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1.1 anudusuazanudrdgvasdym

TutlagUneesnsesdygu (filter) fianudfgyetnmInAaauAUNTUSTNIANS
dynraueuzden (analog signal processing) Fafinrshunuszgnaldeuluszuusngeg
Wy svuudeans szuuedesiiedn szuumsmavaunszuIums Wuiy lneRaandives
Nqsniaaé’zummﬁ‘jummsnﬁwﬁamuﬁmmwcuﬁ'ﬁmwuﬁ'lu-ﬁw?‘iﬁ'faamiLLazmmsnﬁﬁm
wipanveudygaditauiludisilidesniseenld [1-(2] %'m‘JuﬁﬁamLasQnﬁ’mm‘z’;u
pthanaiiiaslasiinisihgunsaluandiv (active element) fifiuszansnmganldlunis
Fupeenioiuaussausnavhuvenasiigdu gunsciueniimiiomiunldluns
Fups1e3i29935 1oun 2995 OTA (operational transconductance amplifier) [3]-{10] 2993
CCll (second generation current conveyor) [11]-[21] 1995 CDBA (current differencing
buffered amplifier) [22)-[31] \Junu uardaiisnnarsiteidnaseieesnsosdyagin
Susugaviedusiv n [22], [32]-41] Tnousazauldldgunsaiueaiivuandraiuesnly
97 2995 OTA 23995 CCll 23995 CDBA 12935 DDCC  (differential difference current
conveyor) 2433 FDCC (fully differential current conveyor) 4935 CA (current amplifier)
war 2995 CFTA (current follower transconductance amplifier) sy "&;aajﬂlﬁﬁa
et 1.1 wawiloRrsunquiinuinedde [22), [321-[40] finslégunsalueniivuay
wad (passive element) Wusaumnausawvadungueas il nauauddedld
qunsaluoAivinnnimilswila (38], (40] nauaiTeildgunsaiueaiindiuunualyin
iuusyasaiiounsnad [32135] nguiildfduniudauinn [22), (36)-(39] uagnguitld

vV o«

FasunuRadisuns1ae (36), [38] Feluudaznguauilieddeideiieiu laemninisly

& d o

gunsalueniuazmadiiiudnnunnudrnvdmadsruiaiuiivensas hliesiiau

Futousnienisaitaiiuneessau (integrated circuit, 10) Bnvisdadudaamdalnmuan
uiluunanuAdeldimitulssyeunsmsddidyaasuniuissuazairaduiessuliie
[42] ndesrtadaiina1nludtaduimsiauinisesnuuvisesnsesdygialiliqunsal
LanTiuaznadiduswauosas tieilunsanuuiniuiivessss Audesidsliiam

= v '

suluBsausoadradureassinldietudnaie agrelsiniun1sdas1ensduny

dp 1 =i ar ﬂlf' o & o LY A 1 v & ol o
Q&‘IJUEJH!J!JF]'J"IU‘UU‘&IEIUN"I ﬂ‘UULﬂUﬁ'IC']U ﬂxl‘UUlWEJ‘U'JU‘[MﬂTi’rJBﬂLLUU?G%?OUQUQJH?%V]’]

ety Wineriwusisadenldivaiiansmnisinadygyin (signal flow graph) w17



« o] v ow PR
Tunsdunsnzias Tmﬂmﬁ(an'm']ﬂn'sﬂﬂmﬂwaﬁmmwwaamaaanuﬂanwnw'[au
o a v ) ¢ o o q v
(transfer function) V99MATNTAIAYYIUNADINITAIATIENA Faagyin1seeniuuNasg

Ad al at !’: a 4 ﬁllf
nyesdyNTisusuguiunIgyilaietu

J v 3 o a a
asadt 1.1 misldgunsaiueafinuazmiadnlunisdansiziiesnsesdyyraouau n

S FuALaYIUIY Suiiiulsey FuUMAIUMY
LBNANTD NN . S = = B = ” =
guNInluaAMVAN WBUNSMIA | aBuM7 | tNgUNINA | ABEn7
[22] CDBA n+1 M n - 1 3n+1
(32) OTA 2n+2 M n - - -
(33]-{34) OTA n+2 2 n - - -
(35] OTA n+1 n - - -
[36] CCll+ 2n-2 M n+1 - 3n-1 -
(37] CCll+ n+1 61 i n-1 - n+2
(38] CCll n+1 M, CA 2n+1 M n - 3n+5 -
(39] CDBA n+1 M - n 2 2n+2
[40] DDCC n-1 6, FDCCI 1 &2 n - n -
(41] CFTA n #n n - . _

Lijahjmumﬁlﬁﬁm*sﬁﬂﬁuqﬂnsniuaﬂﬁﬂLLuaiuﬁ%u v 2995 VDBA  (voltage
differencing buffered amplifier) [43] FaWu11199n2995 CDBA (current differencing
buffered amplifier) [22] ALANA1IYB IR 99 U899 COBA axiitadun,
Jutanssuauazdaerdnadudauseiy - dluaes VDBA Huarilddunanaziarding
Jpresiutausaiu Usenaumeisssaeluiiddyassdiu fe 299se1ea1IAt
(transconductance amplifier) Laz2993A1ULTI6IU (voltage follower) sathu 2995 VDBA
Famnzanuinmsdunseiisasnsasdyaalulninnswiuninni1iegs COBA 94910
usafuiioanuantaeinatuannsasisdidisunaldaslaglidesiuiadiuny
wiagwainnlpuen a"m%’um-saammmmsn'saaé’rgzgm'l.uiwumuiqﬁ’uﬁ':uﬁ-ﬁ'aﬁ Ao
annsnnedyyradunaladelnelifewiuimulasdyy i Sndnygaiedwaiioanin
sl muldasandenisldrusdaiomniduussiu

%’1nmwlnaﬁna"1auﬂﬁﬂaﬁuﬁwmﬁwuéaﬁuﬁﬁ'aqqLﬁmﬁ'mﬁunﬂﬁéfuﬂswﬁﬁaﬁ'ﬁ’u
nseadgye1eedudy n Tuuaussdu Taeldaees vDBA (ugunsniueafivudn $1uau n i

g b [y L3 = i v o o 3 ]
sasaufugunsniwiadv Ae AaAuUsey U n A7 frumatans N T nadyyin



o v a8 v ' aw )
Faldgunsaimadndruruiendnnuive (22, [32-40] Jaesiiauedailuuiaian agaan
semsadiaiuaeesiy uwarsansaviumlameisnismedidnnselndiugnsiveny

A1A N (transconductance gain, gm) sonseualudannneuanyiazainaenisly

NUBNAIY

1.2 AnuyjainsuazingUizasAvainisane

Inerfinusatuiiiingusrasdosinauenisduasiziilaidunsesdyarududu n
Tnuausstudaeisnsmnisivadygin laoidenldgunsaiueaiinvdn Ao 2995 VDBA
Aetaiugunsaina®y fe Mufudsey Tnswdimadiausseniuassdu il

1) yaueaitusolouusadunuuinadududu n deldreas VDBA §1aun M
Lazifvdszivunsaddiwau o f wieusediaginsduasiziieidunseiu
muBisdudua (44]

2) thaueilsfdudrolounsaiuialududu n Fald99s VDBA dwaun &
warmiiuusegdnuan n M wiaudafietnansdauassinardunseaiunnaaud
Susunilanarsusuanuuariaidunsasdyaudunuassnigiu [45)-(48]

Taoajaniufiegiannnisesniuuasnsesdyyududu n Tnuaussdudldgunsed
LenTuazmadsauesniuideluedn (22), [32-134], [36]-(40] Fsldinnila
nmwmﬂwaﬁmmmlumiﬁqmsqzﬁfaws-ﬁu 2asiauetuaunsadaasgiilaidy
nsesdyyralaasuyngUuuy laun Hardunsearua i (lowpass, LP) Waridu
nsmvhummﬁ‘qq (highpass, HP) fafFunsessuuauaIwd (bandpass, BP) waridu
finunuaud (bandstop, BS) LLazﬁqﬁw‘J’unsmmuvmmmﬁ (allpass, AP) laasn@ann
devluAvinfuresgunsal ansauuaiaudiBausssued (natural  angular
frequency, @p) Wa¥¥IMUUAIN (bandwidth, BW) Y947995 10 1TATEAILTTN1INY
dudnnseiindlagnismivaunszualudaainniguen 2sasiinaueduiidiniinla

soi ! -l 1 ¢ = a e
(sensitivity) Aon1siasuuUasargunsnileainuaswiagnm

1.3 wannstmiftinaueludneniinug
nnsRaauiteieafuntsduesizianduaieleurenvsnsesdyyin
Susu n Fsduasedaingunsniueniivyiing1eq ¢ail 2995 OTA [32)-[35] 29335 CCIl [36]-
[38] 7999 CDBA [22], [39] LLastTaﬁnu’J{faﬁ'L'ﬁ'qUn‘srﬁuaﬂﬁwmnnimﬁwﬁm [38], [40]
TnsaAdodnlngihaueiudinddgunsaiueaiivuasmadnidusaunn  adswade

gurniuiveasilvsastuiivuialng  duiuluinerdwusaduiidalaingg
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a o C a1 a a o e - « « o o o w '
hauaiuilddufiunuddunagaarAduiuaudiondnaiunungdmsunsnonainn

(cascade) Tulnususesudneie

= =) =Y L4
1.4 SNYAYLDUAVUDIINUTIUNUD
- =Y 2 a L v 1 4‘ 1
muluineranusatuilduiaiiomesnidu 6 un waznANUIN 5 MALABUAAZUY
fswaziduasanalull
uni 1 Lﬁuumﬁmﬁaﬂﬁﬂﬁa‘a’mqﬂszmﬁ%aaf‘mmﬁwuﬁ' wannsiudveinerdnus
o X ;
warseazdualiomingaguuiazun
< - ' = s o &
unil 2 ABN1TNEINIMANNTTYINTUNUFIUTDI995 VDBA
<l ' =t a ar
unil 3 namanadansavinisivadoyyn
-l o « fa a W w v a
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unil 2
2495 VDBA

2.1 na1i

Tud e 2008 leiinmsuniauegunsaiueniiv (active element) wualmitioin 2493
VDBA (voltage differencing buffered amplifier) [1] FaRauIN191n2993 COBA (current
differencing buffered amplifier) [2] Tmmﬂﬁ‘uudwﬁuwmmum COBA Fududuaees
washanszualudurasnasaussdy vilias VDBA fthdunwauasdaerdnmilutausetu
Famurvausenisduaseiisasivnaululuausadu (voltage-mode) 111912995 COBA
unINUd1995 VDBA annsnUuussnaanivenasldmeiznismedidnnseindaan
mouen  wdsnfiimstiauedsss VDBA du ldiinguiinidenarsngusanianguiinady
avsdananliinsiiauslassaiunisluiiuandiety dsi V. Biolkova wavenzld
1L@ue2995 FB-VDBA (fully balanced voltage differencing buffered amplifier) Sawann
11971M2993 VDBA TapiUAsunindunmainieasianasia (semi-differential) {iuasasnase
uiysal (fully differential) Tnglsinausiunfusnlaslinasmumislediues OPAS6O [3]
seaninddonquiinilsiausias FB-VDBA Snafilnsiuinlnssairanieludliledives
MAX435 [4]  deundunguiiniauenisdaaiieiiees vosa  lasldinalulad
upanIdames wuismunsUsuusnaantineismmedidnnseiindainmeuen dun
2995 VDBA flanunsaviupuand@ldfoussiuanmeusndegninauelay F. Kacar way
Ay (5] seundunees VDBA  flanunsoviuauantivessesidlaslénsualudanin
mevuendninauslaonguinduasangude R. Sotner uavAME Waznguilansfio N. Khatib
fiu D. Biolek [61-[7) uananil A Guney waramzdldvinisuuysises VOBA Wildh
nssumﬁumn%ﬂﬂmﬁuﬂ% zc 138n71172995 ZC-VDBA (Z copy voltage differencing
buffered amplifier) (8] wasiieliuruniflafinisinauslasiaiianses VoBA wuuld
wialulaglulwaninsndanesuazinalulagluduea (BICMOS technology) Fsfinmautd
wiuihauladanusulslumsdanssisesiinanmaneuasnevananndsiu [9-(10]

ffuluuniisznaniissvandearesins VDBA wdnmsviauiugIL AuEuUR
TumsgauafuazmauuR wioudsnanissassmansieuvenesiulusunsy PSPICE
wazBudunalanionisnelsrinaassvdslaelilediues CA3080  veauiww Harris
semiconductor Aasauiu LF356 wa3u3¥m National Semiconductor Fsanansomiaels

AUVIDINAA
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2.2 MIUAUFILYDI99T VDBA

2495 VDBA  Usgnaudiensasdifyansdiu lagdiuusn Ae 299508181100
(transconductance amplifier) Lagd@1undl Ao 29930 1WUTIAY (voltage follower)
FennuanRiiurenias VDBA Ao annsauiuidnsivenerimnunii (g,) lameisnisms
Sudnnseiindeinnisuen uenanisaiddunndufiuaudgauaanendinadufiuvaudande

winrausanisionannlunualsIsudnaIeY

2.2.1 auauUR2995 VDBA lunsgauai
a = o ‘ v a
2995 VDBA Tumsgauafianinsadisudydnyainayisasauyanialivilansgun 2.1

FaaenmanatuAuduuSsenInnsruatulssuRsnIngae Uil (1), [3)-(10]

(i,] o 0 0 0 0fv, ]
-4 0 0 0 Ofv,
i, |=|8n —8& 0 0 Ofv, (2.1)
- 0o 0 1 0 0fi,
v, ] LO 0 -1 0 0fi, |

et g, Ao Sn519878A1AMNTTBNS VDBA annsauiulddeinmsmedidnnsednd
ANNBUBN M&‘\’nmiﬁmuﬁugwwm’ms VDBA (AT INHAFILTIRURTIBUNR (v, — V)
asgnm%‘ﬂulmflunisuaﬁwz's 2 (i) HUdRs11e18AANY999T UarusIuinnATex
fith z v) ﬂzqnﬁadﬁﬂiﬂé’dﬂ"":l W+ (0y4) WAE w- (v,) MUEIAY Imﬂuiqﬁ’utmﬁvgmﬁﬁvﬁ W+

war w- zduune (magnitude) Winnuwsina (phase) Aanu

it BV
L &n(Vp - Vn)
(n ()

3Ufl 2.1 2995 VDBA lumsgaund

Y

ok

(n) dydnwainialwia (v) 2waTaNyan 1 lvi
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2.2.2 AuaANUR2995 VDBA lumeufjin

TumaufuRaeiansantensdinnaliidugaunai (non-ideal) ¥847993 VDBA ausn

]
=l

Wouasurglafagui 2.2 FeazifiuinusenoudieduRuauduaanvidunn p (r,//Cp) waz

v

o o - =l i l.; 3 =J i‘:
N (r//Cy) MUEIAY BURUAUTUHINTHDIINR 2 (7//C.) UAEAUAUNTUUKIATY Wi

>
v e

(Fy+) WAL W- (1) MUY Tunsalilfsanunsalfousduienuant@nisvinauYedIees VDBA

Tumaujualalmidsumindsaluil

i, 0 0 0 0 0fv,
i 0 0 0 0 0fv,
i, |=|lag, -ag, 0 0 0fv, (2.2)
" 0 0 B, 0 0fi,
(v | L O 0 -B, 0 0]i, |

<l - - ' - [ o ' °
WeN a= 1 - ggm WO |gg| << 1 AB AAuUsRVNluNITaRIUTRTITEIBAIAINEN
(transconductance tracking error) 58131997 p ward? n W z Tuveeh Bo=1-58

- & ! - 1. )
WAy By = 1 - & WD g << 1 uay le,| << 1 fin ArmueaInmdoulunIsaIRIuLT I

(voltage tracking error) 91097 z U817 w+ wazdn w- muaIsu

ip | ]‘ few !
—> | ! W 1
Vpo ; P | p +w' : oVy+
In -: I
— !N ; Ty -W W=
Vn [ : I n' Z' -W A 4: ()vw_
i C.,I ifn i lagm(vp-vn) :
: gL L I—wa—e '
| —— 5
s |z s
i
o
\Z:

(Y Y e

sUTl 2.2 dydnuaimalniwesses VDBA Tumajun



14

2.3 12935 VDBA uuulda9assau

nsdunsIziaaes VOBA  ngldasassan gmitiausiuassuuy alseaviden
aseluil 1ud m.e. 2009 V. Biolkova wazamezldinausnisdaasiziiees FB-VDBA
Fadoudydnuainaliilddguil 23 mnuduiusveanszuanazussdudulunim
Aun15 (2.3) dWSUnann1IvineIuTed2995 FB-VDBA Navmateadanuldas VDBA uanmafiu
A34717995 FBVDBA 9&iiih z- war z+ iilesendiumiwensesenidy OTA wuunas
u3ysal d1ue93 VDBA asifuuuuiisnasedeilifiosds z+ iy Taslessadneneluld
2995594 AiB OPAB60 $1uruaesda fagud 2.4 (3] warludfnuninddonguidudlitiaue

2995 FB-VDBA \fimiudnunililassairslnsldlediues MAXA35 faguil 2.5 (4]

i:+ gm - gm 0 0 vp
i’— - gﬂi‘ gm 0 0 v}? ( )
== 2.3
V.| | 0 0 1 0]v,
v, 0 0 0 1fv_
Vot
7
ti.
p g
Voo =E Ly B WHLTER g,
in FB-VDBA i
Ve —— 5
L V- - w- Vip-
le‘z.
Vs

U 2.3 dgydnuaimalwihuesises FB-VDBA

UM 2.4 Usznausaelediues OPAB60 duiuaesdn Fa9asneluves OPAS6O

Usenaumenstudainasiaueus (diamond  transistor)  WaI99IRINUSIAY lAaT

[
[ o =i

NsuBaneslavaunusenaunlia919innas E (emitter) 971ud B (base) uwaxdn

=

poaLaAADS C (collector) Tuilnnantiaenndesiuth X 42 Y uavdh Z2 wemees cccl
(current-controlled second-generation current conveyor) MuEU  uaziilouise
fwiuass Taseynsudadiainasdoffuniy R, fagldrsasasradintuiii
a1u130USUAN g, WIWAINANWUS 1/R, ssnisudsanszualudaninnieuen santuia

Unssmuussundeaaeaieimhiiduinsnaednafazyinlileages FB-VDBA
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o F) P [% = ¢ )= i} o

dmiunes FB-VDBA Tuguil 2.5 avusznaumelafiuas MAX435 #asauiuiens
munssau nslassaiianislures MAXA35 Ao 19959818AIAINIUUUABUDIANA DIDO-
OTA (differential input-differential output) Faausnuiuean gm b9 HIUAITAIUAY

W v a4 v P &
ﬂ'1@'I'JF\'\LEW’IU%]’]ﬂﬂ']EJ‘LIEJﬂﬂﬂ@@%ﬂﬁLmﬁﬂ%’lﬂlﬂLﬁUﬁﬁU

gﬂﬁ 2.5 1995 VDBA fiduaseilasld MAX435
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2.4 2935 VDBA uuvltmaluladueansnudainas
Tumdetiagnarafanisdaunsnenens VDBA laeldinaluladueansiudanes
Faamsauvaniun1susuaeinmsnedidnnsetindeaniduasseiia Ao Usualdme

wsasuluda warusuelamenszualuda dsreazidunnssalull

2.4.1 2935 VDBA uuvultinaluladusansudawmaiusualasionsanu
2995 VDBA  #idilassasreanelunvuimaluladusansudainaswarainnsausu
AnanURvenslameusduIINasuen gnunauelae F. Kacar uavanzlul a.a. 2012

wanalanagun 2.6 [5] Fe@w10UUIA gn ABNITUSULSIAY Vi muaudunus

v

v
i e

fane Uil

W
gm . ILCOXI(VBI = VTH) (24)

el 4 AD AINAGRIIVEININE (mobility of carrier) C,, A ArAuglHtusenlys
' ' d 4 & v " o
FOUUABWUY W way L A9 AMUMNNUALAINEITRIYRIUINTELA (channel width and

length) muddu wae Fry fe Aussiudacy (threshold voltage)

Vop

P~ | v a s
U 2.6 2993 VDBA Miduaseilagldimaluladuoansudawmes



dhilnveayanan nigeasnMmanz® .

