsninuvesnemna

msin lusamsianuvoswemauiooniu 3 913 Tasirsanninawsaduy,, - v,
ar n’: Y - | a o o d = o :n”
Wundn Tavaumsiamuadadanams lusaueamauuuiduenidiuuiaiia N-Channel §aii
1) womma 1119711 (Cut-off Region) Hugraniimsiousasu lusanvunnsy

WO3A (V) HiAniounin ¥, (Threshold Voltage) Srah I lsifinszuaasulva
I,=0 , V<V, (3.3)

2) womWaiamulugalududy (Non-Saturation Region) 30 Inslea (Triode

Region) H30%19MuFadu (Linear Region) Tavazdvaiionluns ludaliusaduseniauna
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o a0 1 = a Y @ - o o a9
wazaesia (Vyg) Hannnni Vo, vazfordulddwsduliihimsuiusesa (V,,) laniou
AN (Ve =V, ) tufp
Ve > ¥, (Induced Channel)
o o Vet v W A Yo a a A o A
UAZINHILIIAU VDS 11’111?]11480 2| ma“lwummqm‘uﬂi:uﬁummﬂmum HURAD
Voo = Vo (Continuous Channel)

Famusowoulnylaiiu

Voo =Ves +Vsp =Vss — Vs

AU Vs —Vps =V
AR Vi =V = W

Tugmunsiiam snsodszua1dlasaunisi (3.2)

2
VD.S

W .
I =K'—\(V.. =V IW,.—=
D L |:( GS T) DS 2 :I
Y99 UUANITIINUAD

Vg =¥y 20

'€ Vg 2 (Vg —F5)

= Al ar s Vz
& ¥, iandeond 1 nieludald 0< v, << (¥ —¥,) wannsodamoy %

Tuaums 1a nazenuisodsznaauns 1éddu

W

]D =K _L"[(VGS - VT)VDS] (3.4)
AU VUANITNINUAD

Vies: =¥ =10

O0<Vye << (Fes — V1)

NNANVFURUTITUAU =uaaamIiuvoswsaiatiuaiinnudun uiia iy

FBAAU R e QNAIUANAIBAWTIAUYDL V

14 W -
R, = % = [K‘Z(VG =, )} (3.5)
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3) woaHMi1 IuTBUAD (Saturation Region) na1afe Imstiousedulusa s
STNNUATUNAZTOT A (Vg ) BAwINn Mo (Vg — ;)
Vo, oWy (Induced Channel)
uaxﬁ Pinched Off
Vi =¥y (Pinched Off Channel)
n3eansowou i iy
Wiy & Pge =¥, (Pinched Off Channel)

M lugudual ¥, iinmnnd Vo uasusiduims wnsunuinaazuinnd

¥
@

HSIAUTAISY dauvouat1u Ing Toauasd1ududd uanaldaail
Vi = Ko = Vo (Boundary)

4 ' — v w ' a w
diounuat ¥, aaluaunisi (3.2) 12 1adunsnnuduiusvesd uouag

K'W
]DS =?Z(Vc:s "Vr)z (3.6)
TNV VLANITNIIUAD
Vs =K+ 2 0

0< (Vcs - VT) << VDS

. ' [ ¥ ¥
wiu1an aumsnszumasulureduaii ldzisineh lidyuivusadusgnineduasy
3 o 1 ; LY ' s & o 3/ as
HazuIweId (Vo) uavsuuognuamsIau Vo, -V, maﬂﬂ‘ﬁﬁumnﬂu"lﬂmnﬂmaﬂumwm
NYAUNITAIAIAD  (Square-Law Equation) Iasinsuaaguanianisniglon  (Transfer
Characteristic) aanaaalusin 3.12 AveuwaszringuInsTeadudwdudvzgnimuadiy

AU Vg = Vo =V, msunus ¥, aaluaumslugiu Triode Region 4aztu Saturation

: L4
Region 2114

T Vo (3.7)
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|D(mA)‘

L

Vo (9

l¢] 1 2 3 4 5

U7 3.2 awduiutveaquauiifniw Teuveawemia

3.3.2 HAVRIM IINANDYIATHAINAINLIIVDIVOIMAAUNIZIE

nnmshamludieuds nszuamsu (7,) wiludasznnusssu ¥, Taoainm
Aumuivuasuiiiwinuetiug 9nins 1w a1 uiiodeamuRUNsZUMAANT Pinched Off
. ' ¥
Nasu Mamuauvesau ¥, sz hiinadoglsnvesresmadunszua ualumalfians
ﬂ.l d’ 1 : = L} Ll ) = L -
MUAUIBI V0 90 Vo, WHIETRaAD3UI N0 r0ImuAunszua nane Tuvwuy Fus
a 3 . 1 o = o a a
LAY 99 Pinched Off vzapuiininasulfaresmanios vliarmerlsedntua (The
Effective Channel Length) 3zlifnanas Usingmsainana12iisondn msiiauegiaduniuniiuen

. ¥ 3 ¥

VOIFRIMAUAUNTEIA 32 199 K’ FaulsunAuaiuiy L aniu K’ uaz 7, siuiiunim ¥,

HRYBINTINANBYPATUAINANVYIIVOIFBINMUAUNTZUA (Channel Length Modulation)

