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ABSTRACT

In this thesis, three configurations for realizing electronically tunable grounded
capacitance multiplier circuits are proposed. Each of the proposed multiplier circuits
consists of only two VDBAs (voltage differencing buffered amplifiers) as active
components. In addition to passive component count, the first proposed
configuration contains one floating resistor and one grounded capacitor. The second
one requires one floating capacitor without needing any passive resistors. The last
one employs only one grounded capacitor. The simulated values of equivalent
resistance and equivalent capacitance can be tuned electronically by the external
bias currents of the VDBAs. The performance of the simulator circuits have been
evaluated through PSPICE simulation with TSMC 0.25 um CMOS technology, together
with experimentally test using commercially available IC components CA3080 and
LF356. The performances of the proposed circuit have been confirmed with the

theory.
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OTA =2 .
[76] - - . 1 1%
VF =1
OTA = 2 .
[77] 8 “ 1 3 19
OA =1
[78] C Gt 2 3 - 1 Taile
CCll-=1 "o
[79] D = 1 = Taile
COA=1
CCll- =1 "o
[80] 2 - 1 - Taila
Cll+ =1
[81] CCl+=3 1 - 1 g 1o
cAlLL =2 "o
[82] 2 = { 1 Tala
VF = 2
[83] MCFOA = 1 2 L T - Tailg
[84] CCTA =2 < i 1 e I
[85] OTA = 3 { 4 4 1 Tailg
[86] VDBA = 2 - 2 - 1 I
[87] VDTA = 2 - o 1 - 1o
1ne9l  VF unuds Voltage Follower

CCll unudls Second Generation Current Conveyors

COA unude Current Operational Amplifier

CClI- unudls Second Generation Negative Current Conveyors

CClI+ unud Second Generation Positive Current Conveyors

MCFOA s Modified Current-Feedback Operational Amplifiers

CCTA

Amplifiers

LN

Current Controlled Current Conveyor

Transconductance



Wlefasannse 1.1 aenudnanwddely [77] wag [81] Usznaumegunsalieniings

v

a6 wazaunsainiadnegredeeniladi vselunienseiudinauide [78] waz [83]

= ! |

Idgunsaluaniivniiiessiaifed winesldgunsalniadniisanudy Fedaasiovuinvoaiuily
1935 Medadinarieanududoureneasdniiy  dadunnguauidendiauenasuntiiay
Usznaumegunsalianiinuazniadnogsazanisn fsnuide [76), [82] usnfesa1feisas
AIULTIAU (voltage follower) LNILUINNDENLDYNTIFT UIDNTAUIFY [79]-[80], [82]
rasimariifldauisausuamiediannselindle wenandeuddedlulng wwu [79]-81],
[831-87) daadlduseiulnidesgsdmaliiinmdlnigaydeluiasiuin anfinarun
¥ v v '3 1 o 6 = =
PaumINNIsduATIERNRTAuAIaNglnhawisaand i ugunsalkeafinuazmadnly
2939519 Ay lFvUIANUNYDII99ITINaRAY Dnnalassasrentelulddudeau uananilan
ganwuulinaesatunsainuneliussiuliides ssdmalniindsliihgadomaduiu
(low-power consumption)
dioa91 ladguawe 2995 COBA Judugunsaluendil [31] Nfiaauvainanslu
mM3UsegnAldnudmiunsesniuuisasussinadyanaueuzaoniuluunnseua [88]-89]
\eswnilvenvatgysems Wi A1 CMRR (common-mode rejection ratio) aduazilyaa
LURAINN 9 usiagelsinnuases COBA wuindidednintuiivesntsteundudyaalugy
[ r-ﬂl gj a o ¥ ‘N‘c./ (% = o I~ ¥ [y I3
39U LTI9991NTIBUNAVE92995 CDBA vimthnsudaansyvia 3331 dudesendugunsal
=~ a o o v a = o o o a v
NNeupnedsudyaaussulmnuisuludyaianssuadmsuitgdunnliun 1993

o w o 1

CDBA 31098 9111AMIN813 2995 VDBA Fedan1iilnvu [61] IneinsiUdeudiutoatiduns

[ [ =

A dou o Y @ [ P 1o < 4 a 4
PNANNTUA ey reun sl il dud a1 s UL "\]ﬂ‘l/lﬂﬁlll"mLUUW@QLWMQUﬂimf\Hﬂ

T o DAY
[

N8UDN UINIINTI99S VDBA  Hanwuzlassasislidudeu Tanumdudadun wazyas

! ¢ s o 1y} i

UFuRnunndng dniadalidnodnnduiinaudinn wngauiunissenaan (cascade) uas

P ldaanuuuatasnsasdanalulvunusasu [64] naae

A

NmHaNlANa1ILIT9RU Ineinusatull 3 IngUsrasananiietlaueiiase

9 Y
A1Aug i [901-[92] TduAsIZ1iTUa1N2993 VDBA Fuiugunsaluoniivingn uazgunsel
wiadvldiAuassda ililassainvesssidiaveiiaududeutosniiauideniiaus
Aounthil [76](87] Niinsldgunsalueniiuazmiadidudwiuwinndsiliasulseuiioy

PAudrlum9199 1.1 dnsasiinausluinednusatuidaunsausuamiadidnnsaing

1 sudslnsssulniassnmdne e



L

1.2 AUYmaNgLazIngUIzaIAvaInIsAne

Inerfinusatuii gusrasdifioanuuuuarduaneinsasquaaiug i lngld
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1) 29939umALglihuuuUSuATlinsBidnnsedind Jeusznauluse 1593 VOBA
Srunuassia Mfunusazduiuuszliiifisunsidedasmiledi [90)

2) 299sgauAAuglihuuuliuanlimeBidnnsetind deuszneulusie 2995 VDBA
S1unuaei uazdufudszaliiuuuaseiduiumis [91]

3) 29asguAANugihuuudsumlinedidanselind dedseneuluse 2995 VDBA
S1unuaei uazduAvdsyaliihuvuiisunsdduuniaia [92]
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v v

danauaineee Tk 2993nI0ENUANLEASUAUEDY (second-order low-pass filter)

v o A

WATNTOINIUAINARIDUAVATABTATY Unteasiasy (fourth-order Butterworth low-pass

VY]

filter) 2999NTDIIUAINAAIOUAUABS (second order high pass filter) FINANIIVINNIUUVDS

Y

1995l nanslmiua3niIen1591a8Nan15¥9IELTUTLATH PSPICE shewnaluladuuu
CMOS  ¥u1® 0.25 ym UYBIUIEN TSMC  (Taiwan  Semiconductor  Manufacturing
Company) Wiauanaa1nn1sUfUiRNu93909299591nn15s0leTiues CA3080 sauruled