2.4.2 2995 VDBA wuuldimaluladueansiudawmeasusualaaonszua
Tl aa. 2013 ladingauninderiniausi99s VDBA Fudndlaswaing lagldivalulad
voansudanes Famuaansaulsm g, Wlaenismuaunszualuda (s 3inmeuen

famnuduwusaaluld

w

8 =1 H o —

T (2.5)

R Sotner wazanyldiiausaniludlasiainadaguil 2.7 uar 2.8 [6] Tawguil 2.7

v
v

Ao 2995 DO-VDBA (dual output voltage differencing buffered amplifier) H93t16Wn w+
way w-  @luguil 2.8 wanI993 FB-VDBA Faazilvn z- winiaAsiina 1 luuaalu
wade 2.3 lassafeitaruduvesasainide N. Khatib fu D. Biolek Falsiiaue

2995 VDBA #ifllassadradagud 2.9 [7]

VDD )
waHmw L Ly
=>ofz] o] | —o[F]
Ms ——[ M,
nle—L M M _Jo[p]
VSS

o o o brf al - 3
JU# 2.7 2995 DO-VDBA Tiduanzvlngldinalulatueansudaines

b L

v

VSS

< - v v = a «
JUN 2.8 1495 FB-VDBA Widunselagltivaluladusansiudanes

1AR988
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. Voo |
Mh6
; Ms I_{ M9
i@
VDD Mbj MIO EM“
B Ce
I
M M
Ry Vop iz éﬁm’ Rys
M
bld } A '\_i

M2

M6

|
r‘] Mhli

Mar

VSS

JUN 2.9 2933 VOBA Nduaszilagldivaluladupanitudaines

lnseadnegaving Ao 2495 ZCG-VDBA  Fagnuniauelag A, Guney  wazAmy
UTENDUMILAINIITHOY 29aAInaMansoilisudydanuninaniuazamnuduiusves

l 1 v < v W« i w < a v
NquRsERElARIFUN 2.10 Tneanuduiusseninanszuauazussduanninlsuasuisla

il
iz+ gm - gm 0 0 vp
| |8 8 0 Ofv,
ol = ] (2.6)
i 0 1 o],
v, 0 0 1v,
i
A LIy S et
T : |
T"z- ) :
i Vp o1 |
b 7 t Em i !
Vpo———FP I b e Cl . |
b ZC-VDBA W—= o v, A e e
— i Iz :
Vpo—1N 3¢ 25 Vy o—L] —v |
: cCl zj
l . l - | - x :
l‘zc lly e | ot t
. M (o]
lZC 1Z+ iz- izc

(n) ()
3U# 2.10 2995 ZC-VDBA
(n) dydnwaimalih (¥) wasmalu
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= ' v ' ' &
NFUA 2.10(8) WAAUI12995 ZC-VDBA UsenaumenguINasasianunaiiggg
oA 7995 OTA uuvuaBLewinm (dual-output transconductance amplifier, DO-OTA)
2495 CCll (third generation current conveyor) LaLMIININUIIU FuTounanalaseasng

meluldegud 2.1 fis 2.13 audhdy

e iyl
Mn:“ 18 ; i 16 H_ ”:JM20

M M
M'z:]} 17 X 15 #E l!: Mo

E
Al
Al
&
£
2
L
= e
!
il
z

14

z
g
4
| ¥1

£

=
i
1l
-

=

[+o—1

(4
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SU# 2.13 2995 CCll

2.5 24935 VDBA uuuliwnsudamasiulnais
T T o ' = a o - v P «
ludaiagnanafi947995 VDBA faunasizvianeldinaluladluinans
a ¢ o a a ¢ w e v e o '
nsudawmes Faluinertnusavuiazlvlasasiatilunisdnasinanisnaasaniu

Wsunsu PSPICE uaziiyaisiude annsauiudnsveeamanumilaineg laslassadaniely

2nsuanslifagudl 2.14 [9]

= o v « a ¢
JUM 2.14 2395 VDBA ndumasieilasldmaluladlulnaiinswdanes
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2993 VDBA §i93U 2.14 Usenaumignansdifityaasdiu fip 2950818a1A Uay

o =l = as 1 nll’
995NN Tneilseavidannanalull

2.5.1 29959818AIAINLN
1 v - i o v ' ' o w
AUVUIBI995 VDBA AB 19ITVEIUAIAINNUT FIUTENDUAILNGNINITUBEVIA ALY

Ao NATVEdINanIs (differential amplifier) uazl9asaLyIaUNIEUE (current mirror)
@ ' v ¢ = < @ = ]
199518188y uNansUszneumglulnatiniudaines Q, - Q4 AasUN 2.15 lasn

u

Q:-Q; mwmmﬂmwiwuwatym'\mmamewumu d1u Qs - Q4 ¥nthiidureasay

Yy

dileumad (emitter follower) #38 1ATAIUUTIAY Lwaqumaummwauwmwm p Uag n v

'Lﬁl.ﬂll’lﬂﬁllﬂll’)\ﬁ]‘SﬂWﬂEWﬂGIS‘ULLNﬂUE]ﬁT\I‘G’)Naﬂ'lx‘]

+V

l ',:c'l ic]‘.l

JUN 2.15 2995981810

diefmuald g, >>1 ashldarmumuniudunsfivead  lUGds p uay n ()

dAnviu [nmewuan n1]
T, =20r, (2.7)

1A% ry A A1AIUAIUNIUTEVI NV IUAST UV SRR IRBI VR INIUTALADT d1unT U

ABALAALAB TUDINTIUTANDT Q) (i) war Q; (i) dANvify

VH?
8m1{ 4 ] (2.8)
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v,
[ in (2.9)
!c2 gmz( 4 )
10
uay =ga == (2.10)
Em = 8m [2Vr]
Tnei i, =—i, (2.11)

10 gmi UAE gm: A0 SRI1TBIBAIANNINYBINIIUTAADT Q) LA Q; AN
Ip 7o nszualudaainniouen war Vr Ao useAumIINiou (thermal voltage)
fAUsEaI 26 mV  gaunail 27°C
daundunguasastesivimiriideiunsrualiiurssveneaininu dude
299savvieunsTuaLULIadu (Wilson current mirror) @sUsznaufmensiudanas Qs - Q;

“ =J = v 1 o
WAMIMIUN 2.16 TnefiA1ANAUN U WNATEII99T Wiy [11]

P (2.12)

4 1 1 .t - -
1agN r,, AD AIAIIUATUNIUSENINIVIARALAALIADINUYIDLALADIVDINS 1 UTALRDS

LAWY Valics wae V4 Ao AusIdugaisu (early voltage) d@aumdiumiuniu

duwnvesesiiAwiiu

(2.13)

< v a o
E‘U‘Vl 2.16 795dLVIDUNTEULALUUIadU
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' = [ ' "
ﬂ']ﬂ']'lllﬂﬁ']ﬂLﬂﬁau.lUﬂqia\"N']'UﬂizLLa (error) ﬁﬂ'lWl']ﬂ'U

error= —2— (2.14)

B+28+2
- ' o 0 v, - - O &
diauszanmdn f>>1 Foibisanuraiandeuiiandugud vie uupe
iy =i, (2.15)

NAUNT (2.8) Uaz (2.9) wualA g = (gm/2) = (gm2/2) wazIINNITAIHIY

NILUANIBNITALYIDUNTEUNE Qs - Q7 vzln
iz = I.cl +ic2 =gmvm (216)
wiD =gy, (2.17)

PINNTIATIEHT A UNUIIATIAS19V892995 VDBA Altimaluladnsudamesivu

=l s

TulnansaziidnsnvenurautIveanesviniu

- (2.18)

2.5.2 24TAULITIAU

dIUNA1Y999995 VDBA B 1993muusaiuniensasimines dausznaudas
niudames Qs - Qi ﬁ’agﬂ‘?‘i 217 Tngagyhwiiideiuussiuainia z WU w
1A59a51929935U58NDUAI8995 1818 QYYIUABALARLABS S INULUUABUNELLUNIT
(complementary) $1u3uABINATABTINAY 1B TWAINA UM UBUNRATiAIgeNIn [12)
Lazamsdiesesimdanuiumudunadionsadnlusia z () Idviiu [merun n

2]

n==pp(2eR,) 219)
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Lﬁaﬂi#ll'lm’h ﬂ,, =ﬂ9 = ﬂm - - ﬂp =ﬂg = ﬁll >> 1, Ve=Tg =V = Fer0=
rei1 WAY R, A9 MIAUMUTR0TENINGI w Aunsne wazluvusaudsinuaiunsn

a i v -l v & ' | W
wﬁ]'}‘ml']‘mﬂ’]ﬂ’J’]J.IGl'mWIUVI:JmL{IJ'ﬂUEN‘U'l w (7)) WUIUYNNU [ANANUIN N3]

v, e K
o b4 (2.20)
2 BB,

Taedl R. Aammuymudenasenineta z funsma

+V . +V
IQ !Q
‘_"L:Qm ‘_'EQID
Qs Qs
z w z w
+ 4 i b——o &
[_‘ vz Qs Ro % v V: 2R, Qo Vi 4_|
r. i = FJ = i — = - i P
T R Qu T KQII
bGD o)
N -V

(n) ()
JUN 2.17 2393A0U 39U
(n) NSEAATIEIM 7+ (v) nsEFAsIEVIV 1,
AU INN15IATIENT19AY i lrlarraus U unNewt lUgn z (R.y)

Y942995 VDBA winu
R, =ry(CM) 1y 11{(rg + 7o) 1y + 7,001+ R, } (2.21)

- o ' v ¢ o - ' v
Al 7o (CM) Fip AAIWAIUNIULDIANAVDINDTAZVBUNTEUE 7, AD AIAIINAIUNIY
@IANAYRINIIUTALNDT Qy 7y (i = 8, 9, 10, 11) A ATAINFIUNIUTENIN
Puatudinmeivemsudames Qs - Q) uaz R, As MAUMUTIRTENINTI W

=i s (3
MYUNUNININ
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2.5.3 AUTIOULNNANG

MIATERANTIOUEN9ANE Y993 VDBA virldlaenishiaseilunsdidyaio
uAEN (small-signal circuit analysis) lnelda99vauyauuulauianiy (hybrid-pi model)
(13] wazrmualinsuBamesyniianuaunasiunusznis (matching) axlsiwa (pole)

Y8929950ATVLNBAIANUUITNANYINY  [NAKUIN V1]

(8, 128,)
2C,+2C,,)

Pa = (2.22)

AMSUMTIATIEAMIA UM INAVD DTS ITUNUINE AT [A1ANIN 22)

(Gw + gp)gn +ng;71

(2.23)
(G, +g,)C,, +(G, +g,)C,,

pa3 =

L) -l < - o 1 -~ w
Ay iawSsuigusumidlng fie p,, 9naums (2.22) fulwa p,, Inaunis
(2.23) wuidrshumislnatsiu (dominant pole) FududiadrianianudlunisufiRaugean

1932995 VDBA #i Ina p,, viiosmumiilnavessasasviounseua Qs - Q; tules

' - ' s
2.5.4 Aranuamapdaulunisdesiiunsady
ATIATIEWMIAIAIIUEANAIA LN TAHIULSIAUTDI995 VDBA aunsanseyvinle

Tnenarsanientunelouusesiusening v, lds v, Fadsunruduwuslaeed

c
[l +sC—’”Il + le
¥ | 2.2, g &
v: (Gw +gp)gn +ngm ]+ (le +gp)Cm +(Gw +gp)cnp l+ Cmcaqu
8§ Jism———————t— =
G, +g,)8,+G,8, (G, +8,)8.+G.28,

(2.24)

o w o A e o W = o q ¥ a 4 o
W"U'ﬁm'lﬂﬂﬁ']'UEﬂULﬁQWULﬁE]Nﬂ'ﬂJJW]'lﬂUWUQ "DSVI'ﬂ“Lﬂﬂﬂ'lﬂ']'ll.lﬂﬁ']ﬂlﬂﬂﬂﬂlﬂﬂ"l‘i

AWIULTIAU (£,) WUEANIIAU [MAruIn A1)

x5
o

= (2.25)
v, l+sg,
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Gw[l+—g”' +g’*’}
Towd £ = Em (2.26)

gmp(l“*‘g—mj e 2
grrm gmp

2.5.5 HANTTINADINITYIINUVDINDS

Weidunstusuimuanifvensasdinarnidulunumgui lukdeiazyiins
$ravmanmmhaurens VOBA uuuldimalulaglulnansnsudamesdagui 2.14 Tagld
lsunsy PSPICE melsinalulagnsudainasiuuu ALAG00 91nuU3wm AT&T wwes PR10ON
uay NP10ON dmiunsndamasaiin PP uay NPN muddiu iladenldunassielnides
Ay £1.5 V nszualuda Ip = 50 gA WANITINADIHANDUALDINIIAINT VDS
ﬂ'wm'mﬁwmuﬁuﬂmﬁuauﬂ'ﬂﬂé’qﬁv’: p (r,) wazia n (ry) wansldwaguil 2.18 wuin
fidsvann r, = 31 MQ waz 7, = 28 MQ  variidAuiumuiiteadi U 2
(r) uanslddaguil 219 wuddAszunm . = 1.9 MQ wavArAd U IuRNes
W lUS w () wamldesuit 2.20 wuinildssana r, = 244 Q
g'd'?f 2.21 WARIHANDUALBINIIAINEBIA g WiBWUSAINSZLA Ip iafu 50 UA,
100 A, 150 wA uar 200 xA Fa91naunis (2.18) vrlwlaen g Wasuwlaaiy
0.94 mA/V, 1.84 mA/V, 274 mA/N uag 3.61 mA/N MUEIRU NAN1SINaBINUINAT
AMURANAIAUTELIN 2.24%, 4.32%, 5.01% uay 6.14% mNa1du wasnuinileieninud
wuusIv (bandwidth, B) Usyuna 10 MHz

HANITTIABINANBUAUBINIIANAYDINITAINIURTINUTENT1997 7 T
11w (vu/v.) uanalddaguil 2.22 wudrilvurnyszana 30 mds Faflenlnd\Anenud
wiomnewiandudndiu v,/v. aewuinidauszanm 0.99 FeilanlndiAsaniGiasnndas
fungul] wazarnwanisSraswansliiiuiinisdsinuussdusendneta z Wil w i
PemfinuudinUssan 1 GHz

nuanIsassuansliiuings VDBA finaveivaisaruduuusinuseunn
10 MHz 1flae91ntsanufinuudintessasvensaimnni egrelsAmuaimudumy
Bunafigs uazAANnuT MU NRTITasI FesRanaamndmiunsrematasly
Tvuausesiy uananiiudreesdeannsaviuen gm WaBHIUNTELE 1o 2INATBUBNENAIY

wazmasnulnihgode (power consumption) Sy 0.89 mw
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= o
S b =
(OW) “4 “9u

100k

100M

10M

M

10k

1k

Frequency (Hz)

-8

° -l ' v -
IU“ 2.18 Nﬁﬂ']ﬁﬂQNﬂﬂﬂUauﬂQYI'Nﬂ’]'\Nﬂﬂﬂiﬂ'lﬂ'l"ll.m'm‘ﬂ'mﬁu‘]ﬂﬂﬂ'] p W&a¥ n

.
e 24

100k

-u......lqll

(OW) “4

100M

10M

M

10k

1k

Frequency (Hz)

-8
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nindameiuazmaliladueansudamedunyniu faillassairanelusanafaguil 2.23
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2.6.1 2995918A1ANLN
! ° L4 = o = v
2asvenemnuniiildinelulagludueananidaguil 224 Yszneude Tulwans
a « v a ¢ o A v
nidanes Q - Qs wazmaAnmeueanIuTanes M, uay M, iaiiuA1ANi NI

v
ar

NUIBUNR 73

+V

5] fa(]D Gj)fn G[)u

-V

= i °
JUN 2.24 29959818A1AN

NN3UH 2.24 ansodaunalandlulnarinsdaneidiuiuassgaseiuiuuiegs

e €1 - o w w a v P
BUALMBDIIN (common emitter) UuAD Q) NU Q4 War Q2 NU Q3 WAKLWUAIAINAIUNIUN

[
o o

dunalalagrueanIs udainosuuuesiasusIn (common drain) ilvAm LA uNIU
a P v o & a v | ¢
duwanuowdludeta p  waz n  dlAuduedud (7, = o) drunszuanoalanineived

a « s . [ 3 - o a
N5 uBanes Q; Nu Qs (i) uar Q; NU Qy (i.p) LAAINIL

Iy=—i,= gmg{%J = wgmgq[%) (2.27)
iy=—i,= gmm("; J = —g,,,m(féi) (2.28)

e Bt =Engz = g = gt = B
beg =iy +i3 =8V (2.29)

icB = icZ + icd = gm]"vm {230)
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Iy
uay == (2.31)
Taoii b, = (2.32)

ML gmo1,  Emo2, gmoy WBY gmps AD BRTIVHNEAIAMNLNUBIMSUTANDT Q) - Q4
AuaeU War Iz Ao nszudaludaninnieuen
-l v v ™ = o v
JUN 225 uannsesazvieunszuauvuldinaluladluduea Jausznausae

NIUTAR0T Qs - Qs way M3 FAFAIANUAUNIUBUNA (70) WINAY [MANUIN 91]

( FesTze ]+gm3
:;V.‘::‘i_ r)l’§+rﬁ6 (2 34)

s dER (2.35)

. .5 - < v o [ = o v
e munlunsudaimesvnmilinuannasiunnusens S9ild g, = g,

slanu Handunelaurenaasazviounsyuadafianyindu

o _ Emgs . (2.36)

o v 7 =
JUN 2.25 2vsavviounseuawuuldinalulagluduea
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nauNs (2.27) i1 (2.32) iwuald g, =2g,,, WazaINRANIENIUNTZUANIY

2995arauUNsELaAvL LA

i, =i, +i, (2.37)
VED) i, =28, (2.38)
oty Fenamen g, Tl
IB
=4 (2.39)
&n v,

2.6.2 29ITAUUTINY

A7UMAIYD2995 VDBA AB 29930 NUTIRUTINIUARIYA AB My - Ms waz Mg - My
InusavynzaiuuUUIIITTOTATIN (Common source) Faildnsvensussiuwuunauina
AauliioNasuNeanswdanes My - Ms gausnife 2993muusaiuiuunduma (v,.)

al - < < L g [ v L
yuziilionannueanIudanes Mg - My ganassualeyivlineasmuusaiunuy
[ (5 = Qo ar (] v - =l L4 a .‘S

Lnduia (v,.) duandluguil 2.26  dmsuAmanusunudunaiuead U z () 9w
a1 ar « 4 v « J L o “:
fiendueiud (7, =o0) LAZAIAINAUVNUDANANNBUT VS wt (r,4) WAz w- (r,.)