¥
a =

u ansoinadadluaunsuaaennuduiusiunszua 7, 1aaail
’ W 2
Iy =K'= Vo5 =V;) (14 AV ) (3.8)

TauN A = Channel Length Modulation Factor
Fannan A voawemna sziauiuuln

1IngUi 3.13 sz 189 idudsziannmduasaveans 1, -V, Tuddudiazda

AU Ve 1 -V,

(3.9)
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] A
D ! V_ =V = 4V

Triode ! GS t
1——f~>:4— Saturation_~"——
! s
I i
e o Nasm v, = 3

| = 1/ - .
_S#O_p_e__*l_rg__ Vgg=V, = 1V
> DS
\ Vi =M & 1V

GS t

4 v @ as o 4 A - @
JUN 3.13 aAnuduwusvesnszua 7, Auussau ¥, ielimsiiauegasuniuniue?

YDIBDIMIUAUNTLE

HAYBINTINANDYPATUAINANVLIIVBITOIMUAUNTZUA 9z THIRAR A UMY

DIANA TR UMY

o1, |
ryo=| —2 (3.10)
Vs

Viy=Constant

Taounuanuduiug luaunsi (3.8)

r =KW -V G.11)
ansndszualdn

ro =[a1,]" (3.12)

v
Tursessamvuialng gusessziiluds (Common) dmSvuommanais q @ lulees
Msinymsean ludadounduszningmseatureamuAunszId §IU50TADNVINAINIY TY
d‘ o s 1 1 :: o o r s s
Aduay dmiu NMos uazunastwIiiduuindmiy pPMos mavesussiuludadoundu
t 4 '
sTnIewesauazued (Y, ) U N-Channel vziinanonisiiauvesuomma Wo1su1 NMOS #
a0 4 A o o [ o 9 [ [ ¥
gwsesseimiiuaudiofoudiuresa  ussdulusadounduzidiummaildivalasanine
3 J & ° ¥ ] v a Y = o Y w ﬂ ]

il Aezildanudnvesreamadunszudanns  Hidesnmisnezildnau llilumiou

v
A )

o = A‘ 4 o A o g
anvuziAy srdoaRunmsiy Vo dzilinaves ¥, nlineresmadunszuaaiso

= 4 4 4 o <
Aosuuilumsnlaounlasves ¥, Tasmsmniiuves ¥, seinld ¥, iuawlddo
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e =IV],U+y[\/|2(;:t[‘+l/&,i —\HZQD),” (3.13)
Taui
J2gN K ;e
y = qIV R s&y (3.14)
COX
§9 ¥, #o AwseduiaGy (Threshold Voltage) #i Vg, = 0

-
y A0 Process Parameter

oy o Physical Parameter

v 1 . »
uaaalfiumsmuiuves ¥, winld v, mmudurw@erdu vazezdawan i
3 a = < ¥ o
I,2003 LU Vg 91338UMMIN vzmu ldnunvedvzniugums Inavesnseumasu (1,)

¥ »
o o = =}

o e
aniunuedsziaiiowuvunadnmanila AezGonlsingmsninana1nii “Body Effect”

3.3.3 wanmsiasumasnifaaingumgi

S A

wmimes ¥, war K’ sznldounlasmugungll vinaves ¥, disasasdszuno
. b4 ' . ¥
2mV/°C Msanaaved ¥, sxildnszuaasu (7,) miviiu Tuvusiguniiuiu uanives K
¥ "
AAAIMWYUNYT tazmIanaues K’ azlinamnnn ¥, aniuwaniiinszumasu (7))

¥

-~ a A& oA .
aﬂa41uﬂmzﬂqmﬂqnqqmuﬂ9ﬂ1 K

a ¢ ar a
3.34 m'smﬂru':ﬂmmuazmﬁ]aanumaam!m

VUMV W UNATUIUNS NS IAN IO AdOUNAUTLM NUATUIAZ FIUTDIDA
w3nA1Y NAluLUY Avalanche 92 TN SMNBUS IIMYDINTLUAVUDH1UIN FITIHUAINGT?
. » ' " v
Taon lazinadunszauusadu 50-100 Trad vxsi lvinszua I Ivamuvuediaun
o o’dl =y ‘; c; 1 s ol = ar ar ¢ 1
Usingmissiiusammininaiuiinsedual q sxliszavnssaulszum 20 Thad Soni
[ ¥ ' v ¥ » g
“Punch-Through” #aiinsziinlunuuemuanivuinvesreamuaunszanay  denimsmy
usaaunvUATUIUNIEMNIgaNasaIne sou q USHMATUYEIRIUTBIMBAUNszua T1d
o o 3/ a d" ' < a s " e Y a
¥o3d Wi IinszumasumuIue195IA157 Undsingnisal Punch-Through 92l lWinanis
i@omelvinuueana
fa a 4 a o EY a a V] & 7
wsaavonyiantanawsoi ueaamannudomio ldedansie  wina
AUAAVINUTIAUTENNUNAUAZYDT ANUAIWIN 9 FTZAVUTIAWAY 50 Tad Fuiluwusannives