Wwas LF356 9nne
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uni 2

1939 VDBA

2.1 nai

Jagtiugunsaiuaniin (active element) légnAnduimunagisainuanetiietily
PBNLUVIIATTIN (integrated circuit, IC) dmsunisusyananadyaunIaweuIden (analog
signal processing) e?fqmiaaﬂLLUma'«aﬂmﬁqﬂﬂﬁaﬁl@ﬂﬁv\ldamalﬁﬁummaaﬁuﬁimaﬁamaa
lidudou fieudaneugs uazslidmmnsuilaadidanuidngie  ieidaail 1éfinng
thiausgunsninoafimuuulnsi@edn 1995 VDBA (voltage differencing buffered amplifier)
[1] T,msJﬁé’ﬂwmsé’msﬁzaSuwmamwiﬁmﬁwﬁ%’ué’iy@mLLﬁw‘ﬁ’u Fauinannisuiudey
1A59851991N2995 CDBA (current differencing buffered ampilifier) [2] ﬁﬁﬁu%aﬁuwm§u
dryqanszua vilieas VDBA danuminzaudunisiieululuiauseiu (voltage-mode)
LAZLINETUNISADI9RTUUUAINLAG (cascade) LipaaInasasiirBimuaudiondnam (low
output impedance) wBnNTa99s VDBA Sraunsausuarldmdidnnseindlnenisuys
ANTELALUTAINABUDNLHDNAIE  FINNITHANINNAIIUIIYATL maaqﬂmaﬁuaﬂﬁwﬁu
anunsauluussyndldaiuednaunnug 1w 29asnsedgneiunyszasd (universal filter)
[3}5] 2s9se0adalaines (oscilator) [6] 2easideunuusnmilen [71-e] HREIAIAM
A1ANuUTERlNih (capacitance multiplier) [91-[10] WDusu

Fatiluunivonanieasas VDBA ndnnisvineuiiugiu uazanausivensaslums
gANARLAENINUHURA 5IUDIHAN15918090151191189399508lUsUATY PSPICE Tagldy
wAlulad 0.25 ym CMOS vausn TSMC wiessiauansliidiuiisUsyansnnuosnsasie
HANITVAADITSIINNITAe loTLUes CA3080 Ue9USEN Harris Semiconductor $aufuled

Was LF356 Ua9U3®n National Semiconductor

2.2 MENNIURLFIUYDI299T VDBA

N15%119711°893995 VDBA Usznauluaigaasdiu dIunsn Ao 19350818NAM1
(differential amplifier) wazdIusiDE 2995013U9U (voltage follower) Faasilnaauli
wufeannsnuiusnsveemani (g,) lunmdidnnsedndainaeuen uenainiiiems
fiAndufiumuddunaiigs (high input impedance) WagAeWNMdNTiLALTAA (low output
impedance) vilvanusailudszandldlunissersasuuumaianlulnuausanulaegig

bANNT AN
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2.2.1 AMaNUAY89:937 VDBA Tumeanund

1995 VDBA (ugunsnineniinuuudts Jalidydnuaiuazisasauyanialiiuanslass

<

= A & ° Y A g U a A3 ] o v A o
sun 2.1 I@IEJ‘V]SU'J p BAZUI N MUY UTIDUNA 1‘”%&!3%%'} Z LagU3d w AENNUNLUUN

Y 9

LWNm ANANTRNIN9IUY893935 VDBA Tungaunafaiuisaldeueiuiglanauuning
molull

i 0 0 0 0fv,
0| _ 0 0 Ofv, 2.1)
iZ gm - gﬂ’l 0 0 vZ
y 0 N g, 2

1nedl g, fAe dns1818AAMINLN (transconductance  gain) Fvialuarunsalsuatlanisg
didnnsedindmsnismunuusssuludanianszualusaainaeuan aunns (2.1) wandliliu
' o a oAy & o = s . &

TUTWUFUNALUURARINTY p 4aE07 0 (- v,) dzgnitdguluidunseuandng i, 193 z

LAZLSIPUNRNATOUTT Z %gﬂdqcimlﬂL‘T]ul,mﬁ’mmﬁwmﬁsﬁ’a w (V)

i i
P w
—
Vp O—m— p W (XL O Vy
- VDBA i
—» e
| o . Z Bl gy,
(n)
i,=0 V;
S
v, o o £ o Vy
I g 0 Iz
V, o o <» oV
n V4
L 8nm (Vp-Vin)
()

g‘d‘f/’i 2.1 1395 VDBA Tunnsgmunf

(n) doydnwadnaliiith - (@) 2easauyanialiiih
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2.2.2 AnauUAY899995 VDBA luneujjin
AENURY992995 VDBA  nsdifidnmsvinauldidulusiugeuad  (non-ideal) 93

AnuFuuSsErInassuiunsznadsuluBaaunsaiauannis (2.1) elvdnatedu

i 0 0 0 0,
' 0 0 0 0

Wl Vn (2.2)
I, ag, -ag, 0 0 v,

vw 0 0 ﬁ 0 w

e o= 1 - ggn WO |gg] << 1 AD AIMIUTEAVUIUNITARIUSNTIVENEAIAIIUUN
(tranconductance tracking error) 9997 p kagda n WG z Tuven f = 1 - ¢, 119 |e)|
<< 1 Ao S05I0818uIRUYR995 VDBA 9013 z Wdn w nsdlldiluluniugauad (non-

ideal voltage gain)

'
= =

193sauyan1sininvesas VoBA lumeujidauisadeunanaladesui 2.2 @9

g

=® a

UseNaumIuBUNLAUTUIINATUBUNAYDIYI p (,//C))  waEd N (1//C) TINRBUALAG

LVIPNULDIANAVBITT Z (r//Cs) wazAIINANUNILLIT W (7,)

ZP Ly,
v, © —rd i ———W oV
, 1deal .
iy Iz
—
V, 0 1V § ! / » o Vv,

<
@)
oo
>
N
i
S
S

U 2.2 2995amgaymaluiiuesisas VOBA TumsUid
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2.3 2935 VDBA wuuldwmalulaguaansiudanas

UaansuTamas (Metal Oxide Semiconductor Field Effect Transistor, MOSFET)
Id L4 PRy o al vo A a ! [ aa s . . .
Jugunsalansiesdhnlasunsiefsuiivisdiumedineulaeenled (silicon  dioxide,
Si0,) Nedeundnnsvinaumgaudlihnlasussesudunseua Tngdnednusaduille
nafaeansudainesninnulugvuuulnuaiauaudiuus (enhancement-mode) &
wuteanluaesuiialiun ¥ladl (PMOS)  uazwiiadu (NMOS) Aeguil 2.3 aeusiazyiin

Usznaunie UAm (gate, G) ¥1LASU (drain, D) wag Wwesa (source, S) [14]

GO—”: V-Zs G:—”: Ved

ld

=
o
<+ |

Q) (¥)

Y

JUN 2.3 dyanualvesloansnudamnes

(n) ¥adu (V) vaN

PENNITVINITUVBINDEANT LT AN DI EUAUAIBNNTUDULSIN UL NV AT U U B T a

a A

(gate to source voltage, vg) dMSUNEaNI TR YINOU LartoansUTdnoTyTaf

=

G]EN‘V]’]ﬂ’]ﬁ‘f]E]ULL‘NﬂUﬂWaUL“U’WISU’]""EiﬁJﬁﬁLV]EJUﬂUGU'ILﬂVl (source to gate voltage, ng) KN