WULAWIINY [NAKUIN 92]

r,, =r,=—I/[r =— ‘ (2.40)

AItU INNTTIATIENLIAU ENUIIANISONIAIAINATUNI LN 9L LU

¥
[

17 z (R.7) 1992995 VDBA #idupsizilaomaluladludueals dawvifu
Ry =1, (CM)I(r,, + 1, )/ 7y (2.41)
Tagit r,,(CM) fio ApusumuednarenaTasiounsa r, uay r, e AAIIL

AU WNAYDINIUTANDS Q, Uar Qs MMEFU Posa AD AIAUAUNIUSEWINVUNATY

PYosavomMIuTanes M, feilanduatiud
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ANTINUEMNIANDYR92993 VDBA Tilfinaluladludueadazuil 223 awnsavinld
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Answoaniluvindiu Teun 299siasusin 29svenedygnmani 299sasiounstud way

NITWTATITINNIUADNS Wudu Saaglamumialwairuiianwvindy [mewuan 91]

pbd = L gm.’ing (242)

Cgss (s + ng)

" d 1] ar
2.6.4 ApnuaanaAdaulunisasinuLIIAY
N133LATIZINIAIANAaIALAARUlUNITAINIULTIAUTD 97995 VDBA  Til4

walulaglufuea Faflandudielouis iy I99smINLSIR UL AU

(&ﬁ =g Caun [%Il -5 Cs
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_8m 1- S_Cg‘“
way LW C L (2.44)
v
. 14522
ng

AUFUNUST A UAINTORIITUIMAIMNAAARA DU LU A LS IR URIN v,

TUBa vyt (£,4) UAE vy (6,) W0dasalUT [mARwIN 1], [MNARUIN 22)

Vw1 (2.45)
v, l+e,
Vo 1
way wo = (2.46)
¥, l+g,

o ] = ool W oal )
YNW'U']'W]']ﬂ?quﬂaqﬂlﬂaau'LuW'\\TﬁQN']ULLﬁqﬂuﬂJﬂ']lVl'lnU

+
g = EmsEm1 + Ema&ms (2.47)
Ema&ms
+
way g, = Ems TEm (2.48)
gm4

- a

looii g, (i=4,567 fs dns1vewemunivetueansiudamnes My - My

2.6.5 HANTTINADINTIININIUVD IS

uiiillgvihnsdrassnisiriuresses VOBA lugudt 2.23 Tagldinalulad standard
0.35-um BICMOS Faldumasdnelnidsavindy £0.75 v nssualuda I, = 25 pA U
oMIAWTENINANNNIN (F) wazauend (L) vesenihnszuawiiiu 14/0.7 um uay
28/0.7 um dmivnoaniudawasvia N uaz P auaiau

wama'uauaamqmmﬁwmFhmmﬁwmuﬁuwmﬁumrﬁ’ﬂﬂé’a'ﬂu’d p (r,) Wazda n (r,)
uanalddazuit 2.27 wuiniiAUsesa r, = 36 GQ uar r, = 34 GQ YurAiAIAIY
fumuinendrlusada z () wanalddagual 2.28 wudndAUszunm . = 750 kQ

UM 2.29  wassAIn A unIuinewdn lugata we (ry.) wasda w- (7)) WUTD

v

=

UAUsEun rys = 1.32 kQ Uae 1. = 1.33 kQ suaieu
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gﬂﬁ 2.30 UARIHANDUALBINIIANAYBIAT gm lBuUSAINTEWA 5 WU 25 KA,
50 pA, 75 pA uag 100 uA Fedanalien gn Wasuuaaiu 0.92 mAN, 1.80 mAN, 265
mAN War 3.45 mA/N MUAIRU FINRANITTIABINUINEIAIAURANAIAUTEINM 4.32%,
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JU 231 uanspuaTRmsdsuususEnieda 2 e we war w- wudims
dsruusaduangs z Wi w- exdidlndidssiunguiifous -250 mv  dalunsdnig
deriuussfuaints z Wedh we szdidlndidvstunguilutasuszana -250 mv s
250 mv  Tawammiidn w+ ftasmsasinuusduidiniata w- \Wusauannisdeniaien
furesesmuusuiues sgrslsAmunsdsiuusiureniiassiaiivunawifuudia
nsat Uiy

KaNTSABIHARBUANBIMSA T YB M SARULTITNINGa 2 WEh we (/v
uazdn w- (/v wamdlddeguil 232 wudnilnunauseun -480 mdB uaz -240 mds dail
elnaifisegue wiovInAMIMTUERAIN v /v: UaE ve/v: wnUTndiAzanm 0.95 uay
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3.1 na1

nsmin1sivadyaa (signal flow graph) wiadendndenilsin nsmiudu (Mason
graph) Anfulag Claude Shannon way Samuel Jefferson Mason lull A.e. 1942 [1)-(2]
Wetaslun1siinszimannis wu aunisiwadiaidudu (inear algebraic)  auni1sida

aYWus (differential equations) Faflafaridunnglau (transfer function) ¥e@4TEUUAIUAN

a o

Hudu (3] dusudinsiiaueiinsminisinadyaraduildinuidenarsduiiiie
wadans s inadyaauudssgnaldlunsduaseidsidudrgloudusivamiadudu n
(n"-order transfer functions) de¥ilnsdaasiesidudtetu [@1-110] Fadfuluunilay
na'wﬁwﬁ’nm‘sﬁu‘ﬁ_'&u'uamﬂwm'slwaﬁrumm nmsmienduaislouainnsavnisiva
dygrn wavdegrniniluuszgnaldlunisduasisiilsfdudielounsadulasldaens

VDBA (Uugunsniuaninman

3.2 nymsivadyyiu
nsmnsivadygn fe ununmuaninuduwussewindygudunawasdyy i

dneesszuy Sedemhnnuszgndldlunsiinsgiszuumunuuariesimiteidudne
louveaszuy n‘snﬂms‘lwaé’mmwmﬁ“’uﬁsznauﬁwmﬁﬂiznauﬁwﬂ”syam?hu Ao vun
(node) war dumadgyain (path)  Tasfilnuaszunudsiuusluszuy Tususidunia
ﬁryrgwm%zuamﬁﬂmamuﬁﬂ'uaaQﬂmuasmmﬁuﬁuéswiwﬂuum%qs:qz‘fmswmuuu
dunedtyeyad (path gain) laganunsaaguddenluudazdiuveansmnisivadyyile
il

1. MyarU (transmittance) i MIdwIUERTIVENETTNINEDINIUA

2. 2958V (loop) fe WMy INATnuaEuiuway Inunaaie.dulun

weniu lagsynhadunmsdyginuenaninunduduias Inungavinesziuluala q e

ATUAY?
3. 9RT1VYI82950V (loop gain) AD HARMYBINITAINIUSNTIVINBUULAUNI
JeUUIEUUDITOU

a. aseuitlidudatuasseula q (non-touching loop) Aie 2ssuiliivun

' o -
a9 swiveseudu
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5 Wunedygaludemi (forward  path) fe idunnsdyauiido
sewinalnundunaludilvuniensing Ssneiniluunla 9 Wosnsuien

6. snsvenevendunsdygalutremi (forward gain) Ao nagMYEINTT
derudnsversuudunisdygindutremi

7. uasay (mixed node) Ao Inuaiiiianissuiduuardseanivves
Ldunadeyeye

Fflendusing q vesnsmnsinadygraniuazdisannsaieudlatuneu

msUsggndldinadansmnisivadygralunsiessimaunisarelouldietudannse
\Wouuansldfaguil 3.1

Tnunsudyg o o

amswmuuumumoﬁ‘mmm

=

wseuilidudatuisoula q T NIV
INTIVYIVBI9TOU

1Mun

-l o o " i ')
JUN 3.1 Alleusardivreansimnsivadygiu

3.3 Wandudiglauainnsnmsivadyaiu

nmsiazimiaiduaisloulasldnsmnisivadygiaruisansevinldassis

nanafie Busnerfurnuduiusnisivadavesnsmnisivadyyiu warisiiaesendugns

-l
g
' 1l

M58 veNEU (Mason’s gain formula) Baurar3sissaziBundsaly
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SR 4 . m=) n=(@rbx
X X2 x P
(M)
b a . 2 ac
A o = 7 ::> x4 = (ac)x, + (bc)x,
b c
X2 X2
(1)
ab
a x; b ab  x; 1-bc t ab
= - — =
X c sz X X X3 % (l—bc}'
c be
()

i . ¥
JUN 3.2 naminsivadayanaiugiu
(n) dasrweneseninalvun (1) SRTIUBBLUUBYNTY
(M) BATIVIBUUUIUI (4) SRSV ILAIBAITUINUI

(?) dnsrvenswuutounau
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U 3.2 fmual a, b uae ¢ Ao Sms1vesvendumdngasine 9 xi G = 1,
2, 3, 4) fa MmwlsUselmuausasivun aelaan
d 1 ] ar s L
1. 3U% 3.2(n) wamIn15aInIuensIvene a 3 ntuum x; UG x; azla

Y

X2 = ax) (3.1)

< ] w o
2. UM 3.2(%) wamin1sdwugnsIvens a ntvun x; W X,  way
gn31we18 b 1nnua xp WE x3 Jeoaynsuiu awnseanguliivieiiivalvun x; uas x;

Iamemsguiuvesdnveienaes Jaladn
x3 = (ab)x, (3.2)

P TR ) o
3. U 3.2(A) LAAINTISAINIUDATIVEIY a nlvun x; U x; uay
9n51918 b 3 nlvun x; UGS x; Farpvuruiu awnsoandunsdygruliivdefivanis

w@unaldmenisuaniureddnsIveenians TuAe
x2 = (a + b)x; (3.3)

= Y v v
4. U1 3.2(3) LARINTITUINUIIYBITATIVYIY ¢ VULAUNIF YR INAINTUA
x3 U x4 WENFUMFygIuanTvum x; (U x3 wazidumadyinivum x; (MU x; 89

azlain
x4 = (ac)x; + (bc)xy (3.4)

= Y @ w =
5. 3UN 3.2(3) uamamstounduvesdnsnvens ¢ 3ninua x; 1USY x; &

v = P | v 2 -
mmsnaﬂgmﬂmﬂu x3 = (@b)x) + (be)xs vradlaanliindoifoadumadudyginidolsin

Tnus x; 1U89 x3 aglen

ab
T Vhe

(3.5)
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o o A J v I \‘; U dy
ndnmsiuguvensnsivadygininanuidsdussnuindunoumani
annsavisannudutauvensNnsivadyy vl vimluldiarlunisimsieimdendu

aelauvessruvantiosas

3.3.2 §AONITIVEIVDANET
a o adw v v ) . 4
msiaszimhinduaislauvesszuuidudousisnsmnisivadygaazdeiuile

lgnsdnveneveandu drnudunusaeluil [2]

2. BA,
T(S) = kT (36)

oo Py Ao ons1verwvedunilumingud klef k= 1, 2, 3, ..

A fp Awestuuuvireansmnisivadyyin Sanlaean

A =1 - (dn5198187997950V)
+ 2 (HaRuIEnInNgns1ueeveasou 2 wseuithidudady)
- T (HARMSEMININT1E18Y0950U 3 1seuilidudaiy)
+ ... (3.7)

war  A¢ Ae Awesluuuvivendumadygalutramidui £ deaunis (3.7) diol

WsuNTaUNduRaiudE UM sdy i

e ladugesdasvesrennduiendeunsinseimitaidudeTeou

a o & -1
maoniﬂv‘lnﬁlwaé&yru;lmmgﬂw 3.3 FaUYUNDUNIU
& o~ v v w v v a
MWneun 1 mansvevendundygulutemn (P minlwuadunaly

dalnuaiodnavianun
TUNBUN 2 MDNIIVBI8VDINTOV (L,) NIVuA Funan1saunaiuyedessy

UAALIITOU

& = ai fa I3 ' v o v v
Tumpuh 3 mameliuuuvivewnazidunadyyiasludnemii (A

v < a sl s o o
Tunoun 4 mmesiuuuivainsmnisivadygyuviavun (A)

& < | v ) )
wazdupauil 5 unuAilaiaunaslugnssnsvenevesndu
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L o 4 -
nsnsivadayeudsguin 3.3 Yseneudeivundune R(s) uazlnuaeisine Cls)

P o m - . s 1
Ypaszuu leef Gidlei=1,2, 3, .., 7 way Hi o i = 1, 2 fim 9n519871058WaIMua

R(s)

U 3.3 nawinsluadoyain

a s Lo a v v s
Jumeudl 1 msnswesvendumedygraludioni (P 9nTwue Res) Wdluua Cls)

u
v

- v v -
PIUYNVUAE AU (k= 1, 2, 3) u.amﬂmmgﬂw 34

dumsdgaalutmid 1 k= 1) 9nTuua R Wdsluun Cls) azrn
90919870 Gi, Gy, Gs, Gy uay Gs uanaldfagud 3.4(n) ilildshsversveadunis

dygralutrmminny
P = GiG2G3GyGs (3.8)

dumedyaaludamihi 2 (6 = 2 nTwun Rs) Wilnua CGs) asiu
90319878 Gy, Ge, G4 Wax Gs uanalanagui 3.4(v) vihlilesnsnvensveadumadynyin

Tnamtnwmnu
Pr = G1GeGaGs (3.9)

Wunadyaadudiamiin 3 (& = 3) 9 nTuun RGs) Wdilnua Cls) 9vku
Y v = ° e v )
99319018 G, Gy uar Gy wanalanaguit 3.4(a) viilasnsvensvesdumsdynyialy

YNy

Py = GGGy (3.10)
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[ J d: . ]
#uﬂauﬁ 2 WONSIT8I89892950Y (L) TANIMUAF1TaU (7 = 1, 2, 3, 4) uagnunudaey

' o e o AJ
souitlidudaiy waniesuil 3.5

. as o [ a -
W5BUT 1 (i = 1) uanaiegudl 3.5(n) Usenoudedasveny Gy wae -H feala

DRNSIVLLVDNINTBUWINNY
Ly = - G4H, (3.11)

WIBUN 2 (i = 2) uananiaguin 3.5() Usenaumiednsvene Gy, Gy, Gs, Gy, Gs uay

-H, 33rldsnsvensvenesouminiy
Ly = - G1G2GrGyGsHA (3.12)

- . @ 1 v w
WIOUN 3 (i = 3) LLammgUﬁ 3.5(m) Usenaumeansivene Gy, Gs, Gs, Gs uay -

H, $aazl@snsnuensvessseuwiniu
Ly = - G1GeGaGsH, (3.13)

2WI0UT 4 (i = 4) uansdisguil 3.5() Useneudiednsivens G, Gy, Gy way -Ha &9

wlidnsversvenssouviniu
Ly = - GGG H; (3.14)
INNITRIITUTNTOUNIE EWUIN50VU L, wae Ly Lifinnsduidanu

) o = a « ' v ar v £y =& a0 | ow
Yumaui 3 mdvesiwuuiveswdazidunisdygialutnami (A Falsruauvindu

dumadygnaludronh (k = 1, 2, 3) uansdagui 3.6

JUA 3.6(n) wansnismiamesiwuuvivesdunsdyaaludramii 1 (A) Bl

v

msdudanuynieseu Jalaan

Ar=1 (3.15)
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= - - v v v o o o
sUT 3.6(%) wanan1smininestuuuviveudunndygraludiaminm 2 (A, #ail

v
msdudatunnasseu Jalad
A =1 (3.16)

U 3.6(p) wanamsmRmesiuuuivesdumsdygaluttaming 3 (a;) Fala
dudanunsev L, wwla
Az = 1-14
1+ GsH, (3.17)

v =l a § o ¢ v v P
Yunaun 4 mamestuuuitraansIinmsivadyyin (A) awsomlaainaunis (3.7) fadle
NINISUVUATIINSIVEIEVDIINTOUINNANNTS (3.11) D9 (3.14)  wazuvnum

9RSNVENVDNTBU L way Ly Balududanu a¢le

>
1}

1-(Ly+Lyp+ L3+ Ly) + LiLy
1+ GyH) + GGG GyGsHy + Gy GeGaGsH,
+ G]GQG';HQ F G.qG]GzG;rH]Hg (3.18)

& = | v - = W @
YUABUN 5 unuriildainauns (3.8) fe (3.18) aslu (3.6) Fadugnsdnsrvensvesndu

o v fu W - -1
swvihnlafaidudnglouvansmimsivadygudsguin 3.3 Wudad

3
P.A
@=T(S): g c e BA, +PA, + PA,

R(s) A

. G,G,G,G,G,(1)+G,G,G,G, (1) + G,G,G,(1+ G, H,)
I+G H, +6,6,6,6,6.H, + G6,G,G. H, +G,G;,G, H, +G,G,G,G,H,H,

: G,G,G,G,G, +G,G,G,G, +G,G,G, +G,G,G,G, H,
1+G,H, +G,G,GG,G,H, +G,G,G,G,H, +G,G,G,H, + GG,G,G,H,H,
(3.19)




Gy
Ge g S Sag
’_--".“’t “\N
/’ . \‘\ S
1 f G/ g: . 94 % \
R(5) i 5= e il — % C(s)
\ \.‘ ’l ’
' - S
. ‘
ki -H, r
‘\ ”
s e
-H,
(n)

Gy

Gg \\ G4 Gs
---b---—o\———-b-----::----b-——-' C(s)
“.\ R ,"
e, -H el
__________ T
-H,
(m)

P [ v o
UM 3.4 dumslumihveansinisivadiyyiu

(n) Wumadyaludaniil 1 (k = 1) 8519870 Py = G,G2G3G4Gs
(%) WWuvadyaadludemiig 2 (k = 2) 80519878 Py = G1GeG4Gs

() Wumsdyanadludnamim 3 (k = 3) ias1vene Ps = GGGy
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Gi. e S
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F G Gy G, Gs

G \ ‘\
R(s)c,»———b]---—o---b----o————b-———@--""-“? Cl(s)

R(s)

Gy

G; “ Gq G§

R(s) S SR, .