= 0

P ' s o 4 d o
oon lading Sauidmsadu 50 Traavziimgaudiioanindinnudumududunavousaa
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o = o Ve o a da o ¥ = d ° 14
fimgann  Samwnsom liisoulszy Iddhataddsaanmissiiasauuunanainsoilvi

= =

usanudimganuanusaanild  lunstleatunsazauveslszyiinaamsai ldlaonisde

LY

Clamping Diode 191 T1fndunavesisessaunlduomla

3.4 21993130INNUD

- o a “ Yy ¥ o e
199515040 1129951183 (Transform) dyyruduna e 1A lAdygyraue1ana
) i 1
AuNdeINs dyisumariionsvzgniosanlulamuvesnamie lamuvesnnud dmsums
- = : a o o o =
wmsmmﬂﬂmuummmnuu ’N‘D'.iﬂ'i?)%ﬂ’ﬂllﬂl‘ﬂllﬂllﬂ‘iﬂlﬂ]ﬂiﬂlﬁﬂﬂﬂ’ﬂﬂﬂ (Frequency

4 & ; 44 . ; { 4
selective device) ¥avou I FyanariummzaNuiNdems tazezaaneudygruinudou

299IATBINNVDNDINILULIAIWNTTVIUMS (Process) Ay 1y Ao 239303503908

4 o as e o ar a ) 4 Y

M99U1ADN (Analog Filter) NFnunszvuMsvoIdgyanuniNntunsildounlasdeioany

1781 (Continuous-Time Variable) (1aZ39930504ANUDNAIADA (Digital Filter) N1¥AUMS
L Eay as é a d‘ " 4 q’ L} 4

Uszanadyanaudsduay dafludygiunlisenios uonnntiolnezuineesnsenNudaIL

) o b4 - a a = . <
yiinvesgUnsainlglumsadis Ao 2eesnsesnnuiytiamady (Passive Filter) HAZ1IINTOI

ANUD¥UALDNNN (Active Filter)

& x(r) Wudgaudunarearnsnionnud uaz y() Wudyyuo1AnAvesIns

n399ANNE Aa317 3.14 nazvinmsianaramsanesu (Laplace Transform) 9% 18

Y(s) = H(s)X(s) (3.15)

=

a a ar o
WAIUOUNA x(f) — ¥ NHIINTDINNUD > dugeana y(r)

1 w W a 4
14 3.14 msunudydnyalved2995nITBINNLD

v W .
Tuiil S =0+ jo WuanutiFidou (Complex Frequency) Ysmim Y(s) uaz X(s)
o o o i o ar
Whuandaenswanesuves y() uaz x(r) awdwu uazluiil H(s) Ao WHanTuveedens
& a ] Y s L4 [ o = a
(Network Function) #ailudasiaiuvesiiulsvosdyasusiananodanlsvesdyniudunan

gnuasuds
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¥

e S = jo Wnduverresthudadou Fadoulnilaqai
H(jw)=|H(jw)e " (3.16)

Tuiil |H(jo)| fio nandumuoan1avuia (Amplitude 130 Magnitude Response)

#(w) Ao HARDUAUDINIUNE (Phase Response)
' ; = = ] o o - 4 o o o . e
ADVINT DTHDITUININTAVDININTU 150 NI A0S HINTY (Transfer Function) M3
AWMU (Delay)

H(jw)=e"'"" (3.17)

HaaDUAuDINIYIMIe H(jw) =1

wanouauoIMune  @(w) = —oT

- dg(w
wazniUdiad T, = @)
dw

Na317 3.15 (n), (1) 1az (1) uaaaguana lugaundveanla vuia uazniUdmdves

U

H(jw)=e "

H(jw) Delay

Slope =-T

0 0] 0 @

(0 e (V) Y119 (M) nJ1fiad

UM 3.15 puania lugaundusa (n) mla, (u) vuia uaz () njlAad

“°

o o

' oA s 0w EUREY ¥ o )
ﬂ'I'UENNaﬂf]Uﬁuf.)\lllaxﬂiﬂﬂlﬁﬂuﬂ'l"lll'(’nﬂﬂm']ﬂ ﬁ’l'ﬂiﬂﬂ‘]u'ﬂvll.lﬂﬂqﬂ151“ﬁﬂlﬂﬂﬂlﬁ'~1

a o o

v ' ¥ »
a Y

¥
WO (Distort) MAIWINDONIININITNITBIANWDNAT WUAD MusuveIdyme: luiiaduas
diomanuFudu (Linear) nazniifiadaeii uonvimiunaneuaussmaauazniifiadazi

ANudAHIe lu Galuegiuaummizosdndie
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2avsnsean e lFdmiudennmd Taolidyaarn I8 lugunnwindeams ¥
Gondunmiiii “gIUFIUAYY IV (Pass band)” wozazaaneudya uioguonvmiionindiu
AETGeINS FaSontrmamdiin “grumyadayna (Stop band)” HAzANUATIBYTEN G
Fdyaa nazdumyadygIn 125 “Armdfmen (Cut off Frequency) @,
¥iAY932903n503AI A 1URANAR waalugalii 3.16 fieadi
1.9993059AAA NI (Low-pass Filter)
2.2993N309ANMD NI (High-pass Filter)
3.9495059IMULAVAND (Band-pass Filter)