%

LLiQﬂu%ﬂJ’m‘W@ﬁ]uﬂﬂ‘MLﬂWUE)\W]’NL@‘LmiuLLaiuM’J’N“UWL@iUﬂU“UW“ﬂ@iﬁ IWEJV]@’]LLN@ULiiJWUVI

D

WnlAnTenafunssuatmeni wsaiudaEy (threshold voltage, Vip) WlAiAnLs U

VIATULABUAUYWBSE (drain  to  source voltage,  vpg) YU FIINITNIIULVB
a s 1 [ 1 A 1 Y . 1 a 2

UDANTIUTALNBIATWUIDBNLUU 3 ¥29A0 B9ANDDN (cutoff  region)  ¥IILTILAY

(liner  region) LagY298UFI (saturation  region) F9inerinusatuilazveaduisii

1anIuBaLnasulnduN1ulur19dud? el uFuRUS YD UTLNINVINN U

£
v A

WTU Ay Y19esd Al

Vos 2 Vs — Vi (2.3)
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waznalminnsewatrnaanuwnsulugeesa (ip) Saninnu

. _HC (W
Iy 5

IJ(VGS Vi )2 (1 + AVDS) (2.4)

Tnedl u Ao Apueaasdvasnmzdi (effective carrier mobility) C,. @@ AR
Iwilurlsenidameiufl (gate oxide capacitance per unit area) W uas L fio mauning
UszanduanazaneUszandnavesasiinszua (effective channel width and length)
waz A Ao N15uenlanANYIveItelInsEd (channel length modulation) 19asauya
YesNoanI Aol unsadyuaualan LLamﬂé’é’fagﬂﬁ 2.4 o, Ao AR

FIUNNUIEIINVUANAUGRTE AL g, AD ORTIVUIBAIANLEITRINTIUTAINDS

G D
Oo——3 O
-y d +
lq
Vgs EmVin Vo Vds
o ¥ o

JUN 2.4 29asauyaveINeanI AN vin o un Sify g AUINAN
1995 VDBA fifaipsigvivuludngninusaduiifenmalulaguuuueansudanosgadl
AuanlAlunsUsudasweemanutilumdidnmseiind lagaunsanuaulidesinuae

Tawn NswUsAMIeLsIPuluda wagnskUsAenselaluda fesigasdunmaluil

2.3.1 2935 VDBA uwuuUsuaA1ans1v81eaIauinaaessnuludd

Tul A.f. 1990 Z. Wang taguainadanisusuanduidadudinsuinalulad
YA TANDS [11] 9905 F. Kacar wazaavlauitanuoisas VDBA wuuldmalulad
maamm%ama%mmﬁqgﬂﬁ 2.5 [12] Feanunsavsuen g, egradudadulaeniswlsen

WIIRU Vi feaun1seluil

w
g, =HC, (fj(VBl - VTH) (2.5)
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5U#1 2.5 71995 VDBA wuulSumdnsvengmamiieig Vs

2.3.2 2995 VDBA uuuUsUA18nI19818AIANLNAEn TS LE LUDE

yananNsUSUAISASIvERIANYRAE Vs dnauslutadenauntd ded
smATednnguitiauea393 VDBA wuvldinaluladueaniudanes fagui 2.6 [13] 4
USENDUAIBIITIVLI8AIANUUT M| - My 1AL 2995mulsiu Ms — Mg 1agensiveean

AMUENYBNATEINNSDLUsAN IRARensenaludd (Iz) anaeusn

+V

-V

5UN 2.6 1935 VDBA wuudiuAdnsvgnganmiieeg s
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2.4 N1589LAT12%42995 VDBA wuuldmalulatuaansiudanas
Mnhdereuntildndnidervenas voBA wuuldinaluladueansudanes
filnaantRslunsussnsvesmmnmhienszualuda (7;) :naneuen Jaduiiin
Y9IMIAUATIZH993 VOBA Tiinaualuinednusatiul dullassadanisludasuil 2.7 (9]
Fausznevluiersasdfyantdiu fie 1995v818A1AINL (transconductor circuit) M -

My UaEITNIULTIAU (voltage buffer circuit) Ms — My a5unelansseazidunnaliil

+V

RY

UM 2.7 lassa1aneluvee9s VDBA wuuwmaluladuuuseaniiugameintiaue

2.4.1 29ITVYIYAIAIUUN

29959878A1A 1999995 VDBA  Tiiiausuansdsguil 2.8 fauandilunisuiu
Snsveamnnuilunddnnsedndannsudsanszualusaannieusn dainainnig
NUTILAUADIITT RO 29TALVOUNTZUE (current mirror) LAz 9959818 & QU 1UHARY

(differential amplifier) @5uaasasiounsruaUsznavlufuloansudansuiai Ms -

=

M, uandlanagun 2.9 emmunlviteansu@anes My - My drnaaudfaunadiuyn

Y

[ Y

Usemisuazgnludalmhaulugidud  Welinseiaasdmsudyaavuinivg (large-
signal analysis) WUIINISVINUVDIIATEUAUIINNTTUADUN (input current, I;,) Niviari1u
weansudawes M; dugnadsiuluidunszuaiondnn (output current, I, lvianiu

1RANIIUTALNDS M, FIUUTIASTIV8N8NTERARNANUAUNUSHIT [N1AKNWIN N1]

Low _( Wa/La (2.6)
1, L,

m
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[

aun1s (2.6) wansliiiulnnszuaodnnaziuegiudnsidiu W/L 09 My iU My

o

dinlnszinuauifvesasasiounsyuanstidyanauindn aglasnsvenonssuasad

[AAKNUIN N2]

iout (S) — Ema Ema

i,($) . 1+ S(Cgs3 + Cgs4)
gm3

1o Coai Wa2 Cgy Ao datiudszyluiiludavesueansudawes loefi i = 3, 4 uazidle

a d‘ d‘ 6 o v [ 9] 6 (<3
NINFUNANUDNT ALV RANUAUNUSVRIEUNIT (2.7) nanewlu [AAKWIN N2]

iOut (S) e %

{ (2.8)
lin(s) gm3

LAZAIATIUAUNUDIANG (7, ) YBIIITALTDUNTELRE WInAU [n1ANWIN N3]
roc A 1"04 (29)

JUN 2.10 WAANINRTVENEFYIUNGAe My - M, WilAT1eeasnsaldyaauunn

T U

o

Tuaglaglvmsudainosnsaosnaieulugaedudd tayUszuian 420 vildaunis (2.4)

Uszanadlaidu
C (W
R M(—j(VG Yy P (2.10)

idlefansandiluue x luguin 2.10 ewuin I = Ip) + Iy 39N Ip = Ip) = Ipp %38

I
1, :?B (2.11)
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faUINENNTT (2.10) kag (2.11) Azl

/4
Iy = uC,, (ZJ(VGS Vi )2 (2.12)