C(s)

e+
-H,

-H,

(9)

o )
JUM 3.5 wsoureinsmnisivediyyin

<

d -l e

(n) 2950U7 1 §dRs19e78 Ly = - G4H,
- G|G2G3GaG5H3

(A) 29587 3 T80 L; = - G1GsG4GsHs

<1

() 2959V 2 Hows1vene L,

(9) 2950UY 4 on51enE Ly = - GGG H,
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A}
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e s

= =i fa « a o
3Un 3.6 msmﬂmasmLLuuw'uaenﬁwmﬂwaacy:mmlugﬂw 33

(n) A =1 () A =1 (m) A3 =1+ G4]’][
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3.4 msdaaswinsminisivadygyinlaglda99s VDBA
3waﬁﬁwuéaﬁuﬁxjetﬁuﬁ%xﬁnLauam'sz"i’am'mﬁﬁaﬁ'&'udwﬂiauLL'Nﬁ’uﬁ'sﬂ"Tﬁnﬁﬂn'ﬁ

Inadygraulagleaens vDBA  (Uugunsaluanaiivudn (8]-[10] iy Saundaograns

Anspimiteitudislousnnsmimsinedygiudigui 37 Gannsodeuduaunsld

&
u

=t

_Ebs" 2V b " b, 2V b 2V b+ bV,

= r : (3.20)
b,s"+b,,s"" +...+b,5s" +bs+b,

Vo)

0N V= O{va} (1 =0, 1,2, ..., n) AD WSIRUBUNG UBE Vou (s) AD UIIRULDIANA
A = ql L ] Ve J ﬂ' - e 5 - T ¢ J

WaNA1TIFUN 3.7 wulinssdudunmuinndmildune dadu nsiiasigimvanduang
Touszaunsansevihlalaedinsiviafaasniladunn Medranisiasigiiiemianduaie

v o o v Y v =l
lousudvau (n = 3) Fadunansensmnisivadygalanguin 3.8

Vo3 =Vou

d s £ o i ar ar a
JU 3.8 nyinsivadyguresiinduaislounseiususivaiy (n = 3)
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Vo3=Vour

A ar § a U s a s ﬂ'
JUN 3.9 namnsivadyguvesihiduielouussiududuainaingui 3.8

L:‘jav‘hmsamg'dm'i\’]auné‘u‘ima’tiﬁugwﬁmrﬁm'umﬂﬁwm'ﬂwaé’mmﬂm U 3.8
5qmm‘snL'Tmu'lmjnmmﬂuguﬁ 3.9 szmudniaududouvesdunadyyinteeas uay
o nillvundunadluun Ussnauie ve, vy , v, uae vs Famsiiasisimilaidudelou
nstinanedunn ansonsevinldlasinnsanediasuiduns Taslisunadu q fAndugud
uazdouuandlivogui 3,10 uililaieidudisloundnuvesdygruduna e

Handuigleunmumnsaudunvglafardudislouvesnsinisivadygyiu

z P [ L o v v =

TunUN 1 moRTvenevendundyy Ut (P) nsdllvum ve Wulvusiiauls
Aty Tum vy, vo, vs = 0 wasedagui 3.10(n) Fanunilidunedyyaly
rantnaninun vy SR ve, niladunisiardnsivetsvaadunia

Fyaadlumig 1 (k = 1a) Wiy

_bo
.= (3.21)
P! b3.5'3
Yunaufl 2 MENIVEIBYDIIITEU (L) Faiamuaanuneseu (i = 1, 2, 3) Fawhiu
—b -b ~b
L = 0 L — 1 L = 2 (322)
'obys? P bys? P by

@ e

1) P = ‘o . v o v v oo = o o
vuRaun 3 winmeiiwuwivasdumadygraludiaming 1 (A Fedinsdudaiuisseu

NN138UTalen

Ala = 1 (3.23)



(n) NFEUIVUA vo = 1, WAL vi, v2, v3 = 0
(R) NSEILVUA v2 = 1, WAL vo, vi, v3 = 0

()
Ui 3.10 nsminslvadygnaunsditarsaniiayinuadunm

(v) nsadlvum v
(1) nsillvun vs

1, ua¥ vo, v2, v3 =0
1, wag vo, v, v2=0
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(M) NSEIINUA vo = 1, WAY vo, vy, v3 =0 (3) NSEILMUA v3 = 1, WAL v, vy, V2 = 0

a ¢ ¢ w v o -
Sumeudl 4 wamesiwuwiveansimslvadyae (A) awsawidanaunis (3.7) duile

INISUNUAIERSIVEN8VBIITBUIINALNIS (3.22) ezl

A=I+i+ b + 5

et e = (3.24)
bs® bs® bs

Yumouil 5 wnueniildainauns (321) & (3.24) adlu (3.6) Fudugrashsursvesdy
evililderitunrelouveansminisivadygnaudagud 3.10(n) Wudail

(3.25)

- -b V
e Vo (8) =— by - (5)
bys” +b,s” +bs+b,

.'i o - « « ar i . o o =
mnuummiau-mwmﬁqn'ﬁumfﬂauu.'samwaanﬂﬂms‘maaiyty']mmgﬂﬂ 3.10(%) ,
o a & = < Y
3.10(A) uaz 3.100) Inwagyiufisadunaui 1, 3 waz 5 Wanssavveansmnisivadyyio

v al ) v - ol Y
lilamvdsuulas Faaunsatudusoud 2 uay 4 19

1Y) P Y [ @ v v o p
vumaui 1 wdnsrversvondunidyyruludromit (P nsdilvua v, Oulvusaiiauls
v W 'Y} =l = | e W w
patiu Mum vo, v, v3 =0 WARIRNFUN 3.10(2) Fawuindidunsdygraly
1191190 v v, WWEnua v, wludunisuassnsiveisvaadunia

Foyayndluming 1 (k = 16) i

(3.26)

Py =
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& = = a ¢ v o v v o = o v
WnouR 3 mAmeTluuwivsndumsdygalutiming 1 (A, ) Fdimsdudaiunseu
NNITEUIILAN

A =1 (3.27)

Sumoudl 5 unuAfildainaunis (3.26) @4 (327) uay (3.24) aslu (3.6) duduans

u

gnsrvergvaudu v nlaandudisleuvsinimnisivadygyrudagua

]

3.10(%) vunail

PA
Vour (5) 2 T(s)— 3 il Bl
0 A A
by
Vau! (S) - b3S
I/I(S) 1+b_03+ b_lz +b_2
bys®  byst bys
a V.
vito O P— LA

= (3.28
bys® +b,s> +b,s+b, )

-l
nsalvue vy Wulvusiauls

TUAdUN 1 Mans1vensvasdunsdygralutnamin (P nstllvun v, Wulnuadiaula

wuvue vo, i, vs = 0 UamIAIzUR 3.10(a) Fanudindidunnedygyiuly

Franmnanluus vy WA v MHUAUNILALSRTIVEI8VDIEUN
v v oo )
aalumig 1 (k = 1¢) Wity

= bZ
=— 3.29
plr b3S ( )

[/ = a o « v o [ v o
YuMUN 3 wiRmasiuuvaudumsdyninlutnaming 1 (A )

FadlnsauNanuesau
Nesoudaladn

A =1 (3.30)
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Sunauit 5 unueitldainaunts (329) fa(330) uway (329) aslu (3.6) Fudugns

dns1vrvenudu agvililafandunislauvesnsinsivadygyiudigun

ol

3.10(p) (T

PA

Vou.' (S) = T(S)—- k o it Pchlc
V,(s) A A
V) Ubys
AQ) 14 b_o + b + &

bys’  bys? bys

- 2
wie V. (s) o 1) (3.31)

i b,s’ +b,s* +bs+b,

A3l vy \Wulnuaiiauls
fumeuil 1 mdnrvnsvendumedygralutroni (P nsdiTvun v (ulvuniiauls
fodu Tun vo, v, v =0 naRIRagUT 3.10(1) Bawudrdlidunsdoygaly
tramirainluun vs WEINMUA ve, Miladunisazsnsiveroroadunia

Fyadluwhd 1 (k = 1d) wiriu

P =1 (3.32)

& e a

1) = = ca . v o v v o o o
YUADUN 3 'W}ﬂWIB'E!JLLU'UW'UUQLaUVI'NﬂIUfU'lﬂ.IuLU'U'NM\ﬂVl 1 (A]d) YIUNFAUNANUIITDU

MN5aUTalean
Aa=1 (3.33)

1 - " A v -t =

Yupeuil 5 unuAiilaoinaunis (332) a(333) uar (324) adlu (3.6) Fudugns
89919818V 09LNdY aaﬁﬂﬂﬁﬁeﬁ'ﬁ'wdwUTaumaqnﬁwmslwaﬁrg:ywcuﬁaguﬁ
3.10(1) (Judiail
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Vou () _ ()
Vi) 1,5 , b b
b,s’ bys*  bys

b,s’V,(s)

- (3.34)
b,s’ +b,s* +bs+b,

D) Vo (5)

. v v v far 0 a - v
nnmslieseiiiaueglafaidudielouteinsminmsivadygiudigui 3.9
aunsaeluil Faunmssiniuvesaums (3.25), (3.28), (3.31) uay (3.34) wagwuinandy

analauninanany davaenndesiuaums (3.20) We n = 3

bys*V,(5)—b,s°V, (8)+ b,sV,(8) = bV, ()
b,s’ +b,s* +bs+b,

Vou (8) =

(3.35)

. _b353V3(5)+bzssz(s)_bISVl(S)+boVo(s)
b,s® +b,s* +bs+b,

13
fad v

Wiesnnineninwusigaivlunisldmaiansnisivadygialunisdaasienieas
. II: d o ar @ i s ar
VDBA fyu iaefaaudunussemI NI LualazusIfiuued9s VDBA feauns (2.1) 9

Isinsmnisinadygnavenias VDBA uamagui 3.1

U 3.11 nywimsivadyyrnvesises VDBA

a o W - | v ' w =
TN IMnIsInadygy Ui 3.7 riuTsznausiens oAU
3.12(n) AemaAanuIuIu n ¥a nTMgaamindnasaduaneiluiasduiinsnes

wuuliigayide (voltage lossless integrator) 16fa5UR 3.12(0) Fausznaudiensas VDBA

u

warAuiuUsey Ay windeenisiezdunseiilaidudrelouussiusudu »n faaunis
(3.20) azanunsonsyyilainesiel99s VOBA S1uau n éa siesandudiAudsegsuau n

WU
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G
Vi °—||ﬂ—|
Vo(i-1)°1 n 2 W+ [——0 V,;
VDBA
P W- ——0-V,;

E— o

b, (&
e ——=— Wavi=1,23,...n

bi—l Emi

(n) (%)
Ul 3.12 msduemeinsmimsiadiygaluguil 3.7 Taeldae9s VOBA wasiifiuusy )
(n) nymimsivadygruvesiesduiinsinesuuubigyde
(v) 2asBuiinTmeTuuuliggdulaeldaees vDBA

3.5 a5y
nnMegnMsiaTgimisiduaslouuseiumensnisivadyglduansli
wiuineiansmsivadygraniusstisanmusudeuresnsduaseiilaidugieley
ey lavodoiivsiivadinuesnsiimsivadyguuargassnueomduvingu fafy
minAsansduaTsisruududugsle q 1y MsduATIEINIIINTOI Y IUSURUEY faz
annsanseilalagine uenanidudinsmnisivadygyruduanddiiiufanmsauses
YUY SumaunISIIY 5nﬁ"'ammsnﬁmmzﬁuunﬁazﬁaunsfﬁﬁwmuﬁuwmué’uﬁwmimﬁu

[ 1 3 v
Wuranduaelousiuvesssuunamualade
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4.1 na1uin

MM smumuniIdslusianuinnsduameiiaidudislouwuulnadiudusu »
Tnwerfvununmnsmnisinadyinldsuavaulavasiniswaundudud duds
@nans9198e [1)-[9] egnlsAimunuidedulngiinsldgunsaiueaiivuazwiadviiu
Fuun ndnfe 113l [1] ladnauenisdsasiziranduaislounssuawuulnadiu
fuiun  Tagldesaewiunszuafugunsniueniivudn uinuirlassadnaaseniy
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lagadde (4] dunsiziaeesineldaeas CFA (current feedback amplifier) 1ugunsai
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4.2 MsauATIERHeNTua18 1o ULIIAULUUINAAIUBUAU A

e dumelauwssiuwuulnadududy n ansadsunansluguuuuinlulads (4]

I/auf(s) = bo (41)

V(s) bs"+b, 5" +...+bs* +bs+b,

10671 Vi WA Vo AD WseiuBunm uazussfulawing mudidy aunis (4.1) aunsadou
sduntluguveansminslvadoanailddeguil 4.1 Fauszneusensmbesaindaguii 4.2(n)
romaaiy 7 ga e duAmuduWuSIEMInsEuARULTIRLYE92995 VDBA Miauns
(2.1) ibiannsodaasginsgesdnaiduiesduiinsnesuuubiggyidelasldasas
VDBA sefiusaifiudseqiisunsmidlddagui 4.2(0) wazilorguil 4.2(4) wseriainniu n
g fezlddzuil 4.3 dufensdunssiguuuuialuvesiterdudioTounsaiuwuuinady
sudu n Ineldguniniuendiv fie 2495 VDBA d1uau n é uavgunsaiwiadn fe mifulszq
Wisunsdswau n f Faeziiuinlassannsesitiaueldsuaugunsalueniiuas
gunsaimadnlunisdunsiziastesnituideildihiauentlusin (1-9] sauvadls
fufuuszquuusieifisunsmsivinu Sahliuuuuiesithaueiiamumngdusnmems
4319299553 [10)

dlevimswIsuiisunsmnisvadygudigui 4.1 warlassainesiitiaued
Ui 4.3 axldnruduiussewinendudsyandanaunis (4.1) fuAtgunIniuenviuaz

v

wradweaail

way S (4.2)

v
LV Y] Y 4

Ay nanudniusisduLansliiiuinneslugui 43 duainseniuay

s

Wsednd b, Wei =0,1,2,3 ..., n lamensusue g, 2092995 VDBA
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Von=Vout

] —g
st O— p W ——0 Vo,

A ] ar L | o ar = «
JUMN 4.2 nsmidesuazmsdaunsieilaglda39s VDBA defudaiiuuseqiiisunsnad

(n) nsmimsivadygiuvensduiiinsinesuuuligyde

(v) 2asduiiinsimesuuuhigydelnuliiees VDBA

P w
VDBA

Vol Va2 Vo(n-1)
W D) == o o o w P

0

i

p w
VDBA P vpBA VDBA

Von = Your
o]

n®z% ‘_n@zc% n

sU# 4.3 n1sdumsizwianduoislaunsseuivulnadiususu »

Y

nnnsmmsivadyaailugud 4.1 Ineldaeas VDBA
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4.3 H298719N159DNWUUNRT

al vs = o A; = £ o
ieuanauImenIsUseynalttunauniseanuuuiiaus luiillasinnsanileidu
shelaunvulnadiudusuaty (n = 3) %30 1IINTDIRYYIYWUUNTOIHIUAILDM LA

Y as a @ e . rd ’ =
wsaruwuuTRnesisAduRua (normalize 3" -order Butterworth lowpass filter) @il

sunuu Al

V b 1
out (S) - - 20 - : - (43)
Vo(s) bys®+bs’+bs+b, s +257+25+1

i

=

Harduaalouteiuaunsadsunandlaniansimnisivadygyiuagun 4.4(n) 49

v 1) ol A o 1 ol s I3
Usgnausiensegsesaguin 4.2(n) dutuaugaienia@aaiu lazauisadansisiidu
snTedyalansgun 4.4w) lneldaeas VDBA sedusuiudszqifisunsnidaingui

4.2(7) siemaARAUIIINEINYR

Vo3 = Vout

Vin Vo1 Vo2 Vo3~ Vou
O O

n @ z n @ zZ n
i !
cII C;I

i

()
3U# 4.4 Wardudnglauussiunuulnamususvauasaunis (4.3)
(n) nawinsluadyge

(v) Msdaasneiaaslanldaens VDBA uaziuduiudseqiisunsian
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W 3 =  ar J e e A - -
sy Jeenmsodouduitaidumelounsiiurennsaguin 4.4 laaesds laeitusn

- - q-i-J - e
Ao ovdumadiansnisinadygin [anwIn ¥1] wazishass Ao onfonuanTRveNns
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v i - o o ) far
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Vﬂ
V.

o w P o v W € Vo a & = =
duduanulugui 4.4(@) lalasondeauduiusvesmdulsydns b, (=0, 1,2, 3) ¥833UM

o 1 o - “’ 4 N 1 - “f @
4.4(n) NUANANUTEEANS 7 = Ci/gm VOI3UN 4.2(1) W30 annsaisumduuseansinensa