4.2393N7DAMMUDVANUDHIU (Band-stop Filter)

5.2995N509ANNDNTUNNUDUADIND (All-pass Filter)

Ideal Low-pass Ideal High-pass
7] 7]
Pass ¢ Stop 3 ¢ Stop 3 Pass
- Band & Band Band < Band ~
0 W, w 0 w, w
() Hw)=1 w<o, (2) Hw)=1 o>,
=0 w>o, =0 w<o,
Ideal Band-pass Ideal Band-stop
7] 7]
Stop Pass Stop Pass Stop Pass
eBandﬁ <_Band9 (_Band—) <_Band% <_Band% <_Band_)
0 , @, 0] 0 @, W, 0
3)Hw =1 o,<w<ao, @ How=1 w<o,. 0>o0,
=0 w<w,,0>0, =0 w,<w<wo,

5U7 3.16 HaRBUAUDIVUIAYDI2995NTDINNLD TURANAAYLAAI 9
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Ideal All-pass
7]
¢———— Pass Band ———
0 @
(5) H(w) =1

511 3.16 (19) HAADUAUDIVUIAVBINTNTDINNND TURANAATIAAII

3.4.1 WanFunmsmolouve 113930393 NNAHIUYNHAUANIND

' ' 3 '
AIMTVIIDINTDIANUIHIUNIUOUANND (All pass Filter) WU Y IUNNANUOAINITD

" "
= '

] 9 = 1 d‘ IJ o a c; ' o s
N'Iu')ﬁ%illﬂhlﬂiﬂﬂﬂaﬂﬂ‘ljﬁuENTI'N‘UU'W‘]i]%ﬂJﬂ‘Iﬂ\WlﬂﬁE)ﬂvlﬂ‘UuﬂUﬂ’ﬂNﬂ uadanauladmsy
d’c‘ ar a =
1995 1NAD wamuauaQ‘maM’d"daq’mmsﬁ‘]uﬁ&ﬁ%ummmmn HAADUTHBINTIANTUOUDY

= o« o = o 4 7 o v 2
‘}T‘.]‘iﬁuﬂiﬂ')mi"I&’,'H*ﬂ1ﬂﬂxﬂﬂ‘lf“‘ﬂNﬂﬂlﬂﬂWﬁﬂi‘]NﬁQﬂ‘ﬂNﬂ'l‘)'fnﬂjﬂu (Transfer Function) Y04

'Nﬂﬁﬁﬂﬂﬂ:ﬁgﬂﬂumiﬁmumsﬁ (3.18)

Kis—z,X5-2,)..(§—2,) _ KP(s)

His)= (3.18)
(s—=p)s—py)s—p,) Q)
Taofi K Wumiaai z, Wudls (zero) @i i dio i = 1,2, ..., muaz p, Wulna
(pole)dah i 1o i =1,2,...,n MU s = jo adluaumsh (3.18) az'ldn
KM M, . M,_ o iar sa —f-Fo—
H(Jﬂ’)) s 1 2 m ej(a, ay+. 4y, =p=fr-..~f,) (319)

NN,.N,
muall Go—z,)=M.e™ o i =1,2,... muazimuald (jo-p,)=Ne"
A .
e 1=1,2,...,n

NNAUMI (3.19) WOUUINHAABLTUBINIVIIA  |H (jo)| uazwanpuausImama

#(w) oonlaludeaunsi (3.20) uazaumsi (3.21) MuaIay

KM M, .M,
N,N,..N,

\H(jw)| = (3.20)

) = LH{jo) =@, + &5 +it &, — 0 — P ==, (3.21)
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Unn 4
=\ d a aa ¢ (= Y
msudagisasgiinesufanitine 15 laaly

= d
HOANITUBALNDI

3

a 41 3/ a d a Y a ¢ a aa d
4.1 MIUAIITH ﬂﬁﬁﬁﬁ]@“ﬂﬂﬁuE)ﬁl"n'3"I'H"Uﬁ'!ﬂﬁ5!ﬂuﬂ3guﬂﬁﬁuﬂﬁﬂ5ﬂ3ﬂﬂ15‘ﬁ

AuANTA Inssadnveweansudaaes  elinmsvioussan lusaivuasu-vesa
RugUD (¥, = 0) Tuan112m 3119161 Strong Inversion Nonsaturation Region N0 @i
o w e = a aa =t E . . 3 e
sxhauioumutiadsnuuuginesuAaN312A015% (Uniform Distributed RC Line: U RC )
TagnnIs e AWADY N-Channel Tugii 4.1(n) 5o ¥, = 0 ¥9INIUAUNIIA (Channel)
uazuovAndfuiegdearszsdiuuoufoddu  uouAindsudinariudiuvnvveauny
a ao A o iy 4 & o 9 LY ar o a o a
Anagudu 9 negnuld wesauaziasu Fannndedlsussiuludandy vy, =V, dmiu