1NNNTIATIEVAUANTAVEIIATALTOUN T UALALIIITA YL UL UUHAFIITINET XN
1 v lﬂ’l Y o 1 1 o dl U dl d‘ a
Aouniil laurlugniseeniuuieaseengainuiuanidegun 2.8 laaillofiansan
AuautRvesAInuEIUILBUNR ATy p way n Tunsddygruvuinanazdandusiugd

[

(7, = 00) UAZAITAMIAT g, WISl [A1AKUIN NG]

BoNS ﬂcox(zjlg (2.13)

R

JUN 2.9 193sazisunTELA



25

UM 2.10 2993088 FyInINan1

2.4.2 9AINULIIAUY

19950wssPuUsEnaUlUMENaaNs1UTANDS Ms - My LLamé’quﬁ 211 Feviniing
dvuusafulnihndunslugneding  Jehdetsiiauemslinszianautivonas
nsdlduanauuivguasdgatundnaunsanseildgunouseluil

AANUATD9ININL I UN I e LA lvey dloneansudawes My uwas Mg
inuludnwuzuoainlvan (active load) J9a1u1saLdgulnunisvitulanigfiinm
FIUNMIU Ry uag Ry é’fagﬂﬁ 2.12 wagaiunsamusssudnansiidyaaauiatng (7o) 1o

Wiy

Vo=3. < (Rslos) (2.14)
e 1, AoNTEUalUSAUDINRITIULTIIY WagINgUN 2.12 WNsaiviluue Y wudien 21, =
Ips + Ips Wawlilesannenuaunesiunnusen1sves Ms - Mg vl Ips = Ips Asuuauns

(2.14) Jananendu [AANUIN U]

Vo =V, _(RSIA) (2.15)
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Vout

VIN 1 VIN 2

5UN 2.12 330l seauUnsaldys T abig

o

nIMdIMNILINLENITRITUNANT T IeldesaIu Tawn Fyaraluun

na19 (differential mode signal) wagdyaaluuasas (common mode signal) Fsd1uwDg

[

doyaradvuesiurziiaussiusinduaud Wesnldlinssualvadinluies widwmsunsdl

[

dygalnuananisaziansuilagedemallan1Tiiaseid g1l uun39as (half circuit
. . A o v ) A W ¢ o ~
analysis  technique) wlafnual v, =V, wardyaravuialuglanvindugue fagui

2.13 azlaussiuadnansdidygraundn (v,) Sawiiiu [aanuan v2]

v, = gmﬁRg(%dj (2.16)
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AIUAINANELTRNTYINNUYERTI NSNS Tunsaldy I nalwas nldy

A7}

YUIALANTINA1INITY Fedmaliussiuerdnmvadsasiiainy

Vo+v, =V, —Rl , +(—g’”§R8 jvid (2.17)

LagLilaNTUIANANUAUNTLLBIANG (7)) Winfu [A1AKWIN V4]
o=tV o (2.18)

uonANdueanTudanes Mo Midudnuieyiminfiidulsesveedugiansusiu

(source follower) @1U150MPNTIVYIYLIIAUNIL [AIAKUIN V3]

A%
ot o] (2.19)
vin
B ) lIDS i IDél Re
s v
ome M
Vid E Vid
: 2

] Y o < A a 4 =
;JU‘VI 2.13 1ATNULIAUNTUFY U UV UIALANLUDIATIZTLUUATINAT

'
wvada o w (% A

AANUNNATALUUDIINVIINTULLIIAY ﬂammé\”mmu%uwmﬁmgqmﬂ WAZAIUAIUNIY

q o
i3 a1 4

= [ va 1 A o 66 1 [y
wnaiia1desunn Fuduauaudimuidainludssendldaudeiuivan lagisasniy

9

userumiiauelugui 2.11 Wednguseiudunainnvinnveeansudanesdmwalinig

a1 [d 4

Aumudunaianduetiud (7, Z0) LazA1ANAIUNIUBIANG (7,,) NTUNIATILIN

9

1DANIIUTANDS Ms - Moy @unsamlassanuduiusaslull [n1eunuln 5]
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Tour = (2.20)

+
R ry ) 5"

e R, Aemminumeluvesuvasinenssua 7, wazlaesil (R, //r,)>> g, , vl

I, U99NTHAUIZIN [A1ARWIN V5]
Tt = (2.21)

Alu3993 VDBA wuumalulagueansiudawmasninausluinerdnusaduil fagua

(%
0

2.7 AuUsznouluAI8n1TNI9IUTENINITTVEIUAIAINYT LAEINATAIULIIFY 1A8I9TT

[y ' a £

aanaanandinulunisusudnsiveisarauialagnisuusatnseualudanis

didnnsefindainnieuen wenaIndaeasdafliAmanufunIuBUNREs LazAIAIUATUNIY

L@1ANATIAAY

2.5 WaN1331aBIN1INIUINDT VDBA
hdefiagndnidmaniziassnmavhanlasliiusunsy PSPICE LilolanianaaudF
2992995 VDBA LLU‘UEL%ILVlﬂiuiaguaﬁﬁ/li’lu%ﬁm@ﬂugﬂﬁ 2.7 Inemssraesmsvhauiuede
weluladueans ulamesuuin 0.25 um Yasu3em TSMC Fafmunsdnsnaiuninuninese
AuevestesinIzud (/L) vomsnudamassmsnai 2.1 uwaelilifsaviniu +V =
~V = 0.75V wa I = 50 A 3nRan1331aen1sinurenasitianenuinfimasind
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uregunsaldiannselindimaifeannssiu. laeiluieassiuazdsenaunisaunsal
didnnsedindnugiundenudfyianis loun Auiudseglnii (capacitor) fauisaiinly
Uszgnaldauldegrmainvaty ey 19snsesdyaia (filter circuit) 199500adaia100%
(oscillator) slusiu witllpsandnuasymanenimvesdnfiulszliniduaunsalnadnd
vurnAsudelrg Yilrlanunagassanun Medsldanunsadiumla asudsdanuidediu
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3.2 299sgauitAnueInuuuUuAldnieBiinnsetinditiaue
293gaurnglnliuuudsudildnsdidnnseiindiivhiaus [10] FsUszneude
2995 VDBA d$1unuaesssesiufuiiununuvassiisiuiuvisinagiuiudsyqliid
Weunsnddurumiledn uanadeguil 3.1 Weliaseiisesguianugliiihfinauelae
91feAnANTRve93993 VDBA Tumegauafifsaunis (2.1) delaaduiiwaudduns (input

impedance, Z;,) U93NATNINY [A1AKWIN A1]

1 1
Zin:Rl+5:Rl__+ (3.1)
lin gml (gmlcl ]
S —_ -
ng
dofvualdh R, = /g,
1 1
» IR (3.2)
SCeq S(gmlclj
ng

Fampuabninaa (equivalent capacitance, C.,) NHUATIRTUMNAY [A1ARWIN A1]