€

Au209aNN15 (4.3) way (4.4) alanudunuseail

h_G
bO gml
5 _G
bl ng
way i} = L (4.5)
b, &

Y = @ > o a v W« '
iy 9asidunseilugui 6.4(v) Teilmnuduiusvesdrgunsailuleasidu

o

|

=be

Ci=Co=Cs=1F, gm = 1/2AN , gmz = 1 AV Ua¥ gn3 = 2 AV

dmfunanisiieseimeininula (sensitivity) v89uAENsTINYIA (natural
angular frequency, wo ) WazMUsENauAUAIW (quality factor, Q) @eNISUUTANYBY
gunaniueniivuaywiadnlursesnsesdyg il 44(v) amnsnagulddanised 4.1
[11}12) Faandliiiuinasnsesdygraiidiamsiiuidnule ewnieinses
dygrauvudninediifatuiidiaiiulisenineiusznauauamiudaifivusygen
fedrau e € fanudsundanfintuainiy 1% rdwwalimusenaununniia
Wasuwlasanas 1%  Fan1sidsunlatves G inasiediusznauamunIndasuin

[M1AnwIn ¥3]
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o i ' a o ) o ¢ a
A19199 4.1 ﬂ']ﬂ']'\u‘l']‘u@Q?Qﬂ5ﬂ'5FJQN']Uﬂ'J']3JﬂW']IMQJQLL'S\?@N“UUUWW]Q'in'irﬂau uau

&m gm2 &m3 G G Cs
b 1 1 1 -1 1 A
By 0 1 1 0 1 g
b, 0 0 1 0 0 -1
o 0 1 0 0 -1 0
0 1 0 4 4 0 1

4.4 aussauzveesnsalliiduluaugaund
dlednfisfamansznuvesnsdlidulunugauefvesises VDBA dsaunns (2.2) asvh

TWaunns (4.4) anansoeulvilansi [neuuan ¥1)

(a1a2a3ﬂ1ﬁ2ﬁ33m13m23maj
Vols] Cilals (4.6)
I/in(s) e &y 058 s o2 4 o3 3, P18y 8 s o 0,038, 5, 58,1828 3

O GG, GGG

4 : 4 " . ; Ly Y i &
Towfl o; Ao ARy TAINIUERTIVENEAIAIINLNTEWI DT p kaED n TUSatn
z Tusauen g Ao erenuranawAdsulunsdsIulseuaInt z 17 w 9991935 VDBA
wod =& & 0 = o a £ w1 ) o § v
fan i (i = 1, 2, 3) Fadlevinsisududseansiveniaiuvesaunis (4.3) fu (4.6) agvinli

auns (4.5) Wavulidussi

b _a,BC
bO gml
_b_z n a,B,C,
bl gm2
GE: % =a3_ﬂ35 (4.7)
b, Em3
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Fawuin o war B (i =1, 2, 3) edwansznuseA1nulives wo uaz Q 189

' do w = v =
2993NTBINMANUAMAITURN 4.0(2) Baawnsnagllananswi 4.2 [manuan 42]

i ' ' 6 =
msaf 4.2 Aaulivenrsnsesruawdilugun 4.4(0)

a a2 a3 B P2 pa
b 1 1 1 1 1 1
by 0 1 1 0 1 1
B 0 0 1 0 0 1
2 0 1 0 0 1 0
0 1 0 1 1 0 1

4.5 WAN1ITINADINITNNNIUYDINDG

WedunsBudufetisniseanuuuinnsnsesnuauis nuaussduiuulnadu
suduaiuluguil 4.4(v) FeinisdnasnansuausmianuiveesiIulusunsy
pSPICE Imeidenlilasaainensas VDBA saguil 214 moldineluladnsiudamessu
ALAG00 91nU3¥M AT&T Luas PRIOON uay NP10ON dwmiunsiudaineiviin PNP uaz
NPN @ mdeiu wazunasdnglnidsediviniy 1.5 v

Frathaniseanuuuiualy wp = 10° rad/sec  wioAnduA1ANELNa (pole
frequency, fo) fo = wo/2 = 159 kHz  aeviWla Cy = C3= C3= 1 nF U@y g = 1/2
mAN (Ip= 26 ph), gma = 1 MAN (Ip= 52 pA) UWa gms = 2 MAN (Ip= 104 yA)  WaNIs
FrapamsnevausIaLazaSsuTiBuuRamquiiuandluguil 4.5 wasgui 4.6
MudIAU wuimanmsdassliailnalfeaiungel laewanisdnaesasle £ = 150 kHz %30
AndudAaruianainindu 5.6% uariitasmuiiuuudinuszanm 3 MHz Tasiduna
119 INAIABANAAATUTEI9T5 VDBA $1iuanusafsgul 4.4(1) §93995 VDBA usaxsil
FreriLuuFIMUsTIN 10 MHz fgui 221 dafuileuniees VDBA sndemainnriy
FuuAMMN 'i]'aa'qnalﬁqmauu"ﬁwanwiniaqé’m:mt:uwuniam'lummﬁﬁhﬁﬁ'lLauaﬁ"u

1929AuDRUUAINUTELN 3 MHZ HuLed
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4.6 HANMITNARDIABINTTIN

werdunsBudiuinesnsesdygaluguil 4.4 Mhauetuiimusenadoty
nqui Wwhieienihnmirelsemaasseieuuusuiinn Ingld1e9 VOBA daguil 2.34 3s
melulszneumelediued CA3080 uay LF356 uarduasiwmiluisesnsesdygaladsgy
i 4.7 §eUszneudierses VDBA Stuuauia sesuduiiiuuseqiisunsmss v
uavaeandesiuaesluguil 4.4) Taseenuuuld wo = 10° rad/sec 3o fo = wo/2r =
15.9 kHz v¢ld C1= C2=C3=10nF, gm = 1/2 mAN (I = 28 pA), gm2 = 1 MAN
(Ip = 68 pA) UaY gms = 2 mAN (Ip = 132 uh) FIHANM INAAOUYDINANDUAUBINIIIAT
uam‘lﬁ'ﬁ’azuﬁ 4.8 \ilateudgerudunm (CH1) vin = 52 mVp-p iA21uA 15 kHz wuin
Fyqnerdinm (CH2) ffuseana 32 mV uariiawdeuluyseana 111°

lessneenuuulifidauddvesitaanud 159 kHz Aafunanismaasuves
HARBUALBMITUINLAEINAREUARIlARIUT 4.9 warURl 4.10 muddy Tnsmutuves
navanquiifinuddvesnaiien -60 dB drunruduremanimaasutuiidUsana
-51 dB Fedmdurrmuiionan 15% uavidleRasaninaiguil 4.8) Tnenammgquiidul
AsEa 270° daunanismaaaunuandlfiuszanm 230° AsduAinnuianaiavindy
15%

%
| VDBA#2 |

ﬁ 1 ) A ; a a ﬂ
3\] 4.7 AME1ENIINTBRIUANNDMBUsUANNLTIUNSAaDY
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nudimsduasieiienduaislouninandilinseunauiendunsesdyyiuunsgiu
yavierdu Feldun Heridunsesiuauian (owpass, LP)  Haridunsesritupiufige
(highpass, HP)  flaridunsossiiuunuaud (bandpass. BP) Hadudauouaaud
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nsdanssiiaidunsesiiuauliidudiu n Moisnsinsivadygiuuiaunly
annsoduaneilansunnieddy faudinluandde [1)-(5) awhiauedunounsdaasIEd
flardudrelounsaiuialududu n Tagldnsmnisivadyyiuegine urdinsldaunsal
weniinuargunsniwadwidudiuiuain nande leguniniuenfinedatesduiun M
fiumueaatasdiuiu n fa wazdufiuuszydnetialsediuiu n f7 1y e
(1]-12) 142995 COBA (Jugunsniuaaiinudndiuiu n+l fa AuAvUsEdIU n M
Tasensdds (1] Mdunmusiua 3n+2 f surinudds [2) Wesmunudwau 2n+4 i
aluanuide [3)-[4] 192995 CCll+ (second generation current conveyors with positive
gain) \Jugunsalusaiindn Faenidde (3] uldaees cale Sru 3n-2 f Fufiudsey
U n+1 A7 LaTMIAIUNIUIINIY 3n-1 A2 3T [4] T9lediues AD844 rudu
ntl W Fadieusiniuaees Cal+ desawiuasastimiies  drugunsniwradviildas
UsznaudigmiiuUszgdmuiu n #7 wazdaauniuds 5a+3 62 dmiuauide (5]
19142995 OTA $1uu 3n+3 f wardufivUsygdndau n d Fufufeduneldinanuide
[1)-(4] Wdumlumsdaamyissdusumanndudwansenulagnssseiuiiveios
SnvarnArufianatnIndadiuniuesfsdswansenuseauantivesisasiasnsansd
Funsieeesiiddudugs wifinanudde (5) seldiaufudsegmios n M wifimuinaudde
fananiuldgunsaiuoaiiniiuduumndsdemadonuiivensasituiy

Friuluinerinuguniisniiauenisesnuuunazdnasizsieidudrolouus sy
Wlududu n lagldimaiiansannisivadygin Fausenoudieaeas VOBA s1uau n #a
wazdufiuUszgduau n My warlduanslifivuinsesiiaveduldgunsaiueniivuay
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5.2 Asduaszirenduntelouwsaauna lusuau n

HarduaalounsidurirlUsuiu » ve199snsad Y INSUAY 7 @TTBUKERS

b
\LXI\v =

AR [1]-[6]

_¥bs® 2V B 5 & 2S£ BETE,

n n—1 2 (51)
b,s"+b, s +...+b,s" +bs+b,

Y (8)

Weft V= O{va} (1= 0,1, 2, .., n) A9 USIAUBUNA UBY Vo (5) AD WIIRULBIANA
auns (5.1) @wnsalignsdnsivensrenndudoussuislaluzuvesnsinisivadyg o
ssgudl 5.1(9) Ssdanalidsznaudsnswdesaingud 5.2(n) thuideaaaaiu
n a4 lasfinsmldesdaguil 5.2(n) Afe 2asduilinsmeiuvuligads  a1wise
d9A319le91NN19MB2993 VDBA ﬁuﬁﬁLﬁUUixQﬁ’mamlugUﬁ 5.2 (v) 8 7 = C/gm
farfu nsdaasieigvuvuilvresisidudieleunsafuvesisasnsesdygyin
Susu n annsanseldlaethyuil 5.2(0) insemaimaiu n g fAezlddagud 5.3 3

Usznausigunsalueaiin Ae2993 VDBA S1uau n @7 uargunsainiadv Ao duiudseq

=l

§unun M asiudinsduassdiladdugieleunssiuialuvesisasnsesdyg
TauetuiifunsunisduaseiiniloutuiutuneunisdansiziiadidudisTouussdu
wulwadauluund 4 usnsrafuiisadumadyaraludamhidiadsniduduensly
SUT 5.1(n) wagguil 5.1(2)

devinsiFeudisunsmnisivedygialuzud 5.10) fuaeeslugud 5.3 vinld

v v

Ieipuduiusvesduusedns b; (1= 0, 1, 2, 3, .., n) AuAmgUNsaInlTduAT w9 Aall

b _G
bﬂ gm]
b G
bl gm2
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n-1 - Cn—l
n-2 g m(n-1)
o (5.2)
Waw = i
bn—l g mn

v v v v od o a H
A nduwusdradunandliiiuineesnsesdyyinlugun 53) duawise

wuaRAUUSEANS by, by , ba, ..., By lAR28NSUSUAT g, V992995 VDBA

van' = vOIH

von :vour

3U# 5.1 nsminisivadyqavesiaidudigleunssduiinaus

(n) WanduaelouwswuwuulnaaIusdusu n (v) Wandusrelauusssumluousu n
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vo(i-])o_ n Z Wi l—0 +V,,

P W- p—0 -Vy;
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(n) (v)
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JUN 5.2 nsmigesuazmsdaaneilagldaees VDBA refusliulsey

v

Vo(i-1)O—>

(n) nsmmsivadygyiuvensduiinanesuuuligydy

(v) 2a58uiinsmaiuuubigydelngliaens VDBA

C) C; Coi C,
no—i— wo—li o—li ol
Vo1 Vo2 Vo(n-1) Von = Your
Vipo—— n Z  Wip—0—— n z w+ ————n z wH n z W+ o
VDBA VDBA VDBA VDBA
p ® w- —0 p @ W- f—0 p @ W- |—0 p @ wl—

3Uil 5.3 maduanheasnsesdiygyinsudu »
Tagldaees VDBA mnnsmimsivadyanduguit 5.1(0)

5.3 A29819N1709NUUULAZINIINTDIF YU
iWonanawumanisusegnalinisdaaseiilaitudrelounssiuialusudy n
fiaue Jewnsegramsdanngiiaiduaislouvensesnsesdyain laun Heddudie
Touussiuuuunsesumnauddusiunils feidudielounssiusuivasanassiu uay
laidudalouussfunuunsosinunauisudva Wudu  Taeseazidoatunaunis

Fuaeiusasanduidudsslud

ar LY ' o W ar -
5.3.1 msaumwﬁﬂan’wnmamu*.qnm']uﬁlwmusmuaumuwm
o cao 'Y ' oo w -t 1
JUuvumluresitaridudislouussiuuuunseaituynauidusunils (first-order

allpass filter) awnsadounanslésail (61-7]

v, (s) _bs-b,

oul

= 5.3
V() b+, e
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= o « ' do ow o
suUn 5.4 AITAAATIEVIITNIDINTUYINAIUNDUAUNUY

v

(n) nsmnmsivadygo (1) Msdauas1eenslaglenees VDBA sasauiuduivusey

madsunsminisivadyguvesaunis (5.3) nspilalasardunsinnisivadyyiu

-l ° v gy - v =i
Tugudi 5.1(9) Tnefvualv n = 1 Aegladagui 5.4(n) uazerdemuduiuslugui 5.2
sph i sadunseiesnsasriunnANiSuRunisdaseneusie199s VDBA $1uiu

wila desmAudnAudszyuunilafuaninaguil 5.4(v) @y ansaidouannis

(5.3) Ialmlidiounudn » = 1 Tuaunis (5.2) fadl

580
) *7¢ -
Vls) o, 8m '

C,

Foilvlavsnssaunnanuiidudunieniiiinuiing (we) AUANlAlAENITUWUIAT gm
AaANdURUSHa LUl
@, C
fi=—"t="= (5.5)
27"'. 2”ng
A <3 = ] - af o v
deRosannsdianuldilulunugauafvesisas VDBA faaunis (2.2) vinlwaunis

(5.4) wax (5.5) Wasuwlaady [MAnUIN i)

a] p]gml
S —_——_—
Ve (5) _ (ﬁ”' G J

ZoN (H_"‘_@mg_m)
ﬁnlCl
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@y L8 m (5.7)

Jo= 2" B C

Taeilinanulivesdn we sonmsuusAgunaniueaivviniu [nAkuIn ai2]

S5 =1 (5.8)
Em1
wazdlefinsunsdaulididulumugauaiivedisas VDBA avdanalva1nulves wo #e

1 € =i ar 4’
mswUsAgunsaiueadinidudail
[a) 2/ - @y _
Se=1, Sg =1, Sy =-1 (5.9)
drrrrlves wp Aonsudsegunsaimadnazianin
Se=-1 (5.10)

- v v v g a o & ] =
1INNTIATIRRTIIULAA LT TIv e tulirmulhden 1 swasuulas
gunsaluoAfinuaLWIadVEN  fMaE1utu MINAT g, WaBULUAWRNTY 1% A1Y8 wo Y

= o & " W
LasuuUanuIy 1% Lgunu

5.3.2 msduaszvidsiduielouussauduiuaasInIgIu

sUwuumlvesifandudsleunsiiuduiuanininsgiu (second-order  standard

[
o

filters) aunsoilounanalanail [6], [8]

V,uls) b,s*—bs+b,

= (5.11)
V.(s) b,s*+bs+b,

Tnsanunsaeussursluguvesnsiinisivadyyraleserfeguil 5.1(0) e n = 2 16
3Tl 5.5(n) Gsusenausoguil 5.2(n) Swauassyaremaanty uasarunsodansiiy
'm'snimﬁcgfgwmﬁuﬁuaaﬂﬂmamﬁ’ammﬁuﬁ’uﬁ‘wijagﬂﬁ 5.2(n) wag 5.2(7) ALARN
'Lugﬂﬁ 5.5(2) lneUsznausieneas VDBA dusuaesia uardiiudszysnuiuansda a1n
U 5.5(1) annsndouilaidudieleuvesaunts (5.8) léaeds fe erdomadansminig

Ivnadeyeyras [menwan 1] wie o1fonmuantRve9995 VDBA [naNwIn 2] seraludl
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s, —(%ﬂ JsVl +(—gg‘§m2 JVO
Vuls)= : 14 (5.12)
S2+ gmz e gm!gmz
C, C,C,

d v ar o [ =i al 4{ o 1
deldanudunusluaunis (5.2) ¥iin1sifisududseansinauainisseninaaunis

(5.11) fuaums (5.12) aldmnuduiusvesiduuseds b, G = 0, 1, 2) luguil 5.5(n) fu

Agunsaivenesnsasdygaluzun 5.5() sl

b _GC
by, 8m
b C
way 2= (5.13)
b g

1 Vo2 = Vour
O

Vgo——n Z  WhpnQe—] zZ W+
VDBA VDBA
p @O wl—o ,_,, ©) w-_l
(V)

o o ¢ ‘o ) & o W
5UR 5.5 msduanziflaidunsesdygamlududuans

(n) nsminsinadnynyi (v) Msdunswieasingliiess VDBA desdudafiudsey
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Wefinnsaneidumelaudsaunts (5.12) sgnuhannsaduasiziuflaidunses
Fyanailumensiin (biquadratic filtering function) éasusiavuuy i aidunsessin
Ao (LP) Werdunsasriiumadigs (HP) ferdunsessinuuaumiud (8P) Haridusin
woumwd (8S) wasaifunsasiumnenad (aP) Tasmsrsusnudeuluswialuil