517 4.1(v) uamagUuuudyguvmadnuesInssadefiauysel

Y

) o
() TAsaa31v0au0ans WFaas uuv 4 41 lao ¥, =0

¢ 9
Cov
L 1 g
s Cora A d
Cpi_ ¥ V V
Co T R T Cj
b

a o
(v) sUnpudyauvuia@n

3U% 4.1 Tassadveaweamalugiuuudygravuiaian
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or “aw 1 = v d a
(m) JUnDUTYRNUvIIARN idaminouonurl (1) nsdiueadnuAunulszyiigIuses
: o g
U7 4.1(50) Tasaadrveawemalugduuudyauvinaan

Taomrua 1A 1A A UNIUYDIFDINIUAUNT LA TAUNINY
L
R=R = @.1)
W

Taoh L uaz W uainueniuazanunIauedreanuaunisug aMuaiay

R A5 MANUAIUMUAAUTOIMAAUNTZU

4 ar e
11D R, UAUNINY

Rs = Luc:u (VGS -V )]7l (4.2)

..:i' ' 1 a ad 0 . .y
Taoi g =ManInAuAADIRIYDa Taa 130 B1aNATOU (Effective Carrier Mobility)
¥ [
, ' ' = g ‘ .
¢’ = manuy IihAeNunvounaeonlsd (Capacitance per Unit area of the
Gate oxide)

V, =fWsaauaaisy (Threshold voltage)

@1 C,; Ap AANUIANIENBTINN-FoamaAunszIa
C,=C.WL (4.3)

dmiuzili 41(v) ¢, Ao manugmelufinsznoigoamadunszue - §us09

C,, fip AINMYABBIA - 1NN 1Az 1N - |wsH 5IwAu, C, fip ANNUIRTDTA — §1UT0N
" ¥ ¥

HAzgIUsSeY — @su swiu Tashimanugiamuatiansodnnuld Tasimualdgues

useauludanay vy, =V, vldmanq
C,, =(02/F / pm)xw (4.4)

C;, = (0.6 fF / pam)x W (4.5)
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C,, = (L5 /F f(um)* )xwL (4.6)
C,; = (0.15/F /(um)? )< WL 4.7)

fgeamudunszuaiinnuunnn q wild ¢, >>C,, uazC, >>C, Fld
sUnuude q dsiuaadB3lugli 4.1m) sasmnbimnsana €, JUuuvIzaavinaasd

lﬂl = 1 1 s ciy
Llﬁﬂd11&§ﬂ'ﬂ 4.1(3) uaz%z‘wmimmm;ﬂu 2 AU

= o 3 [ s ot U ' o o
1. Tugd 420 dAmualidoumassioussduihdegy) manuandnddian 1, 2
uaz 3 Wugud AmsmFamesziianisinaulugu inversion Region 9110317 4.1(n) Wy
a = " oar =] —
2395903314 4.2(n) nazuaanvvsifsunhdygruvuadnugi 4.2()

¥
as

2. Tuz1lii 4.2(n) Mimvziinsdudyanu vazgusoavziiainnuaeding Wi daiu

" d‘d dﬁy L] a ' o =
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+aRFR,p2H1 —%Jcosh 2p + (@ - 1)2cosh p 1—%}

(5.1



50

o

TaeyinMsfSounounu993n030IANUDHAIUNNIDUANIVD NHTNUULNTADINS

IndiRoanudn 3 uuy il

5.1.2 2993N39IANNDUVUN 1

(¢]

:

JU% 5.2 299snseannuddumnuouautuuURlY URC uuuii 1

o ' s o fo A
1IN 5.2 Mnsamamsudamesandu Ao

g KR,pli%pRF(costh-B)+Rsinh p]

Vi RFR,B p*(cosh 2p~3)}+RR,pcosh psinh p+%R3(cosh2p—3)

—2RR, p(cosh p—1)sinh p — KRR, psinh p(cosh p—1)
(5.2)

= =
5.1.3 2999N399ANUDUVUN 2

31U 5.3 299snseannudrIunuauAUBNUUR Y DURC (v 2



V

o

3

-

51
= ' < s o A
9102393317 5.3 ansomAmIu@noHantu o

. 1 2
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20M -278.51x10° -326.39° -429.37x 107 -242.87°
30M -679.74 x 10 -341.97° -231.86x 10 -286.69°
100M 511.25x 10° -354.05° -116.58 x 10° -342.99°
500M -398.48 x 10° -358.73° 2479 x 10° -356.21°
1G -392.19x 10° -359.53° 8.17x 10" -359.74°
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Designing Active Band Pass Filter using Double Layers
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ABSTRACT

This paper describes the aclive band pass filter
designed by using an enhancement MOSFET transistor as
a double uniformly distributed RC line ( :/RC ). The
proposed circuit consist of an active band pass distributed
MOSFET filter and a single gain amplifier. Herein, «
and K parameters of the circuit are used to improve the
magnitude response. From the experimental results of the
Irequency characteristics give us a good agreement with
thecretical values. It is showed that the behaviour of the
proposed band pass filter circuit give good narrow
bandwidth and high Q compared to the existing filters.