EaEE, (33)
gm2

W g (i = 1, 2) ABERTIVEIUAIAIINUN g, VOINAT VDBA §a71 i aunIs (3.3) uandli

Wiwdnsasauai g liiaiawetauisausuaiasglninauyaldlaen1susu g
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iinRV
My I
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G
WAZ/NID g
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I
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3.3 2993puA1ANNg I dLEwe luneu iR
Solineisasitiauefmenuandinisiauluma foRvesnas VDBA faunns

(2.2) WUIABUALAUTBUNAVBIIATIVIIAY [A1ANWIN A2]

a,g, , —sC
Z =R+ 2om2 1 (3.4)
1 {a]gml[angZ(ﬂz _ﬂl)+sclﬂl ]}

187 a; AoAIANLTEUUETUATARINUSATIVEEAIAILEITENINTD p kAT N ONENIUY

Y

(%
[

Ufth 7 luvai Bi AerAuRananlunsaEiuLsuaInts 7 Wi w 1891993
VDBA ¢l i

Lﬁaﬁﬁmwﬁf >> [oagma(fr - )/ICIA] wae Ry = 1/(eafigm) V993935 VDBA
TumsUfoa aelddrmnugluiauyavensnsquannugluitlugd 3.1 lumsujon

WINAU [AANUWIN A2]

C,= APi&m 1 (3.5)

85

naunstsukansiiiiniid1nugliiauya awinanueaiaindoulainarlunig
N = = L%
VoY) B INNANTENUYRY ay e WaE B BsannsauTuvaelalaeniskus g, wag/
=l
NIV G2
mAazinaEndiaiaubl (sensitivity) vasrauliihauyasenisideuud

gunsnluenfinuazmadnluins azld [anAnwan a3]

Co _ Y . Cial
§ S A A1 (3.6)
Soieq — S;:qu — _1 (37)
Ay Ser =1 58)

aunstedununamanubiviuadvunaliiunis wandiiuinsiauaudfainnuls
san1silasullatgunsaiuaafinuasnadnlul99sia FURduatesnIninvedas
UAaUD ¥NFI9E19TU NANTUIENNT (3.6) NINAIDIAUTENDU g, HANLUABULUALNNTY

1 % AgyilvirauglihauyareRsiAniuTy 1 % Wiy
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3.4 WAN1SIIABINITNNIUYDINTS
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winfuvesgunsaldssalsl R = 632 Q U7 3.2 UanIHan1331a0INanouaueImIInI i
yoneasitnausluzuil 3.1 Fasasiiiausaunsavhauldsnenuianaialsiiu 10%
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AANaIAUTENIN 4.4% AINNANaUANBIRINA1IREAILAWINIsTiRudennd oy
oAl mquivesiaLiuUssglnliismaves i, vt v, g 90°

U7 3.4 uanINANIIT RS IHARBUALBIMISANAAYB s T EusluzUT 3.1 Tasuus
A m1/gm2 V942935 VDBA a7 i dlo R, = 1/gm fis1vazBunsnised 3.1 fuual
Vin = 50 mVy__Ci =1nF
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Vin iin
(mV) (uA)
70 80
Iin Vin
oW N I Y
” ® "f'\ ‘1| |l;\ '.l|| 1: rll'\ 1
0 0 '; | / ,r k‘r f "l / R /
7 v
B ERNTE RN RN
-35- -40 \ -I _."l \ \I ll \ |] ,'l "l l'
T ;
\-j\\ ;" \-‘] Wy }‘,_‘l' \-} o
-70- -80
0 5 10 15 20
Time (us)
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I Ip> Zml gm
25 100 0.79 1.58 1.27 0.5 0.5
100 25 1.58 0.79 0.63 2 2
200 25 2.24 0.79 0.45 3 3




a5

3.5 NANIIRONAADIAIYINTITIIY
vhdeilagihiauenansnennaseneasieesasnamnmgli fiiauslusy
# 3.1 lngisgazidoansdunsiziisasiagldlediues CA3080 [11] uazloFiues LF356

[12] fs3Uf 3.5 waziloaniuuunHusiuidan na1elugun 3.6

ﬂ, Rl N1, 1T SN
+o )%

Vin

Zin r _
I \ VDBA 2 22 pF |
: Il i
: 10 kQ !
P AN H
| Ip |
e B, e

5UN 3.5 29saalArnug i iitaueluguil 3.0 dmSuuiulasiu
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IBl

L] '

1 P

1 |
[

JUN 3.6 MnengruIaTiIivesdsauaanugbniilugun 3.1

U7l 3.7 uansnanisiananauaLen1InLiveasesnaaIng Wi fagui 3.5
dlo +V = =V = 5 V inefvualil g = g = L mAIV (g1 = Ipp = 50 uA) wazideonld
C; = 1 0F 9naun1s (3.1) ald Ry = 1 kQ ez C,y = 1 nF HaNITIANANBUAUDIVDY
293ileWa15u7l /= 10 kHz, 100 kHz by 1 MHz agwudnsinamasiemiiiy -86.2°,
-66.7° uay -26.1° audd fiunsesaumanug il itauedisuil 3.5 fauanding
vhauiaonndosiugiiulszalwitlugisaanud 10 kHz fv 100 kHz

U 3.8 nansiananeuaueIsnLiieuys g, Tnefvuelf g, = 1 mA/V
uay C) = 1 nF ilofinsandl £= 10 kHz azldsrsazndoamanuqliinasyalumangud

'
va o I

WagN U URMNI599 3.2 NSUTIANANUAANAININNNTHENARDIRTY  JUN 3.9 Uanadly

nansiananauauemsalEesssivausluzui 3.5 dedenld Sxi wWwideaiu
gm2

AN399 3.2 91nwan1sveaeddieRasandl £ = 10 kHz wuinsasilyusiamlaminiu -89°,

-84° uaz -81° muddu FalndiAesiunanianguie -90°



CHL 1Z1 TRE 20 ke, 200 o
20k : : : : : Dol

2k

Magnitude (€2)

200

CHz

34

-13

-60 P

-107

Phase (degree)

154

IF Bl 388 Hz POWERE .5 dBm SHP 3.A52 sec
START 18 kHz STOP 1 MHz

JUN 3.7 LN TINHAROUALDINNANNDVD1ATIUFUN 3.5 W0 g = gmo = 1 MA/V

CH1 2] T&B 58 ko, 580 o 29.118 ko

Avg

SHP  2.852 se

IF BHW 288 Hz POHER .5 dBEm

START 18 kHz STOP 1 MHz

H SWE PARAM YaL YAL

] 10 kHz 29,118 k& 559.85 pF
1 =20 kHz 14.234 kR 558.681 pF
2 40 EkH=z T.1891 k& 555.21 pF
3 70 kHz 41556 k2 552.8 pF
4 100 kH=z 2.9498 k9 549,97 pF
5 180 LkH=z 1.7225 k&2 541 .89 pF
4] 300 kH=z 1.1424 kR 527,16 pF
7 500 LH= g8532.76 2 495,01 pF

(n)