A o v v < @ ' ald oS
1. Wemwuali Vi, = Vouay ¥y = Vo =0 elafandunsaeniuaND fall

gmlgm2
¥ (5) s C,C,
= (5.14)
2. Wlariwmel Vi, = Vs uaz ¥ = W = 0 axlaridunsosshumnaiige il
Vo (s s?
Olll( ): (5.15)
V,(s)  D(s)
3. dlorwmuslii ¥, = V; uay Vo = V3 = 0 axldmeidunseauauenud fail
ng
- =" s
V.S ( C J
Dul( )= 2 {516)
v,(s)  Dls)
4. lorvuald Vi, = Vo = V2 uae ¥, = 0 agldflendusdinuauanud sai
2 [gmlgrrﬂ ]
S p— e it i
¥ o (5) _ C\C,
s (5.17)
v, (s) D(s)
5. dlarhwunldl ¥, = Vo = V) = Vs axldilaridunsessnmnaniad sl
- ) = _[gc';nz JS+(gglgmz}
Ol S
1 _ 2 == (518)

v,(s) D(s)

Tneii D(s)=s?+| Em2 |5 4| EmEm 5.19
(s) c. oo (5.19)
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(5.20)

(5.21)

(5.22)

dwsunsilemldidulunugauafivesisns VOBA dsauns (2.2) villvaunas (5.14)

fla (5.22) naneidu [menwan g3)

(a]ai!ﬂplﬂp2gm}gm2 ]
(S) GG,

V,,(s) D(s)

Voul’ (S) ’

v,(s) ~ Dls)

_ azﬁplgmz s
Vau.' (S) Cz
V,

() D)

42 f(alalﬂplﬂpilgmlgml J
(s)

Vourk8) ot ol
V,s) D(s)
i Sz_azﬁngmz S+ala2ﬂp]ﬁp2gmlgm2
I/au.' (S) - - CZ Cl CZ
Vuls) D(s)
IﬂEJ'ﬁl D(S)=S2 +a2ﬁp2gm2 S+a1a2ﬂplﬁp2gmlgm2

ﬂnzc?. Cl CZ

(5.23)

(5.24)
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(5.26)
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a,a
@, = 1 Zﬁplﬁngmlgml (5.29)
GG,
@ @, plgmlcz
O=—2=8, | ——— (5.30)
BW : a,B,:8mC\
uay BW = %P p8m (5.31)
ﬂnZCI

msiwseimmanuhive @, O war B senswlsAgunInueniinyeseas

nsesdryg s usuaanagui 5.5() agulaal (mewuan gd]

- o _J
Sem =5 Sem ) (5.32)
1
sl = gm l e 1l g L (5.33)
1 2 ) 2 rl 2 P2 2
se =1 se -1 (5.34)
Em _5 ! Em2 --5 '
1 1 1 1
52=—, S¢=—, 82=——, 8¢ =—-, 8§ =1 5.35
CI B 2 a, 2 B2 2 Bz ( )
Ser =1 (5.36)
uay Sa¥ =1, g =1 Sgr =1 (5.37)

1 | ' L3 = IJ
Amulet @, @ uar BW sansuusagunininiadnyesasiugui 5.5(%)

lavinnu

S B8 = (5.38)
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(5.39)
way SgW =-1 (5.40)

53.3 msduangiilaidunsesihuynanuiimnuseiududuany
sUuvuiluveailaidudielouussfuuuunsesiuynaudgusvany (third-order

allpass voltage transfer function) annsadiunanslanail (6], [9]

Vot (8) _ ~b,s’ +b,s* —bs+1
V,.(s) b,s’ +b,s’ +bs+1

3 _ 2 -
TED) Vou (5) = 53 252 ol (5.41)
Vo(s) \ & +25°+2s+1

cl! =4 s ar IJ v 1 at lﬂ‘ o
Fadingminsivadyinagui 5.6(n) lngusznaumonsmgasaagui 5.2(n) uauaue
' ) A o o ¢ v P v Ve w
somaianiu uazilohluduassiwseglafegui 5.6() Tneldeas VDBA derfudiiu

Useqenguit 5.2(v) Aemraiaaiusiuauanage waransadouauns (5.41) lalwidail

o Ems 2, Ema8ms o EmEmrEms

Vuls) __ G GG, GGG, (5.42)
Vm(S) SJ 4 Em3 SZ i Em28m3 5§+ Em1&m28m3

C, C,C, GG

forfu Feanansadeuduisidudialounssfuuuunsosinuynenuisusuauves
293a3U7 5.6 Wil [nemwan 91 uag [manuan 52)

miunIseaniuLesnIsRIY AN nuaLTsFuLUUT R fAT S uduany
Tnvorfuprmduiusvesddulsednd b, (i = 0, 1, 2, 3) WBIFUT 5.6(n) uaw 7 =

Cif gmi V093U7 5.2(0) widoinisiTeudisudulssdnsainaunis (5.2) villvla

h_6G

0 gm]
b _G
b] gm2
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Wy (5.43)

Yarfu 29asiidansizdlugud 5.6(0) Sellannuduiusvesdiguninilusasidu

@

N CI:C2=C3=1F,gm,=1/2A/V,gm2=1A/VLLa3gm3=2A/V

Zlhe

Vo3=Vou

t—l—
Véﬂ Vol Vo2 Vo3 = Vour
Z WOt 11 z W+ -0
VDBA VDBA VDBA

—r O wioHp @W-—ol—p & w-f

(v)
JU#l 5.6 NM3dUATIEIeINTRILNANNILUUTAmB S SnduR UaY

(n) nsnslwadyayio (1) M3dumsiziatasiagldieas VDBA desaunusinulsey

dmsunansiasizimenulives oo, Q uaz BW semiswlsAvesgunsa

=i = o s 4 1 a i £ s 1 ar
wanfinuazwiadWluasasnsesdyaudagun 5.6(0) wuluveumdiuvesilaiduniulous
auns (5.42) wilouiumaualdiuroifanduieloun 199N IF Y YIULUUNTBINIY

AudAduRUATLAIENNTS (4.3) NNUTznns fedudaitlirulivesiseslugui 5.6(v) dien

faM1519N 4.1
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di - '3 as ! [ ar o o & =
itz dusielounseiuvensesnsesdyginlugun 5.6(v) Inoeilsdie

' a L é‘
auliiiulunugaunafivesnses VDBA aglafsll [nanuan 93]

,3 53 - a3 pZﬁpﬂng! S2 + a2a3ﬂpl p2ﬂp3gm2gm3 §— a]a2a3ﬁplﬁp2ﬂp3gm1gm2gm3
Vou.' (S) — " C3 C2C3 ﬂnJCICZCB
Vi (5) i aaﬁngmz g 003 5382 B - a,a,a, 3, plﬂp]gm]gﬂﬂgm'i
C3 CI C3 ﬁn}ClCZCfi

(5.44)

= & wa 7 | o as w
loeil a,, g, wav B, Ao Auanlh a , g, uay B, o i fp a1nU892993 VDBA AV
. = a ¢ ' )

i (=123 lusud 5.6() wazannsadwszimeamuilines o, Q uaz BW dg
' v = = u @ =i N = '
nmmsm'uaaqﬂnsmuaﬂwwLLazwwamMuawiniaaazycg’lmmgﬂw 5.6(v) WeAdafisnauly

Wulupugeueivesisns VDBA tzuandlanamsne 5.1 [n1AkwIn 4]

g39di 5.1 eanadhrensvsnsewmnemufisuduanuluguii 5.6(v)

(23] a2 a3 ﬁpl ﬁpz ﬂpa ﬂns
by 1 1 1 1 1 1 -1
by 0 1 1 0 1 0 0
by 0 0 1 0 0 0 0
Wy 0 1 0 0 1 -1 0
0 1 0 #1 1 0 0 =1

5.4 HNaN1531899IN1SNI9IUVD 99T

ieidunsBudunuautRvensvsnsesdygraitiiaue FaUsenausie 29930584

w <

HIu BB uRUilasaz Uil 5.4(0) esnsesdyranilududuantdsgui 5.5(1) uaz
2993050 IUNNAMUABUAUAINAIFUN 5.6(2) T9IN159100INANDUAUDIVDIIIDS
nsosdnyyrlaoldaeas VDBA Willassadadeguil 2.23 aelduvasdnelwidgavindy

+0.75 V Han391809nsinuYenaTisaiuandlasase Uil

o 1 " ar s s d

5.4.1 WANNSIIABIINTINTBINILYNAUA IUNALLTIAUBUAUNTIY
dleviinisesnuuuisasnsesirunnauiIiile wo = 3x10° rad/sec w3e
fo =471 kHz 9¥ W Ci = 1 nF Uag gm = 3 MAN (130 Iy = 85 uA) WARBUAUBDINIS

| Ao ow o Vo = o w
YuIALaINAYDIIINTBIIUNATLD dudUnTwanalafagu 5.7(n) uay 5.7(1) A1uasY
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Tneiinansuaussdduuaninanisdiass daunansvausudulssdduaninanimoui
nan1ssasamUiNaneuauDMITUIATinSIUABLLUAITEWINY 135 mdB fla 420 mdB
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5.4.2 WANMIIIADINVINTDINY Y INDUAURDRNATYIY

2vsnsesdiyganiludusuassdgui 5.5(u) gneenuuuliile wo = 1.414 x 106
rad/sec 39 fo = 225 kHz ITWlA Ci = C2 = 1 nF Uag gm = gm2 = 1.414 mAN (Ip =
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5.4.3 HAMISIABIRINTBMNNAIUDTMNALTIFUSUFUEY

;U“n' 5.11(n) waz 5.11(7) LAMINANIIVIABINANBUAUBIV NYUIALATHARDUANDY
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Abstract—This paper presents the synthesis procedure of using
the signal flow graph (SFG) technique to realize general n®-order
allpole voltage transfer function employing voltage differencing
buffered amplifiers (VDBAs) and grounded capacitors. The
proposed methodology, in general, contains at most n VDBAs
and n grounded capacitors, without needing external passive
resistors. It has been also show that the design procedure given
here is simple structure, convenient tenability, and suitable for
integration. Furthermore, the circuit has low sensitivity and also
provides high-input and low-output impedances suitable for
voltage-mode operation. PSPICE simulation results which agree
very well with the theoretical analysis are also included.

Keywords- Signal Flow Graph (SFG), Veltage Differencing
Buffered Amplifier (VDBA), allpole lowpass filter

I:

It is well-known that active elements are very important in
the synthesis of analog signal processing/signal generation
circuit solutions. Up to now, different kinds of high-
performance active elements have been introduced [1]. One of
them is VDBA (voltage differencing buffered amplifier) [2]-
[3). This element is introduced as an alternative to the existing
CDBA (current differencing buffered amplifier) [4]. The
difference between VDBA and CDBA is that the VDBA inputs
are voltage as for the CDBA inputs are current. A number of
analog signal processing circuits, such as active filters,
sinusoidal oscillators and immittance function simulators etc.,
based on VDBA element have recently been developed.
However, little work has been studied in the synthesis of
general n"-order allpole lowpass voltage transfer function.
Although interesting circuit realizations of an n®-order allpole
lowpass transfer function synthesis can be found in [5]-[6].
The circuit in [5] has too many grounded resistors, i.e. n+l
current conveyors, n grounded resistors and n grounded
capacitors. In [6], the circuit operates in current-mode .

INTRODUCTION

Therefore, this work largely focuses on presenting a general
synthesis procedure for the realization of a general n"-order
allpole voltage transfer function. The proposed method is
based on drawing a signal flow graph (SFG) directly from the
given transfer function and then obtaining, from the graph, the
active-C filter involving VDBAs as active elements. The
resulting circuit uses a minimum number of n VDBAs and n
grounded capacitors, which makes the circuit especially
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suitable for monolithic implementation. It is also shown that
the design procedure proposed here is general and simple.
Design examples and simulation results obtained from PSPICE
program illustrate the properties of the proposed design
procedure.

VOLTAGE DIFFERENCING BUFFERED AMPLIFIER
(VDBA)

The symbolic representation of the VDBA is shown in
Fig.1. Assuming the standard notation, the terminal defining
relations of this device can be characterized by the following
set of equations [2]-[3] :

1L

fp=i,,=0, i==gm(vp_vn) and v,=v; (N

where g, is the transconductance gain of the VDBA.
According to eq.(1), the VDBA element is conceptually a
combination of the transconductance amplifier as an input
stage, and the unity-gain voltage buffer as an output stage. The
differential input voltage between the terminals p and n (v,- v,)
is then converted to a current at the z-terminal (i.) by a g,
parameter. The output voltage at the w-terminal (v,) follows
the voltage across the z-terminal (v.). In general, the g,-value
is adjustable over several decades by a supplied bias
current/voltage, which lends electronic controllability to design
circuit parameters.

I

i, i,

Vyo——nd o wh—=ov,
i VDBA i

V,o—= | n z 2% v,

Figure 1. Electrical symbol of the VDBA.

The possible bipolar realization of the VDBA is shown in
Fig.3. Its internal structure is mainly composed of a
transconductance amplifier implemented by transistors Q,-Q,
and a unity-gain voltage buffer circuit Qs-Q,,. Using small-
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signal analysis, the transconductance gain (g,,) of the VDBA is
directly proportional to the external bias current I, which is
approximately equal to :

-lo

iz =

Em

and ¥y =26 mV at 27°C. The differential input resistance
looking between p and n terminals is found as :

Fon = 2B m 3)

where B, and r,, denote and small-signal current gain and
small-signal base resistance of the npn transistor, respectively.
The input resistances at the terminals z and w are respectively
given by

neDOER. @)
28mo

and s 4 (5)
28w

where f, represents the small-signal current gain of the pnp
transistor, and g, = Ip/Vr. Using quiescent conditions, the
offset voltage between z and w terminals is determined from

1
Vs =V, =V, =Vy In—L2P) (6)

1S(npn)

where [y, and Jg,m are the saturation current of the pnp
and npn transistors, respectively.

7X

o

W
(2

d

4

Figure 2. Possible implementation of the VDBA in bipolar technology.
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ITII. SFG-BASED REALIZATION PROCEDURE

In general, the n™-order allpole lowpass voltage transfer
function can be expressed in the following form.

1

n n=
b,s" +b,_is

Vout (5) -
Vin(s)

o ()

l+...+bls+l

This expression can be represented by the signal flow graph
(SFG) as shown in Fig.3. It clearly seen that the graph consists
of only basic operation, which is the voltage lossless integrator
as redraw in Fig.4. Using the terminal relations of the VDBA
given in equation (1), we can easily realize this sub-graph by
using the VDBA-based sub-circuits as shown in the below
figure. For the VDBA-based circuit realization, it can obtain
by interconnecting the corresponding sub-circuit of Fig.4
according to the overall signal flow representation of Fig.3.
Therefore, the VDBA-C circuit realizing general n™-order
allpole lowpass voltage transfer function is readily shown in
Fig.5. Note that the resulting configuration contains n VDBAs
as active elements and n capacitors as passive elements for any
n"-order transfer function. Also note that the circuit realization
uses only grounded capacitor, which is suitable for integration
point of view [7], and also provides high-impedance input and
low-output impedance terminals that are desirable for
cascading in voltage-mode operation.

l-s7

C

where 7=

Figure 4. Sub-graph and its corresponding active-C sub-circuit,
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[l

VDBA

. n®z

G —

Fi 5. VDBA-based realization of n"-order allpole voltage transfer function, corresponding to the SFG given in Fig,3.
gure

IV. DESIGN EXAMPLE

To demonstrate the usefulness of the proposed design
procedure, the 3™-order allpole transfer function is considered.
Generally, the voltage transfer function of the normalized 3"-
order Butterworth lowpass filter is defined as :

Vou(s) _ i 1

= (®)
Vin(8)  bys® +bys? +bys+1 57 +25% +25+1

It can easily shown that this transfer function can be
represented by the SFG shown in Fig.6{(a), and the
corresponding circuit realization of this graph is thus shown in
Fig.6(b).

(a)
R O
oo DIV P ovom ¥ P ovoma ¥ Yo
n @ . " » @ . =1 @ , -
[ 4[4[ %

(b)
Figure 6. 3"“-order lowpass transfer function of equation (8)

(a) SFG representation  (b) circuit realization.

In this case, the design equations of the circuit are :

5 G .1, ©)
b2 Em3 2
Bt (10)
b gn
and T 1
Eml

Thus, the normalized component value are obtained as : C,
=C2=C3= 1F, 8m = lrszN, g,,,2=lA/V,a.nd gnl3=2
A/V. Circuit analysis yields the voltage transfer function of
Fig.6(b) as :

EmEm28m3
Vom (S) = C102C3
Vin(s) S3+ Em3 2+ Em28m3 e Em1Em28m3
G & 18 GGG

(12)

The active and passive sensitivities of the natural angular
frequency (ap) and quality factor (Q) are calculated using
relations given in [8]. The results of active and passive
sensitivity analysis of various parameters for the proposed filter
are given in Table I. It is clearly seen that all the sensitivities
are low and within unity in magnitude.

TABLE L. SENSITIVITIES FOR THE CIRCUIT PARAMETERS IN FIG.6.
Em1 m2 Em1 C, Cy C3
bo 1 1 1 -1 -1 -1
b, 1 1 0 -1 -1 0
by 1 0 0 -1 0 0
i | © 1 0 0 -1 0
o | - 0 I 1 0 s
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V. SIMULATION RESULTS

To verify the theoretical analysis, the proposed design
structure was simulated with PSPICE program. In simulations,
the VDBA given in Fig.2 has been used. The PNP and NPN
transistors in VDBA implementation were simulated using the
typical parameters of bipolar transistor model PR100N (PNP)
and NP100N (NPN). The DC supply voltages and bias
currents were respectively selected as : +V =-V = 1.5V and Ip

= 50 JiA.

To demonstrate the tunable performance, Fig. 7 displays the
tunable characteristic of the transconductance gain (g,,) of the
VDBA in Fig.2, when the external DC bias current (/) is
adjusted from 25 pA, 50 gA, 100 gA to 150 yA. The
simulated results show that the g,—values are obtained as : 0.48
mA/V, 0.96 mA/V, 1.92 mA/V and 2.88 mA/V, respectively.
It can also be measured that the —3dB bandwidth in a high
frequency as nearly as 2 MHz is achieved. The AC voltage
transfer characteristic from the port z to the port w (v,/v,) is
shown in Fig. 8. The simulated transfer characteristics prove
that the circuit can exhibit an electronically tunable signal
transfers over a wide current range.

B iR e e A e e e d i

anua 1
I,=150 yA }
24 D, = 100 g -
&
: I=S0muA
I,=25 yA
K 0 i T T T 100M
Frequency (Hz)
Figure 7. Simulated g,, frequency responses of the VDBA in Fig.2.
ID-.r-- — —=-
g
& i
- E
»
10k 100k M oM 100M 16 10G 100G
Frequency (Hz)

Figure 8. AC voltage transfer characteristic of v./v,.