Keywords: uniformly distributed RC line

1. INTRODUCTION

It is known that uniformly distributed RC elements
(t'RC ) have several advantages over lumped RC
network. The structure of distributed RC elements in thin-
film technology is built using smaller substrate area, less
isolation and parasitic problems at high frequency.
Distributed RC elements may have many form structures.
For instance, one capacitive layer. double capacitive
layers and multi layer thin-film structures. The structure
of the general URC consists of layer of conductors,
resistive layer and dielectrics can be sandwiched together
in many permutations. The resistive or conductive layers
may be contacted at various points around their edges.
Other advantages are applied to active filters. For
single capacitive layer URC [6],
capacitive layers URC and three capacitive layers (/RC
[7). [8] in conjunction with amplitier in literature
respectively.

The structure of the double capacitive layers DURC is
illustrated in Fig. 1(a). and Fig. 1(b). The circuit symbol
is illustrated in Fig. 1(c).

instance double

Dreiectic l3ym

P
(a) _L el 2
) W~
R €

Resisuve laves (F)

M— ? (b)

._J\TC

Fig.1: Structure and Cireuit Symbol of DURC

(c)

The admittance parameters [Yij] of URC with double
capacitive layers in Fig. 1. is given as follows:

i | oy i ~aiy 1) Pﬂ
|:2:\1 -1 v -cr(j-'---l}l V;: (n
i.’., i—a{y—l) —aty—1) G | V]j
where .= —2¢ 7’3"“- S
XR+2a°(Y -1) Rsinh P
Y =cosh? |, P =+5RC
C

Where R and C are the values of the total resistance
and capacitance of the double capacitive layers
DURC respectively,« is aratio of ¢, andC=C,+C,. s is
the complex frequency variable.

The Transistor-only filter using MOSFET’s have
been successfully demonstrated by J.Khoury, Y.Tsividis
and M.Banu in [1]-[3]. Herein. the MOSFET transistor
working as a double uniformly distributed RC elements
(DURC ) when it is operated in the strong inversion
nonsaturation region (Vgp = Vgs > Vi) with a small
signal at the bias point Vpg = 0. [t may be used as simple
small signal model of the distributed MOSFET, as shown
in Fig.2.
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Fig.2: Double Uniformly Distributed RC line ( DURC ) as
a MOSFET Small Signal Model

Parameters of the model are given as follows:

- -1

it ]
R=| K — g - V- (2)
| s 13
C=Cp =ClLeWL (3)
Cy Y
N= =bh = ——— 14)
Cox 2,{:/5,, + gy

Where: K is the transconductance parameter. W. L
are the channel width and length, Vgs, Vg are the gate-
source and the source-substrate bias voltage, V, is the
threshold voltage, C,,, C,, are the capacitances of the thin
oxide and the depletion layer, C; is the capacitances of
the thin oxide per unit area, y is the body effect
coefficient, @, is the build-in potential of the strongly
inverted channel.

Compared to classical RC filters, transistor-only
filters discovered by Y.Tsividis have an important
advantage: the tunability. The MOSFET transistor as the
distributed RC line has a tunable time constant
dependent on the voltage 17y :

e

e DY . (5)
K'Wss=Vy)

r=RC

Compared 1o classical RC elements. the MOSFET
transistor have to be properly biased in its environment.
so that Vgp = Vs > V.

2. CIRCUIT USING DOUBLE CAPACITIVE
LAYERS DU RC
The three types of novel notch characteristics circuits
using double capacitive layers uniformly distributed RC
line ( URC ) as shown in Fig. 3(a).(b),(c).

73

|
il

c, RC
—
(b)
-
]c Cii
fc)

Fip.3: Notch characteristics circuits using double
capacitive lavers DURC

The voltage transfer function T(P) of Fig.3(a) is
given as follows:

sinh /(1 —-a)

Py = P a _ N (6)
sinh P +7ll—cr):osh}‘ (P
P a

Here, assuming

I‘:iJ,S'R{"—JJ‘_m; ‘-i)— i %:u-_,r = %

The N(P) ot Eq.{6) can be expressed as [ollow:

smhf |-u ] 5 I-a
= 4——=——(sinhrcoss + ycoshtsinri+
F a I+

NP

I a !
- ——{sinh7coss + coshrsing) ¢ + I5=(coshssing - sinhicosr) (7)
t

37 the imaginary part and real part of Eq.(7)

Al 1=—
1

" 5
should be also zero to get notch characteristics. At r:T”

in Lq.17). we obtain «-017¢
Al 1=J-£ . wy =%, we obtain w, =2q" 2T =30.54
i.e. the notch characteristic obtain for case of «= 30.84 |

a =0.179,

The frequency responses of notch characternistics
circuits using double capacitive layers uniformly
distributed RC line ( BURC ) as shown in Fig. 4.
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Y Tsividis has realized a simple transistor-only
network as shown in Fig. 5. This circuit has a simple
three transistor network, consisted a MOSFET working as
a uniformly distributed RC line ('®C) and a source
follower. The source follower is bias circuitry for the
distributed MOSFET. and may work as an amplifier in
active selective filter. Such selective circuits Tsividis
named Transistor-Only Filters is shown in Fig. 5.

rE

Fig.5: Tsividis Transistor-Only Circuit

3. ACTIVE BAND PASS FILTER USING
A MOSFET TRANSISTOR

Fig. 6 shows a proposed active band pass filter using
a double uniformly distributed RC line ( DURC ) which

can be implemented by MOSFET transistor [9] with a
single gain amplifier.

fa) (b)

Fig.6: (a) The Proposed Band Pass Filter using DURC
and (b) lts Transistor-Only Network

The voltage transfer function Tip)=Vo/it
circuit is given as follows:

of the

74

|~ 3 >
(eosh P - LIS o S0
fep = K _‘a "
cosh 2P ,I:,(f )+ 1nl1711{ _ K 1__:_(_4_ n sinh P ;
a ap 3 -
where -S| Cacy, 0y

and K is the DC voltage gain of amplifier.