Eﬂﬁ 3.8 NANITIANANDUAUDINIIVUIN Lﬁ@LLﬂﬁ Zml



T&E 18 ko,

208 o

IF BL 2688 Hz
STHRT 18 kHz

POLER .5 dEm

M SWE PARAM

-l N B~ = O

10 kH=
20 kH=
30 kH=
a0 kH=
20 kH=
130 kH=
200 kH=
300 kH=

WAL

7. 2696
3.6924
2.5284

1.618
1.1456

4N
k&2
kS
k&
k&2

B86.18 12
T2 R
717,92 8

SHP  3.852 sec
1 MHz

STOR

VAL

2.2039
2.1941
Z.1808

2.166
2.1383
2.0804
1.9747
1.7911

nF
nF
nF
nF
nF
nF
nF
nF

4.2283 ka
18 kHz

IF Bl 388 Hz
START 18 kHz

FOLER .5 dBEm

N SHE PARAM

bt I Ty [ =t R T e i |

10
15
z0
30
30
70
100
150

kH=
kH=
kH=z
kH=
kH=
kH=
kH=z
kH=

(R)

WAL

4, 2203
2.85822
2.212
1.5714
1.0966

ka2
k&2
k2
k&2
k&

DE2.13 &
g12.84 o
F4E.B5 @

3TOP

VAL

3.8467
3.8249
3.8236

3.793
3.7586
3.7171
3.6414
3.4756

JUN 3.8 NaN15IANAROUALBINNVWIN tHOUUT gt (5B)

(N) gm = 0.5 MA/V

SUP 3.85Z2 sec
1 MHz

nF
nF
nk
nF
nF
nF
nk
nF

(m) gml = 4 mA/V
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CHz Az 18.26 =/ EEF -6@ ° -39,.867 =
[SSUUUSUUTUN FUSTUUUL SOV SRR SOV OO AR 1B kHz
S
IF B EBB-HZ - ﬁDHER .5 dBm SQP -3.952.5éc
STARET 1@ kHz STOP 1 MHz
H SWE PARAM Vil
n} 10 kH= —-89.087 *
1 20 kHz —-a37.901 *°
2 40 kH= -35.118 @
3 70 kH= —-81.858 *=
4 100 kH= -78.837 *
5 180 kH= =71.322 °
[} 300 kH= —&1.757 °
7 500 kH= =50.568 =
(n)
CHZ Bz 22,183 =/ RBEF -5@ = -833.945 =
; ) V4 (N SGR N (i === F) ¥ L1l kN
El:lr' ................................................
bE ..........................
EA1 9 | 4 TN \:00 i) 05 00

~lohon B = O

v

(N) gm = 0.5 mA/V

SHP  3.852 sec

5 dBm
3TaPF 1 FHz
SWE PARAM TAL
10 kH= —53.948 °
20 kH= —7/9.256 ¢
30 kH= —74.157 *°
a0 kH= —-A5.339 °
20 kH= —54.341 *°
120 kH=z —41.636 ¢
200 kH= —31.514 °
300 kH=z —24.385 °

G))

5UN 3.9 NAN1TIANAADUAUDININLUINE HBLUTAY g

3

() &m1 = 2 mA/V (@) gml = 4 mA/V

49



CHL Az 36.59 =/ REF @ = -G@8.189 =

FOHER .5 dBEm SHP _3.852 sec

IF BH 2B& Hz
START 18 kH=z STOF 1 MHz
u SWE PARAM VAL
] 10 kH= —80.109 =
1 15 kH= =75.729 *
= 20 kHz —71.397 °
] 30 kH=z -53.387 °
4 50 kH= =50.995 =
5 70 kH= —-41.87 *
& 100 kHz —32.75 *
T 150 kH=z 24,260 °
(A)
JUN 3.9 NaN1TIPHARDUAUD I NLUNE LBUUST g (71)

(M) gmi = 0.5 MA/V (V) gm1 = 2 mA/V (M) gm1 = 4 mA/V

A1597l 3.2 eesidunues C,, Weuds Sat

50

Em2
Ig; (uA) Zni (MA/V) L Cey (F) ANAINAANATN
Ipi I | gmt | 8w | Eme | wamvge) | NanUfus (%)
25 50 0.5 1 0.5 0.5 0.56 11.96
100 50 2 1 2 2 2.21 10.23
200 50 il 1 a4 4 3.85 3.83
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3.6 nsUszendldeuvesnsasguAinuglnihinitaue

mM3Uszgndlfamensasquatnnugliihiitiausluguil 3.1 Taedaasziiduams
nsoIUAUBISUSUALULTIME$I3SS (fourth order Butterworth low-pass filter) wans
”ﬂgﬂﬁ 3.10 lefvunlinudsvesn (cutoff frequency) fi = 100 kHz &391nvnIs
wasuealad (normalized value) waznisawna (scaling) [13] freAawnaniud (frequency
scaling factor) k; = 628 kHz wagAanavuin (magnitude scaling factor) &, = 1000
ndsniuagldengunsallnddinsied 33 oy C; wag G, Aldanmsanadzgndeuny
MvrsasgaAraNglniiidauslugud 3.1 FsilsioaziBonves Iy o g, 1992995
vDBA Wulumumns1sil 3.4 [anawuan ad]

Ul 3.1 wanerad1assnaneUaLeINIIANLivesaTnTesiuAINR i S uiUA
wuutinaesifslugud 3.10 Tnglthssgaurrm uqlwinfivaue Werdmuelk C, = 1 nF
NARaNIINaIM v nuiiauaenndostunanimauilutienud 1 kHz 8¢ 1 MHz
Tnondsann 1 MHz azwuisansvinanuveniasnsasiueminianuiionanluaind

NN iesndeininlug 19U URuYe995 VDBA

Vin i Ceql K& i ECqu BT C4?£ i § Ry Vout

JUN 3.10 WIsNIRANUAIduFuakuuTawesssingldrnsaumaugliih miaue

a a ! o o s ¢
M1919N 3.3 5']8@3L@EJ@ﬂ']QUﬂimﬂUQQf\]iﬁaﬂﬁnﬂmqﬂqﬁuaiu@a‘la"ﬁ%aSﬂqialﬂa

L, (mH) C, (nF) L; (mH) C4 (nF) Ry =Ry (kQ)

1.218 2.941 2.941 1.218 1

M1919% 3.4 18a8LDUAVRY Ip; WAY gy VBII9AT VDBA dmTuA1 Cogr WaE Cepa

1 i ( A) mi (mA/V)
Cey (nF) iRa &
Ip1 Ip> gl gm2
Ceql =Cr,=29 200 25 2.24 0.79
Ceqz =Cy4=12 150 100 1.94 1.58
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Gain  Phase
(dB) (degree)
0- 0 -
e
‘> Gain -
\ o
601 -100 A 5 . /
Phase \{/ /
-120+ -200 \ \w\
Y :
\
\
-180+ -300 \\ AN
: ™.
NAN1TINA0Y Tl s \\ —_
- === AU REin el o4
-2404 400 +—F—— ‘
1k 10k 100k M 10M 100M
Frequency (Hz)