As an example, the illustrative voltage-mode 3"-order
alipole lowpass configuration of Fig.6(b) was designed with a,
= 10° rad/sec. For this purpose, the de-normalized component
value were chosen as : C; = C, = C3 = 1 nF, and g, =2 mA/V
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(Uon = 108 gA), guo =1 MANV (Ipp = 52 iA), and gny = 112
mA/V  (Ip; = 26 ;zA). The simulated responses comparing
with the theoretical values are shown in Fig.9. From the
results, it can be observed that the simulation results agree very
well with theoretical predictions.

e

100k
Frequency (Hz)

Figure 9. Ideal and simulated frequency responses
of the circuit realization in Fig,6(b).

VI. CONCLUSION

This study presents a synthesis procedure for realizing the
n"-order allpole lowpass voltage transfer function by a resistor-
im (active-C) cm:u:t By using the signal flow graph
representation, any n"-order lowpass function can be realized
employing » VDBAs and n grounded capacitors. The resulting
circuit obtained from the presented approach is a simple
structure and especially suitable for integration. It has high-
input and low-output impedances, and also convenient
electronic controllability through the g,-value of the VDBA.
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Abstract—The circuit realization of a voltage differencing
buffered amplifier (VDBA) suitable for integration in BiCMOS
technology has been presented in this paper. The circuit
principle is based on the use of the differential-input
transconductance amplifier as the front end, together with the
unity-gain voltage amplifier as the rear-end. Simulation results
using standard 035pm BiCMOS process model confirm the
expected performance of the proposed circuit. As an application
example, the proposed VDBA is employed to realize a resistorless
first-order allpass filter.

Keywords— Voltage Differencing Buffered Amplifier (VDBA),
BiCMOS technology.

1 INTRODUCTION

Recently, the newly introduced active element called
voltage differencing buffered amplifier (VDBA) is described
[1], as an alternative to the existing current differencing
buffered amplifier (CDBA) [2]. Many applications of VDBA
in analog signal processing area have also been developed in
the literature [3]-[5]. The circuit principle of the VDBA device
is  essentially composed of the differential-input
transconductance amplifier at the input stage, and the voltage
follower at the output stage. Possible VDBA implementations
were introduced by various analog designers. In [3], VDBA
designed using two commercially available integrated circuit
OPA860 has been proposed. lLately, there is interest for
VDBA integrated completely in CMOS technology [4]-[6].
However, the linear tunability of their transconductance cannot
be achieved, due to non-linear drain current of the MOSFET
differential pair architecture.

In recent integrated circuit technology, there are two basic
technologies that are known as bipolar and CMOS
technologies. For the bipolar transistor technology, it has
higher transconductance gain (g,), low-noise performance and
better high-frequency performance that their CMOS
counterparts [7]. On the other hand, the advantage of the
CMOS technology includes high-input impedance level, low
power dissipation and small chip area. The circuit realized in
BiCMOS technology will therefore provide the main
advantages of both technologies.

In this work, a simplified BICMOS structure of the VDBA
is introduced. The proposed VDBA was implemented in
standard 0.35pm BiCMOS technology. The circuit offers the
main advantages of simple circuit structure, low power
dissipation and low power supply. The performances of the
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proposed VDBA were illustrated through PSPICE simulation
results.

II. BAsic CONCEPT OF THE VDBA

The electrical symbol of the VDBA is shown in Fig.1. The
conception of the classical VDBA is based on the use of the
transcondcutance amplifier and voltage follower. As shown
from Fig.1, the VDBA device has high-impedance voltage
differencing input terminals labeled as p and n, high-
impedance current output terminal z, and low-impedance
outputs of voltage buffer/inverter noted as w+ and w-. The
corresponding circuit properties can be described by the
following matrix :

0 0 0fv,

iy 0 0 0 0 0f v,
iz [=|8m —8&m 0 0 Ofv; (m

Vit 0 0 1 0 0)i,,

Vi 0 0 =10 0)i,.

where g, is the transconductance gain of the VDBA. In
general, control of the g,-value is usually possible by an
external supplied voltage or current.

V. o> —
p° p wt Vs
i VDBA i
n F4
y . — —
(A, S— z ——oV,

Fig.1. Circuit representation of the VDBA.

III. PROPOSED BICMOS VDBA REALIZATION

Fig.2 shows the complete circuit diagram of the proposed
BiCMOS VDBA circuit. The input stage consists of input
transistor M;-M,, Q,-Q,, and current mirror transistor Ms, Qs,
Qs. Transistors My-Ms and Mg-M; represent the output stages,
which provide w- and w+ terminals respectively.

The MOS input transistors M, and M, provide very high
input impedance and very low bias currents. Because of their
low transconductance, the bipolar input transistors Q,-Q, are
added to provide an extra gain stage. The current mirror M;,
Qs, Qg is an improved BiCMOS version of the mirror. The
MOS transistor M; reduces the effect of the base currents of the
bipolar transistors in such a way that a very accurate current
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mirror is realized. The small-signal effective transconductance
(gn) of the VDBA derived from this stage can be calculated in
a fashion similar to that for the all bipolar version [8], giving :
I8 2
=0 (2

3

Em

where V= 26 mV at 27°C is the thermal voltage.

For the output stage, transistors M4-Ms and Mg-M; form the
common-source amplifier with diode connected load. The
small-signal effective voltage gain (v,/v; and v,./v;) can be
determined by using hybrid-n model in which both the body
effect and the output resistance of the two transistors have been
included. Assume that all transistors operate in the active
region. Therefore, the resulting voltage gains in Fig.2 are
approximately found as :

transistors respectively. The circuit was biased at /7, = 25 uA
under +V = #0.75 V. The proposed circuit has 0.15-mW static
power consumption.

Fig.3 shows simulated plots of the DC transfer
characteristics of the current i, versus v, (v, = 0) for three
different values of the bias current /p, leading to three different
transconductance values. Fig.4 also shows the graph of high-
frequency responses of i./v, (g) under the same conditions. It
can be measured from the results that the g,-values are
obtained as : 0.925 mA/V, 10808 mA/V and 3.457 mA/V for I
=25 pA, 50 pA and 100 pA, respectively. It can be observed
that the bandwidth for different values of /5 has a constant
value of about 10 MHz.

LSV 7] (3) . ——
v: gnyS ///"l
and mo-i d RS
Yo ~_Bms Bms | (4) _ i
v: gm.‘: gm':‘ i.‘ ‘”;

. _o-:‘_, —o—[,=25 pA
where g,,; denotes the conductance of transistor M;. Under the L / —o— 1= 50 pA
simplifying assumption that g, = gus and gue = g7, thus v, = : f" —o— 1,7 100 4A
-v; and v, = v, as expected. P

b e R i e il
v, (mV)
IV.  SIMULATION RESULTS Fig.3. DC transfer characteristics of i, versus v,
The performance of the proposed VDBA structure in Fig.2 for different values of /5.
was simulated on PSPICE program using standard 0.35-pum
BiCMOS process parameters. Transistor aspect ratios (W/L in
pum/pm) were 14/0.7 and 28/0.7 for all the NMOS and PMOS
+V ) ]
o o e Lew
—iC ™ i
= ofw] —ofw]

Q

Fig.2. Proposed VDBA realization in BICMOS technology
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4 1

/J,-lm,m ot :

v - —— ¥

3 i

L =L

“ s

1,=25 pA :

1 = —— :

\k o

| N

ni . ' ¥ F ‘

Ik 10k 100k M 10M 100M
Frequency (Hz)

Fig.4. Frequency responses of i./v,.

For the voltage buffer/inverter configuration, the DC
transfer characteristics between v,. and v, of the VDBA are
shown in Fig.5. As can be observed, for linear circuit
operation, the large-signal voltage gain between terminals z
and wt is about £200 mV. The AC transfer characteristics
of v,./v, are also illustrated in Fig.6. From the simulation
results, the voltage gains v,./v,, and v,./v, are approximated
to 0.96 and 0.98, respectively, where by the bandwidths of
both w+ and w- terminals are up to approximately 300 MHz.

v . ¥, (mV)

o 200 30

300 20 a0 o0
v, (mV)

Fig.5. DC transfer characteristics of v, versus v,

and v, versus v..

207 :
; ——v |
: ~o=v i, | &
i !
Dv.- E H
] :
a N i
2 | by H
s H :
- \ H
= 04 §
o 4
% :
> 3 H
! i
! §
40: :
i nd
0+ A P . i

1k 100k 10M 1G 100G

Frequency (Hz)

Fig.6. Frequency responses of v,./v, and v,./v,.
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V. APPLICATION EXAMPLE

To demonstrate the workability of the proposed VDBA,
the realization of the resistorless first-order voltage-mode
allpass (AP) filter reported in [5] is used as an application
example. As shown in Fig.7, the circuit is composed of only
VDBA and one floating capacitor. The voltage transfer
function of this filter can be derived as :

Vo(s)zsc—gm .
Vin(s) sC+gp,

The circuit of Fig.7 performs the first-order voltage-mode
AP filter with the following pole frequency (f;) and phase

response ().

(&)

_Em __Ip
Tp=29aC 22V,C ©
and
¢=,,_2mn-f(MJ _ o
Iy

From eq.(7), the £, can easily be adjusted by tuning the

bias current / of the VDBA.
=
VDBA
Vino n z wtp—oV,
C
{t

Fig.7. Resistorless first-order voltage-mode allpass filter
using single VDBA.

The simulations are also performed to verify the
functionality of the tunable resistorless AP filter realization
in Fig.7. In simulations, the circuit was designed with the
following active and passive components: [ = 25 uA and C
= 40 pF, to obtain a first-order AP voltage response with the
pole frequency off, = 3.82 MHz. Fig.8 shows the simulated
gain and phase responses of the filter, which is in conformity
with the theory. The time domain responses are also shown
in Fig.9.

Next, the electronic controllability of the proposed circuit
is drawn in Fig.10, where the corresponding phase responses
with respect to the bias current /p are given. The pole
frequency f, is varied from 1.50 Mz, 2.95 MHz to 7.45
MHz for a variation of 7y from 10 gA, 20 pA, to 50 uA,
respectively.
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Gain Phase
(dB) (degree)
200,

Gain Phase
-‘-""N\ —@— Theory —0— Theory

) lﬂ!i Yw —o—amud,

- X

N

| oi a g 5 . — --—.a-
Ik 10 100k M 10M 100M ia
Frequency (Hz)

Fig.8. Ideal and simulated gain and phase responses of
the AP filter in Fig.7 at f, = 3.82 MHz
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5‘;'/.‘.;"""’1’""”/3\‘
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Fig.9. Time domain responses of the AP filter in Fig.7.

200, .
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1501 ‘\f\ 1, =50 A
\
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! AW\ N\
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e e MIW“?“——I:‘?-———TG
Frequency (Hz)

Fig.10. Electronic f, tuning with 7.

VI. CLOSING REMARKS

This work presents an integrable circuit technique for
implementing a recently developed active element, called
voltage differencing buffered amplifier (VDBA). Our major
attention is focused on the simple realization of VDBA,
which is suitable for fabricating in BiCMOS technology.
The performance of the proposed VDBA is discussed and
also verified by PSPICE simulations using standard 0.35-um

BiCMOS process parameters.
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'unn'nuﬁﬁnn’uauuinsaeﬁ’qq1m5uﬁuﬂm
eiunszaan 1ao142995 VDBA (voltage differencing buffered
amplifier) aqmﬁ'umnﬁnmuim':'lﬁaﬁqmm'lummnmmmns
2493 nm4ﬂqmmv‘itﬁmuml:znm.lﬁ"aa#’aﬁuqamuﬂzmnz%
wdyanilaei aunsodunssiRadFunsesdygusudumnes
wmsgunsiaieiFu Ao nrearuanuddl wp) HyAUOY
A (BS) nreshunImilige (HP) nseakunouA i (BP) uaz
NT89AIUNNAINR (AP) humnﬁani’ﬁunni‘lmmmu
qumnlRmnhaiidmyresises awreniug 188263 nan
didnnioiindTaon13u13A 163 19010A1AU1WB 2993 VDBA
rmuqnd’m'lun1:\hwuuaa‘Nnﬂti'lmuovzqnutrmﬁwuann

dransneuiiunei

fMidfn: 2993 VDBA, MeInIedd g usuduass, 195y

Truausadu

Abstract

In this study, a novel second-order universal filter using VDBAs
(voltage differencing buffered amplifiers) is described. The signal-
flow-graph technique is utilized to synthesis the filter. The described
filter having three inputs and one output terminals can generates all the
five standard second-order filtering functions namely : lowpass (LP),
bandstop (BS), highpass (HP), bandpass (BP) and allpass (AP) by
selecting relevant input signal voltages. The important filter parameters
can be tuned electronically through transconductance gains of the
VDBAs. The validity of the proposed filter has been demonstrated by

simulation results.

Keywords: Voltage Differencing Buffered Amplifier (VDBA), second-

order filter, voltage-mode circuit
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UUUAIN (bandwidth) ¥B9299T  BUMT (4) Az (6) ugasliiug
@, fu annsouls lémadidnnsedindTasmsadugu g, vea
23993 VDBA Tavlidamaniznune BW vearaes
dmivamiulwequania o , 0 uaz BW dons

o g 8 v i
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4. HamIfraeamiinuvedlsns

T 1818 Tasunsu PSPICE viimsdineanishauves
2T eToURuENTA lumnuyessensesdygnud
vuerueluzildl 4 Tamden1dees VDBA uvumaTuTad Tuduon
(BiCMOS) i'mtlm'luzﬂi'r‘l 5 [6] undeswI@esiinuviaiy £0.75v
uaz 7, =25 uA |1nqmﬂu1ﬁmﬂhnuwnaI!ﬁ'amﬂmsﬁ'wﬁa (6]

. ; W
3z 18R e A nes2197 VDBA Tunsdliiohiny

_1s (10)

Troi ¥, e usadunuiou (thermal voltage) Safianlrzanu 26 mv
fiqungil 27°C

uaziilerin13sianenanUTUBINISA NI LP, HP,
BS, BP 110z AP veanesnsoadggnaiiinaue dmuald 1, = 1, =
38 pA (g, = g, = 1414 mAV) oz C, = C, = | nF minmisidenldm
pnseidand 1 I 8 mnivessses Tummauidadl £ =
@2x=225kHz oz Q=1 luvmziinaninnsdiassnaneumues
memm‘n'lu;di' 6 nuhldn 7 vearsesnseadyg i L, HP
unz BS ﬁ‘id S(LP) = 215.295 kHz, f(HP) = 219.919 kHz uaz f(BS)
= 217302 kHz  AAadlusfanamlizing 433%, 328% uay
3.38% mmdiAl thup.l'ft 7102 8 UARIHONITTINBIHDABLAUBY
manwdeeInsesdy g muny BP uasuuy AP awdidy 3
ugas I uwamsdiassiinnuaeandesiunanouaunaniy
nouijlaeldn 1 aail J(BP) =213.979 kHz, f(AP) =215.718 kHz

1
ot = —SCoc, =3 0
1 Andiudnuianaimssinm 4.92%, 4.14% awdidy
0 = 9 =_§0 =50 = ®)
52 =-5¢ 2 =%
Vg =G =0, =3
+V
s Qs ’—,EIM, Ll[:[m

i

Pa

-V

1t s 2993 VDBA Tao1dinaTuTad TuSueaiiuauelu [6]
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SFG Realization of General n"-Order Allpass
Voltage Transfer Functions Using VDBAs
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Abstract—A synthesis procedure of general n'"-order allpass
voltage transfer functions using solely voltage differencing
buffered amplifiers (VDBAs) and capacitors with the signal-flow-
graph design method is described. It has been shown that the
proposed structure employs n VDBAs and n capacitors for the
realization of any n™-order voltage transfer function. As an
illustrative example, the third-order voltage-mode allpass filter
has been designed and simulated using PSPICE.

Keywords— Signal Flow Graph (SFG); Voltage Differencing
Buffered Amplifier (VDBA); allpass filter

I. INTRODUCTION

Recently, new circuit ideas of analog active building blocks
for providing the potentiality in a class of analog signal
processing are reviewed and introduced in [1]. Up to now, lots
of high-performance active building blocks have been designed
and developed [1]-[7]. One of them is the newly defined active
circuit  building block, named voltage differencing
buffered/inverted amplifier (VDBA/VDIBA) [6]-[7]. A
number of active networks for analog signal processing based
on VDBAs/VDIBAs have recently been proposed [6]-[1(112.
However, only synthesis method for realizing the general n"-
order all-pole lowpass voltage transfer functions can be
obtained from these works [10]. Although the works in [2],
[11j-[15] have demonstrated the success of the active circuit
realizations of an n"-order voltage transfer function synthesis
based on the signal-flow-graph approach, they require a lot of
active and passive elements, at least n active devices, n
resistors and n capacitors.

The purpose of this paper is to present a generalized
approach based on signal-flow-graph design method for
synthesizing n™-order allpass voltage transfer function with
only VDBAs and capacitors. From the proposed procedure,
the n™-order voltage transfer function requires only n VDBAs
and » capacitors, which uses less active and passive elements
with respect to the previous ones [2], [11]-[15]. To illustrate
the synthesis methods, the third-order voltage-mode allpass
filter is derived out from the proposed general voltage transfer
function structure. PSPICE simulations are given to
demonstrate the results.

978-1-4799-7961-5/15/$31.00 ©2015 IEEE

Voo— p W [———o0 Vi
(A VDBA b

Fig. 1. VDBA (a) circuit symbol (b) equivalent circuit.

II. BASIC PRINCIPLE OF VOLTAGE DIFFERENCING
BUFFERED AMPLIFIER (VDBA)

Fig.1 shows the circuit symbol and equivalent circuit of the
VDBA. The VDBA conception is based on the use of the
transconductance amplifier as an input stage and the voltage
follower as an output stage. From Fig.1, the VDBA device has
high-impedance voltage differencing input terminals labeled as
p and n, high-impedance current output terminal z, and low-
impedance outputs of voltage buffer/inverter noted as w+ and
w-. The corresponding circuit properties can be expressed by
the following matrix [7]:

ip 0 0 0 0 0fv,

iy 0 0 0 0 0f v,

iz |=(&m —8&m 0 0 Off v, (N
Vs 0 0 1 0 Offi,s
Viges 0 0 -1 0 0fi,_



where g, is the transconductance gain of the VDBA.
According to eq.(1), the differential input voltage between the
terminals p and n (v,- v,) is then converted to a current at the z-
terminal (i;) by a g,-parameter. The output voltages of
terminals w+ (v,,.) and w- (v,.) follow the voltage across the z-
terminal (v.). The voltages v,. and v,. will be of equal
magnitude but different phases.