The trequency responses of the proposed active band
pass filter with various values of @ and K as shown in

Fig. 7. and Fig. 8.
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Fig.7: The FFrequency Response for Various Values of a
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Fig.8: The Frequency Response for Various Values of K

It is seen that the behavior of the frequency response
is depend on its gain amplifier (K) and the ratio of C;;.
C=Cy +Cq la).

4. EXPERIMENTAL SIMULATION RESULTS

The simulation by OrCAD PSpice of the frequency
response is shown in Fig. 9. The active band pass filter
designed by using an enhancement MOSFET transistor as
a double uniformly distributed RC line ( bU/RC ). Fig. 9
shows the behavior of the proposed circuit with a single
gain amplifier (K). We choose the values of the double
uniformly distributed RC elements { DURC ) as follows
e =0.18 and K = -10 for design MOSFET’s parameters.
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Filter

The simulation results by PSpice of frequency
characteristics in Fig. 9. shown a good agreements with
theoretical values.

It is seen that the magnitude response of the proposed
band pass filter with notch characteristic has better
narrow bandwidth is compared the existing filters.

5. STABILITY

The stability of the active band pass filter can be
obtained from the denominator of Eq. (8). For stability
consideration the Nyquist contour is encircled at original
as shown in Fig. 10.

Fig.10: Stabilities of the Active Band Pass Filter

6. CONCLUSION

The active band pass filter with notch characteristics
designed by using an enhancement MOSFET transistor as
a double uniformly distributed RC line ( DURC) is
proposed and discussed. It has a Tsividis Transistor-Only
circuit and feedback loop of a single gain amplifier.
Experimental simulation results give us a good agreement
with theoretical values. It is seen that the proposed circuil
has a better narrow bandwidth with high @ compared to
the existing filters. The proposed circuit will be suitable
for telecommunication applications and it can fabricate
by LSI process.
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Abstract

This paper describes the active low pass filter designed by
using an enhancement MOSFET transistor as a double
uniformly distributed RC line ( DURC ). The proposed circuit
consists of a new low pass distributed RC filter and a
positive gain amplifier. From the experimental results by
Matlab and Pspice program, it is shown that the behavior of
the proposed active low pass filter circuit has the higher cut
off frequency, the better attenuation at stop band compared
lo the existing filters.

Keywords:

Uniformly distributed k¢ fine
Introduction

Distributed RC elements may have many form structures.
FFor instance, one capacitive layer, double capacitive laycers
and multi layer thin-film structures. The structure of the
general URC consists of layer of conductors, resistive layer
and dielectrics can be sandwiched together in many
permutations. The resistive or conductive layers may be
contacted at various points around their edges. Other
advantages are applied to active filters. For instance single
capacitive layer U kC [6], double capacitive layers ¢RC and
three capacitive layers URC [7], (8] in conjunction with
amplifier in literature respectively.

The structure of the double capacitive layers uniformly
distributed RC line (DURC) is illustrated in Fig. 1(a). and
Fig. 1(b). The circuit symbol is illustrated in Fig. 1(c).

3

€, Pammebym®
l‘% 2
Drelectric Liyer C; Cosdicniliym
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j_\l G
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Figure I - Structure and Circuit Symbol of DURC

J.Khoury, Y.Tsividis and M.Banu have been successful
designed a transistor-only by using MOSFET's.[1]-[3]
Herein, the MOSFET transistor working as a double
uniformly distributed RC elements ( DURC ) when it is
operated in the strong inversion nonsaturation region (Vgp =
Vgs > V) with a small signal at the bias point Vps = 0. It
may be used as a simple small signal model of the distributed
MOSFET, as shown in Fig.2.

B B
o NC
;’—1%_1_‘; = SRTCD
G G

Figure 2 - Double Uniformly Distributed RC line ( DURC )
as a MOSFET Small Signal Model

Parameters of the model are given as follows:

R=[K'}{-(Vcs “”r)}_I

c=C, =C, WL (2)
5 ¥ a
N = e e (J)
Cox 2 Vg + 25

Where: K’ is the transconductance parameter, W, L are the
channel width and length, Vgs, Vsp are the gate-source and
the source-substrate bias voltage, Vris the threshold voltage,
Co Cp are the capacitances of the thin oxide and the
depletion layer, C,_ is the capacitances of the thin oxide per
unit area, v is the body effect coefficient, ¢; is the build-in
potential of the strongly inverted channel.

Compared to classical RC filters, transistor-only filters
discovered by Y. Tsividis have an important advantage: the
tunability. The MOSFET transistor as the distributed RC line
has a tunable time constant, dependent on the voltage (V).

s g2
r=RC=— Lol
K'Ves -Vr)

When the MOSFET transistor have to be properly biased in
its environment, so that Vgp = Vgs > V1.