SUN 3.11 NAT1ADINARDUAUDININANUDUDY

v

' 6 o o o o s as 4:4'
'NQiﬂﬁ'e]QNWU@?W&JEW]"I@UWU&LLU‘U‘UWL@@inﬁﬁiugﬂ‘ﬂ 3.10

3.7 @3l
unillidnaueisaspaainnuglniwuuuiualansdidnmsedndlaglddnivlsey
T eunsn BaneluuszneulUmeans VDBA snuiudesia ffuniulasiiiulseq
Infvieunsndegsaeniiadanity iliesiidnyaeseuds Auiiuntey dawaliining
IS ! ! ) 66 ¥ dy U % ! v v aa
gangudonisirluyssendldanuiessiu wenainiliesdaunsausualameisnig
ddnnselindlasnisudsinnszualudaanmeusndniie - nan1391809N159UVEI95T

Unauegnuandbiiiuassaslusunsy PSPICE Ingldinalulad CMOS au1a 0.25 um ¥4

v A

USEN TSMC wazn15Useynaldeauesiasniiauenigl995nsosiiuaud i dudva

v € acs = a 1 a [ 6 dy = s
wuulnnesiiss satman1snnaeRseuuiuiuilaedains1#1199s VDBA Juainlediues
CA3080 siosauiuleBiuas LF356  n3puiANan1sNaaedd397093993aaA1ANg bnifindg

UauoMeLn3ed impedance analyzer Fawanisegeuiinuaudfiduluaumdnnismng

T
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undl 4
1asgaiauglniuuudsualdneBidnnseting

TaegUs1ANNAAIUNIY

1 o
4.1 nanun
29958idnnseiindlutligiudiulszneulumeninsgass) wa1e19as a7 19930509

a s

feyeynau (filter circuit) 299799aalalnas (oscillator) WHuduy %aﬂwaiuaa%ﬁlzﬁqﬂﬂiai
Bidnnsedindfiugiuiidady 1n dafwumu (resisto) dawdleni1 (inductor) wazdufu
Useqluiih (capacitor) usgunsalmaniiiidodeoiiosminlianusauiuamsdidnnsedndld
dloi3aqd Sunidendunisliiiiausnunsaiieniindy 1y 1995 OTA  (operational
tranconductance amplifier) [1]-[2] 2935 CC (current conveyor) [3]-[4] 1935 VDTA
(voltage differencing transconductance amplifier) [5]-[6] kaz3335 VDBA (voltage

1 A

differencing buffered amplifier) [71-8] islaniansfiau fie dnwarnisnignimaniald
usaulWiBse Hedsennsausualdfeisnmediinnseting vinlsesiamumngas
sonsiluussenaldnunaunuaunsainta@nyingnge
nmskuenuidelusfniisaiurnsnuaeugihidaeseitudegunsal
woAiW aznuinnuAtedaunis (91-111] 2easTithiauetuginsssnoulufesdumumna
Fl Wuieafivaesgudenugliihiausiuond 3 [12] Fdideideidesandosduun

'
= & A

fuiluasassadindu. nmguaindiamndisdy Inerdnusunidditnguszasdiie
dupseinsespaannugliinlngysaandadumu (13 deeenuuusegunsalueaiil
ndnfe 2993 VDBA fifllassadrenmeluladudeu Svanisufifeuiinds wiewisaunso
yaumeldussiulndosiBade ssiituaustsznoulude 2993 VDBA Suuaesi
wazduAuUszgliifismilsanhbu fiddgunsaitiseninssiiiausluuni 3 vl
fanuisuie dudouanas edsannisldruaiuiluasessudnie uenainiissd
Wnauedflguaudilunsusualinididnnseindlasnisuusanssualudaainnieuen
Faranmshauvensasgruandliifiuaiaenadiasmanisihaulaglusunsy PSPICE fae
welulad 0.25 um CMOS 109U3EM TSMC 51T maINNSNAADIFIEI9sT3Tidaasen

nbaduas CA3080 sasuiulediues LF356
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4.2 299sgairAnugniuuuiuAldlasunandaduniuiiaue
2asguAra i uuu fualdlaeUsmngdumuiitiaue IEduasegit

Tngl42995 VDBA smuuaesiinagiuiuuszqluiihduunisinuansdiagud 4.1 [13] e

AnTzisasguAiaugliiniiauseauantRvenias VDBA lungauaisaannis

(2.1) WU BuALALGBUNS (input impedance, Z;,) Y83935WAU [A1ANWIN 91]

Zin:‘.}l:L Sm2 | : (4.1)
i, sC\g. sC,

in eq

Imaﬁmmmaﬁw%amga (equivalent capacitance, Cey) UDINIT WINAU [A1ARWIA 91]

C = [ Em jC‘ 4.2)

eq
g m2

18 g, ADENTIVEIBAIAINLYIVBIINDT VDBA Fai1 i (i = 1, 2) slatuAadnuglnihauya
Y839399300A1ANNY N T Laue iR 1UTUA ALlAgNISAIUANBATIEIUTENIN g (U g1

TULDY

G
Il
iin
Yl
+ 0 n
n VDBA
le’l -
r L il N
W —©
VDBA
n @

5UN 4.1 2935anA1nNglnihuuudsualalagusiaaindiunuiiaus
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4.3 2393p0A1ANNY IWRILuUUSUAlalagUs A @ UL luneUUR
MsiAszisasgumamgliihitiauefmenuantiveisas VOBA lumeUjia

AIENNTT (2.2) AlPABUNLAUTBUNFIVBINATWINTU [A1AKWIN 92]

A 1 1
7, == —| Z2bm | (4.3)
i, sClag, ) sC

in eq

o o; A9 AAULTEAUUVDIPRTIVEIUAIAINUNTENINNTT p Wazdn n Naw Ui z

Tuvue? f; Ao mAnuRana1nlunsdrulLsmueInga z 1UGwa w 9893995 VDBA @il i

a
C, = Zibui C (4.4)
58,

Fawandifiudn a; 1992993 VDBA dudwansznulasaswionianiuglnianyavessas
NIAANANTENURINAAINTaNIZIN LA LAEUSURAN gy BALYE Lﬁ@lﬁmmwmﬂvmmmﬂamm
2esihinaueimulndifesiunanangud

AnsandRAIANAL (sensitivity) 189 C,, somsiissuumgUnsaiionitniazmnadly

2995NULaUeze [N1ANUIN 93]

Ao B (@.5)
S S (4.6)
WAy Scch =1 a.7n)