III. SIGNAL FLOW GRAPHS AND SYNTHESIS PROCEDURES

Any n™-order voltage allpass transfer function is generally
expressed by the following form :

Vot (8) _ 1y (=1)"b,s" +(=1)""b, 5" +.. .+ b5’ —hs+1
¥, (85) bs"+b, " . b5t +hs+]

(2)

where V,, and V,, are the input and output voltages,
respectively. The signal flow graph representation for realizing
the above transfer function is shown in Fig.2. This graph can
be easily verified by using the well-known Mason gain formula

[16].

It can be easily shown that the signal flow graph of Fig.2 is
composed of only the sub-graph of Fig.3(a). It is evident that
Fig.3(a) includes the lossless integrator and its corresponding
active-C sub-circuit involving VDBA is easy to realize as
shown in Fig.3(b). As a result, the completed circuit deduced
from the graph of Fig.2 with the aid of Fig.3 is successfully
realized as shown in Fig.4. From Fig.4, the realization contains
only n VDBAs as active components and n capacitors as
passive components for general n"-order function.

By comparing Fig.4 with Fig.2, the design equations which
give element values can be obtained as follows :
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Fig.3 Sub-graph and its corresponding VDBA-C sub-circuit realization.

Fig.2 Signal flow graph representing eq.(2).
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Fig4 VDBA-C realization of any n"-order allpass voltage transfer function, corresponding to the SFG given in Fig.2.

IV. ILLUSTRATIVE EXAMPLE

To illustrate the given design method, the third-order
allpass voltage transfer function is designed as an illustrative
example. Generally, the transfer function of the normalized
third-order allpass characteristic is defined as :

Vo (5) =5 +25> =25 +1
0] 57 +252 +25+1

or Vouls) _($7-25"+25-1 @)
s +257 +25+1

This transfer function can be simply represented by the
signal flow graph in Fig.5(a), and its corresponding circuit
realization obtained by using the above procedure can be
shown in Fig.5(b). From eq.(3), the design equations for the
circuit of Fig.5 are as follows :

b=SL=2
gml
b_2= G =1
bl Em2
and 5 _G 1 ©)
b, gm 2

According to eq.(5), the normalized element values are
calculatedas:cl =C2=C3= | F,g,,,|= 1/2A/V,g,,2= 1 AN,
and g, = 2 A/V. Routine analysis of Fig.5(b) yields the
following transfer function :

SJ _[&}'2 o [gm‘lgml J_r _(gmlgnlglﬂ J
Vo () _ G, GG, C,C,G, (6)

Vln(s) .5'3+ & Z+ gngm.! Y gnlgngnﬂ
G GG, GGG,

G
C;
i
C
Vin n z W n Wi n z W Vour
VDBA VDBA VDBA

—r @ “"“’I—P @ ot I:P @ ‘—-

(b)
Fig.5 Normalized third-order allpass characteristic of eq.(4).
(b) VDBA-based circuit realization.

(a) SFG representation

The active and passive sensitivities of the natural angular
frequency (ap) and quality factor (Q) are calculated using
relations given in [17]. The results of active and passive
sensitivity analysis of various parameters for the proposed filter
are given in Table 1. It is clearly seen that all the sensitivities
are low and within unity in magnitude.



TABLE L CIRCUIT SENSITIVITIES OF FIG.5(B).
Em Em2 Em3 G G G
by 1 1 1 -1 -1 -1
b, 0 1 1 0 -1 -1
b, 0 0 1 0 0 -1
@, 0 1 0 0 -1 0
_Q 1 0 -1 -1 0 1

Considering the non-idealities of the VDBA, the terminal
relations in eq.(1) can be rewritten as :

" 0 0 0 0 0]y,
i 0 0 0 0 0fv,
. M
L [=|08, —08, 0 00 V:
w] |0 0 B 0 0)i,
Vo 0 0 -8 0 ofi_

where @=1 - &m, f,=1- g, and B,=1- g, Also, |gm| <<1
denotes the transconductance error, and |g,| << 1 and |g,| << |
denote the voltage tracking errors from terminal z to terminals
w+ and w-, respectively.

Taking into account the VDBA non-idealities, the non-ideal
transfer function of the circuit in Fig.5(b) can be modified as :

73; _[g!!}l +[a2ﬂpl8'!gi];u[ﬁg}_ﬁ;lznlsulzn)]
V.. (-") = a)ﬁ’l C! Czcx CICIC.\

Va(s) ' " B8 z+(ﬂ'zﬂ_ng.18-n}_'_[_asn’:ﬂ,nﬂ.sgmg.:g.JJ
afu B, \ Bl et GG0

(8
where &, f, and f, are the parameters ¢ 8, and £, of the i-th

VDBA (i = 1, 2, 3), respectively. It is observed that the non-
ideal gains have slightly effect to realize the transfer function.

WV
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However, these small deviations can be compensated by
properly adjusting the transconductance gains (g,;) of the
VDBAs.

V. DESIGN AND SIMULATION

In this section, PSPICE simulations have been carried out
to verify the analysis of the proposed synthesis method. The
BiCMOS implementation of the VDBA used in simulations is
shown in Fig.6 [18]. The device model parameters used for the
PSPICE simulations are the standard 0.35-um BiCMOS
process technology. The transistor sizes of the VDBA were
14/0.7 and 28/0.7 for all the NMOS and PMOS transistors,
respectively. The supply voltages were +V = -V =0.75 V, and
the biasing currents were [, = 25 pA. In this structure, the
small-signal effective transconductance (g,,) which is directly
proportional to the external bias current (/), can be given by :

IB
= — 9
8m Vr )

where V7= 26 mV at 27°C is the thermal voltage.

As an illustrative example, the third-order voltage-mode
allpass filter of Fig.5(b) was designed with f, = a/2n = 159
kHz. In our design, for simplicity, all the capacitor values were
chosen as : C, = C; = C; = 1 nF. Consequently, the
denormalized component valuc were obtained as : g, = 0.58
mA/V (I = 15 pA), guz = 1.08 mA/V (I, = 28 pA) and g,; =
2.15 mA/V (g = 56 pA). The simulated frequency
characteristics of the circuit of Fig.5(b) comparing with the
theoretical values are shown in Fig.7. In the same figure, the
frequency responses of the circuil for n = | and 2 are also
depicted. It can be observed that the simulation results have
verified the graphical analysis and theoretical assumptions.

Fig.6 BiCMOS implementation of VDBA used in simulations [18].



As a result of circuit simulations, input and output
sinusoidal waveforms for the circuit of Fig.5(b) are shown in
Fig.8. The circuit was inputted with a sinusoidal signal of 20
mV (peak) at a frequency of 159 kHz, and the output voltage
with the phase difference of 262° was obtained. The total
harmonic distortion (THD) variation of the output voltage for
varying input signal amplitude at f = 159 kHz was also
investigated, and the results are plotted in Fig.9. These
variations are found within 2.4% at the range of input voltage

Vip < 100 mV (peak-to-peak).

Gain (dB)
F
=
1

] %%
=
—g— 1" order
|| = 2 order
|| —e— 3" order
R
1k 10k 100k M 10M 100M
Frequency (Hz)
(a)
¢ T T
¥
ks A\ -
i )
N
2 \ Suj
g
44— =emm==a
Simulated
—g— 1" order N
] == 2™ order
L | —a— 3" order =
sood—L_L1I 1]
k 10k 100k M 10M 100M
Frequency (Hz)
(b)

Fig.7 Frequency responses of the allpass filter in Fig.5(b).
(a) gain characteristics  (b) phase characteristics.
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Fig.8 Input and output transient responses of the allpass filter in Fig.5(b).
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Fig.9 THD variation of the output voltage with the input signal amplitude
at f= 159 kHz.

VI. CONCLUSIONS

A simple synthesis procedure is presented for the
realization of general n-order allpass voltage transfer function.
The synthesis technique is based on the use of the signal flow
graph. For n"-order system realization, the resulting active
circuit needs only » VDBAs and n capacitors. The attractive
features of the proposed structures realized by this design
mcthod arc a simple structure, a minimum number of active
and passive components and the ability of electronic tuning.
The simulation results from PSPICE are in excellent agreement
with theoretical assumptions.
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SFG Actualization of General n™-Order
Voltage Transfer Functions Using VDBAs

Oosana Onjan, Sumalee Unhavanich, and Worapong Tangsrirat, Member, I{ENG

Abstract—This work presents the synthesis of general n'-
order voltage transfer functions with voltage differencing
buffered amplifiers (VDBAs) using signal flow graph (SFG)
technique. Without the employment of external passive
resistors, the designed procedure requires only n VDBAs and n
capacitors for n"™-order transfer function realization. As
application examples, the first-order allpass and standard
biquadratic function realizations are demonstrated. The
simulation results by PSPICE have also been provided, which
verify the usefulness of the presented technique.

Keywords — Signal Flow Graph (SFG), Voltage Differencing
Buffered Amplifier (VDBA), universal filter

I. INTRODUCTION

ECENTLY, analog active building blocks were developed
d invented continuously. Among these, the voltage
differencing buffered amplifier (VDBA) is the newly defined
active circuit building block [1]. This device is slightly
modified from the conventional current differencing buffered
amplifier (CDBA) by replacing the current differencing unit
with a transconductance amplifier [2]. The difference
between VDBA and CDBA is that the VDBA inputs are
voltages as for the CDBA inputs are currents. Many
applications based on the use of the VDBAs as active
elements in analog signal processing area have also been
developed in the literature [3]-[7]. In addition, the works of
[8]-[17] have proposed the actively circuit realizations of an
n™-order voltage transfer function synthesis based on the
signal-flow-graph (SFG) approach employing various active
elements. However, all the available SFG circuit realizations
employ an excessive number of active and passive elements,
at least n active devices, n resistors and n capacitors.
Considering this fact, the work described in this paper
mainly focuses on presenting a general synthesis procedure
for realizing general n™-order voltage transfer functions. The
proposed method is based on drawing a SFG directly from
the given transfer function and then obtaining, from the
graph, the active-C circuit configurations involving VDBAs.
The resulting circuit uses only » VDBAs and n capacitors
without needing any external passive resistors for n-order
transfer function realization. It has been shown that the
design procedure proposed here is a canonical number of
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active and passive elements. Two illustrative examples
together with PSPICE simulation results illustrate the
usefulness of the proposed design procedure.

Il. VOLTAGE DIFFERENCING BUFFERED AMPLIFIER
(VDBA)
The VDBA symbol is shown in Fig. 1. The relative
characteristic between current and voltage of this device can
be described by the following matrix [18]:

Iy 0 0 0 0 0fv,
iy 0 0 0 0 0fv,
i, [=|18n —&» 0 0 Ofv, (n
Vs 0 0 1 0 Ofi,,
Vi 0 0 -1 0 O0fi,.
where g, is the transconductance gain of the VDBA.

According to eq.(1), the differential input voltage between
the terminals p and n (v,- v,) is then converted to a current at
the z-terminal (i.) by a gn,-parameter. The output voltages at
terminals w+ (v,.) and w- (v,.) follow the voltage across the
z-terminal (v.). The voltages v,. and v,. will be of equal
magnitude but different phases.

Ip by

v, — —
po—1 p W+ F——o Vit
in VDBA i,
Vio——— n z Wel—o V.
vz

Fig. 1. Circuit symbol of the VDBA.

III. SFG ACTUALIZATION PROCEDURE

The general form of an n™-order voltage transfer function
can be expressed by the following equation:

Vot (5) _ B,5" £b, 5" +---1b,5* £ b5 +1

Vils) ~ B,5" +b, 5" +eotbys? + b5 +1

(2

where V), and ¥, are the input and the output voltages,
respectively. The above equation can be represented by the
SFG of Fig. 2. It can be observed that the graph is mainly
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composed of the cascading connection of the sub-graph
shown in Fig. 3(a). Each sub-graph performs the lossless
integrator, and its corresponding active-C sub-circuit
involving  VDBA is shown in Fig. 3(b). Therefore,
according to Fig. 2 and 3, the resulting VDBA-based
circuit can be realized in Fig. 4. It is important to note
that the proposed technique requires only » VDBAs and n
capacitors for realizing n"-order transfer function.

-G
Em
5_6G
bl gmz
bn—l = Cn—i
byz  Emin-y
- b, = Cy 3)
by Em(n)

Fig. 3. Sub-graph of Fig. 2 and its corresponding VDBA-based circuit.

Fig 2. Signal flow graph representation of eq. (2).

C

1 G
V2°——ﬂﬂ'—l V3 °--|ID—| an—lﬂl—| Vil °—Iﬂ_|
vi—n % w n % wile-dn  Z w n Z ow
VDBA VYDBA VYDBA VDBA
p O wiorfp @ wio Hp @D w

Fig 4. The realization of n"-order universal voltage transfer functions of eq. (2) using VDBASs.
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IV. ILLUSTRATIVE EXAMPLES

The utility of the proposed procedure will be
demonstrated by the two following examples:

A. First-order allpass realization

The transfer function of the first-order allpass filtering
function can be defined by the following equation:

Vour (S) - Sbl =1 (4)
¥, (s) sb +1
in 1
where b = C\/gm.

The SFG representation of eq. (4) can be given in
Fig. 5(a), and its corresponding VDBA-C circuit realization
can then be obtained as Fig. 5(b). As can be observed, the
realized circuit consists of only one VDBA and one
capacitor. In this case, the pole frequency (w,) and phase
shift (¢) of the circuit are obtained as:

w, =21, =é’(;'l—‘ (5)
and p=m-2 tan"[ﬁ} ; (6)
Emi

Vin® n Wit ——0 Vs

(b)

Fig. 5. SFG realization of the first-order allpass function.
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B. Second-order universal functions

The general form of the standard second-order voltage
transfer functions can be given by the following expression:

2
Vois (s) - bys“—bis+1 ™

V,-,,isi bys® +hs+1 '

The above expression can be represented by SFG diagram
as shown in Fig. 6(a), and its realization involving VDBA-C
can be shown in Fig. 6(b). In this case, two VDBAs and two
capacitors are required. As a result of eq. (7), the voltage
transfer function of Fig. 6(b) in term of the circuit
component values can be written as:

52V3 —(E&@A}Vz +[g;]ﬁm2 ]V]
VDHf (s)__- = L (8)
§2 +(ﬁ}‘+[8m18m2 ]
G GG,
where g, are the transconductance gain of the i-th VDBA
(i = 1, 2). According to eq. (8), the standard second-order
voltage transfer functions can be realized by the following
conditions.
1) The lowpass (LP) function is realized,
ifV1= Km and V2= V]""'O.
2) The highpass (HP) function is realized,
ifV3= Vm and V| - V2= 0.
3) The bandpass (BP) function is realized,
ifVa=Vpand Vy=V;=0.
4) The bandstop (BS) function is realized,
isz"‘"‘OM V]'_‘ V3= Vine
5) The allpass (AP) function is realized,
ifV|= V2= V3= Vm.
Also from eq. (8), the pole frequency (w,), and the quality
factor (Q) of circuit can be given by:

EmEm2
o, =_|[=2=2 9
> 1’ cc, 9)
EmC>
and 0= ’—-——-
gmCi

(10)
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To obtain the first-order allpass voltage response with the
pole frequency of f, = 766 kHz. The circuit was designed
with the following active and passive components: Iz =
25 pA (gm= 0.96 mA/V) and C; = 0.2 nF. Fig. 8 shows
the ideal and simulated frequency characteristics of the first-
order allpass filter realization of Fig. 5. The time domain
responses are also shown in Fig.9, where the phase shift is

recorded to be 84°.

(a) Gain
(dB)
2

(&) C;
V2 D—nj V3 H_‘
10
Vio—n Z W n E  we Vout
VDBA VYDBA

l—p ® W-—o[p ©) wj o

(b)

Fig. 6. Realization of the second-order universal filtering functions using SFG. 204 S
(a) SFG representation (b) circuit realization Frequency (Hz)

Fig. 8. Frequency response of the first-order allpass filter in Fig 5.
V.SIMULATION RESULTS

30 - T

VARINYAY V2REaVAREENAT)

To verify the feasibility of the designed procedure, the
realized circuits have been simulated with PSPICE program.
In simulations, the BICMOS VDBA shown in Fig. 7 has been
performed with the standard 0.35-gm BiCMOS technology
[18]. The transistors sizes were chosen as: 14/0.7 and 28/0.7
for all NMOS and PMOS transistors, respectively. The
supply voltages were V = +0.75 V, and biasing currents were \ B \ \ l AR AR / 1
Iy = 25 pA. The small-signal effective transconductance (g,,) i 5 k 1
of the VDBA in Fig. 7 is given by: ‘ {

20

__'__‘.—’

10

Vaoltage (mV)
o

1 - o
g,..=V—B an [ 1 | |
T =) 4

Time (us)

where V' = 26 mV at 27 °C is the thermal voltage, and / is

ihe exiomal TIC Wias carretit, Fig. 9. Time domain responses of the first-order allpass filter in Fig. 5

Fig. 7. BiCMOS realization of the VDBA.
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The ideal and simulated frequency responses of the
second-order universal biquadratic filter in Fig. 6(b) are
shown in Figs. 10 and 11. The results are obtained with
Ig1= I =38 pA (g =gz = 1.414 mA/V) and C, = (3= 1
nF. This results in f, = 255 kHz and Q = 1. From the results,
the locations of the simulated f, are about: 215.29 kHz,
219.92 kHz, 217.30 kHz, and 213.98 kHz for LP, HP, BS,
and BP responses, which correspond to the following
absolute errors: 4.33%, 3.28%, 3.38%, and 4.92%,
respectively.

20

Gain (dB)

Frequency (Hz)
Fig. 10. Frequency characteristics for the LP, HP, and BS responses of Fig. 6(b).

Gain Phase
(dB)  (degree)
i

Frequency (Hz)

Fig. 11. BP frequency response of Fig. 6(b).

VI. CONCLUSION

This work has been presented the SFG actualization of n"-
order general voltage transfer functions using n VDBAs and
n capacitors. The proposed circuit is canonic in a number of
active and passive components and enjoys the ability of
electronic tuning. Applications on the first- and second-order
filtering function realizations have been provided, which
verify the utility of the proposed procedure.
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