(4)



The admittance parameters [Yij] of URC with double
capacitive layers in Fig. 2 is given as follow:

1, Y -1 —a(y-1] v
Li=X| -1 y —aly-0) ||V, (5)
Iy —aly=1) —a(y-1 < vy
2
where g:;w 4 = _P
XR+2a*(Y-1) Rsinh P

Y =coshP , P=+SRC

=5
c

a , C=C+C,

Where R and C are the values of the total resistance and
capacitance of the double capacitive layers (DURC)
respectively, a is the ratio of ¢, andC=¢,+C, . And s is the
complex frequency variable.

Active RC and MOS LP Filters

In Fig. 3(a) an active low pass filter proposed by Wyndrum
[5] is shown. It is impressively simple and may provide
sharp cut off characteristics, where the cut off frequency is
set by the RC time constant (r) and the peak. pear the
band-edge, is adjusted by the voltage gain k < 0.92. For
higher values of k there is an oscillatory response. It is easy
to shown that the transfer function of the filter is follows:

Ki.v]:é (6)
k(1 =cosh@) +cosh@

<l 3 i i iy
—— t=0066 088 0OW YO0"2 H
a" 0"

Figure 3 - Wyndrum's URC Low-Pass Filter and Frequency
Responses
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In Fig. 3(b) shown a frequency response of the Wyndrum's
filter for N = 0.1 and different values of k are shown. The
frequency axis is normalized. Notice, that to obtain the
highest peak near the band-edge at k = 0.92.

Y. Tsividis has realized a transistor-only circuit as shown in
Fig. 4. This circuit has a simple three transistor network,
consisted of a MOSFET transistor working as a uniformly
distributed RC line (URC)and a source follower. The source
follower is bias circuitry for the distributed MOSFET
transistor, and may work as an amplifier in active selective
filters.  Such  selective circuits  Tsividis  named
Transistor-Only circuit.

\%

51 ﬁﬁ !

Ry Conr Ry Cone . Coin

Figure 4 — Tsividis Transistor-Only Circuit

Continuous-Time Low Pass Filter using
MOSFET Transistor

Fig. 5 shows the proposed active low pass filter using a
double uniformly distributed RC line (DURC) which can be

implemented by MOSFET transistor with a single positive
gain amplifier. Herein the proposed circuit will be discussed
and analyze.

LB i S .
¢, L %I—DF
S (N

+ +
Vo Vs Va4 Vs

(a) (b)

Figure 5 - (a) The Proposed Low Pass Filter using DURC
and (b) Its Transistor-Only Circuit

The voltage transfer function T(p)="Vo/Vi of the proposed
circuit is given as follows:

asinhP+(1-a)P ( )

T(p)=K-
) asinh P+ (1-a)P[fl- K(1-a)Josh P+ K(1-a)]

Where a:% C=C+GC,

and K is the voltage gain of amplifier.
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The frequency responses of the proposed active low pass
filter with a single positive gain amplifier is shown in Fig. 6.

Aw-l-:mn-ﬂ!
Figure 6 - The Frequency Response for Various Vaiues of a
It is seen that the behaviour of the trequency response is
depend on the ratio of ¢; and C=¢,+C, (a).

Herein, we use a transistor network, consisted of a MOSFET
transister working as an amplifier in the prepesed circuit as
shown in Fig. 7.
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Figure 7 - The Practical MOSFET Transistor

Simulation Results

The simulation by OrCAD PSpice of the frequency and
phase response is shown in Fig. 8. The proposed active low
pass filter designed by using an enhancement MOSFET
transistor working as a double uniformly distributed RC line
( DURC ). And the amplifier is made by MOSFET transistor.
Fig. 8(a), 8(b) shows the behavior of the proposed circuit
with a single positive gain amplifier.

o

-
| o o i o 1omt Lo

Figure 8 (a) - Frequency Response of the Active Low Pass
Filter

e
| o —

Figure 8 (b) - Phase Response of the Active Low Pass Filter

The simulation result is shown that the behaviour of
frequency and phase characteristics in Fig. 8 shows a good
agreement with theoretical values.

It is seen that the magnitude response has the higher cut off
frequency, steeper slope at the pass band and the better
attenuation at stop band compared to the existing filters.

Stability

The stability of the proposed active low pass filter can be
obtained from the denominator of Eq. (7). For stability
consideration the Nyquist contour is encircled at original as
shown in Fig. 9.

Figure 9 - Stability of the Active Low Pass Filter



Conclusion

The new active low pass filter designed by using an
enhancement MOSFET transistor as a double uniformly
distributed RC line ( DURC ) is proposed and discussed. The
experimental simulation results of the frequency and phase
characteristic give us a good agreement with theoretical
values. It is seen that the proposed circuit has the higher cut
off frequency, steeper slope at the pass band and the better
attenuation at stop band compared to the existing filters. The
cut off frequency of proposed circuit can be adjustable by
tuning MOSFET's parameters and a bias voltage. The
proposed circuit can be suitable to fabricate by LSI process.
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