FanudrAvanuavuialiiunis daduauandieinnelivesisasauinugliing

Wauedadimanulienisilssuurigunsaiuonfinuazniadnlulwsiim
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4.4 NANTITINABINITNNIUYDINNDT

naN3IaeIMITNNLIeTNRTAAA Nl i auslug U 4.1 duansliifiuase
selusunsy PSPICE angldwalulad CMOS wun 0.25 um e3u3em TSMC  lornunlsy
+V ==V =075V v, = 50 mV, waz C; = 1 nF lneidonld Iz = 80 pA (g = 1.41
mA/V) wag I = 50 uA (gm2 = 1.12 mA/V) gﬂﬁ 4.2 LAPINANITINADINANDUAUDINIY
AwvesssTiiauslusufl 4.1 anauns (4.2) agld C,, = 1.26 nF dawanissiassns
aruwandliifiuinnsesamisainanuldlugieninud 1 kHz §1 1 MHz §aea1a91y
AawanalaiiAu 109%  Tesnisvieurensasfitiausiinnnuianaialuainatlunimgud
n&9nAud 1 MHz Suinaiiiennandisuiiiueeias VOBA  an1sd1and
NARDUALDINIIAUANIFITUT 4.3 15afia1san? / = 200 kHz dgnuinguiasewing i,
e v, Wi -89° TnedleAnuiananngsanlaiiiy 1.11%

U7 4.4 Wansnan1siaeamaneyauesALivesIsasiinausluguil 4.1 euus
Zm1 UD92935 VDBA Fellsvazidenuansianisned 4.1 Wesvualey w2 = 1.58 mA/V
Vi = 50 mV, wag Cy = 1 nF

Mag. Phase
(Q) (degree)
IM - 50 |
: NAN1II1ADY {
ey Magnitude By
Bty
10k - 0 ’
e
"~
e
\.\\
~
1001 -50 e
N
Phase ™ e
f"/ “s .
\ _—_—‘.'__'"'::_ A J{“_. i
14 -100 % L
1k 10k 100k M 10M 100M
Frequency (Hz)

JUT 4.2 nan13dnaeraneuaueImAInvenRsiiauslugun 4.1



Magnitude (€2)

p—
=
S

IM

—
S
~

-35 -

=70 -

Vin

Lin

(mV)  (uA)

70 -

35 A

/i

20

40

i
e .
~ )

s e

-

| "
——

10

30 40

i

r 4 4

\ Znt/gma = 0.5
e

[y

NANTIIINAD

---- wamamgud |

1
1k

AN SR

10k

Gnilgn2 =3

100k

IM

L4
&
FR\VAN
p NAL\
\
\
\

10M
Frequency (Hz)

JUN 4.4 HAN13TARINANBUAUDINNANUDIBUUTA Z1/Emo

A13197 4.1 578982 88ANISWUIA gt b8 Coy

I
25

I (uA)

Ip

gmi (MA/V)

200
400

100

gml
0.79

Em2

2.24

gml/gml

Ceq (nF)

3.16

1.58

0.5
1.5

0.5

1.5
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4.5 WNANSADNARDIAIYINATIIY

L2

lunmseeniuuaasguatnugbiindnaueluun 4.1 Tngldrasisygndunsiey

a

Jusnelefiues CA3080 [14] uasiue$ LF356 [15] desaufudnfuuseqlniluandddagud
4.5 waznMNBuHLIIRNTILARINaFUR 4.6

AN innaneUauBmMNIANLAvessTAUAIANLg i it iausuandldfigUT 4.7
Jlorvualsl g = gwo = 1 MA/V (g = Ipp = 50 uA) wae C) = 1 nF a¢ld C,y = 1 nF
Tngfaasvinumeldussiu +V = -V = 5 V. annuanisiananouausmaned £ = 10
kHz, 100 kHz uas 1 MHz luguyuavesiaasnuinflawindu -88.3°, -74.4° uay -25.3°
audU Falauaenadesiunaniamguife -90° saudesasanunsavieilutiannd

Faus 10 kHz 89 100 kHz

G,

Il
'\ VDBA_1 2ﬁﬂpF
i 10 kQ i
: qp—l\/\/\,_ﬂ 1
i Ip i
f BN |

gm2 + i
) LF356 2 i

JUT 4.5 29aspauAnug i mdnaueluguil 4.1 dmSuukuiasiu
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UM 4.6 nnangurulsiuivesasaamiaugnfinlugui 4.1

JUN 4.8 LWansHan1TIANARDUANEINILIAYEINR T Naualugui 4.5 Wevin1s

WUS g1 BINRUALA gpo = 1 mA/V tag C) = 1 nF laefRarsand f = 10 kHz aglann

Coy Tummguuasnisuia sauderianuianainilaainnisvaasuandlunisnei 4.2

TuvnienansInNanaUaue I AT TN LALoE N TaRARS AR UN 4.9 Tneuys

A1 g VB9 VDBA F97 § LYULREIAURITITN 4.2 MnTIR15adi f = 10 kHz aglaysnia
1 - a1 -2 (o] (o] (e] o = = v [y

FENIN iy UAE vy, AAWYINTU 2937, -87 way -83  MINAWU FellnnudenndasiuNani

NguiAD -90°

CH1 2] T&E 28 ko, 208 o
20k : ]
A
G
N
Q
X
R
=)
on
<
=
200
CHZ Bz 1@ =/ REF -G@ =
220 R SO S S S SO PO PP RPO SUUUUPPPPE SOUUUE SPPRR I
—_
a 40 R, : :
O [ f=100kHZ .....
hs) oo : : S
N N .
[
7]
[+
‘g .
A~
-100 : : : R : : : [
IF Bl 288 H=z POHER .5 dBm SHP . 3.052 sec
START 18 kH=z S5TORr 1 MHz

UM 4.7 a5 IANanaUaUoImMINANNYRNRTIUTUT 4.5 W8 g = g = 1 MA/V



1Z] T&E 5@ ko, 2688 o 25.212 ka

I[F Bl 3@E Hz POWER .5 dEm SWP 3.852 sec

STHRET 18 kH=z STOP 1 MH=z
i SHE FPARAH VAL VAL
0 10 kH= 25.212 kR 622.09 pF
1 20 kH= 12.716 k& A24 .46 eF
2 35 kH=z T.3316 kR B20.92 pF
3 B0 kH= 4.3061 kR £18.59 pF
& 100 kHz 2.8132 ki B615.56 pF
9 180 kHz 1.4852 k@ B10.24 pF
5] 200 kHz Q48,97 2 G03.77 pF
7 500 kHz R4Z.TT1T &2 590.99 pF
(n)
CH1 AZI T&E 18 ko, 208 o E.95E3 ko
{? .
chedfT. N1 7% (7%
R T
g
IF Bl EEEIHZ . : = ﬁDuEﬁ. .5 dEm ) . SQP lE.GEéISéC
START 1@ kH=z STOP 1 MHz
H SWP PARAM VAL Vil
u] 10 kH=z= f.9563 k2 2.1302 nF
1 20 kH= 3.5131 kR 2.1218 nF
2 35 kH= 2.0464 kR 2.1083 nF
3 60 kH= 1.2433 kR 2.0983 nF
& 100 kH= 813.97 2 2.0841 nF
3 180 kHz Se1.13 &2 2.0533 nF
4] 300 kHz 461.79 Q 1.9954 nF
7 500 kH= 418.33 Q 1.8681 nF
(%)

5UT 4.8 HAN1TIANANBUALDININUUIN HOLUT g

Y

62



CH1

1 Z]

63

4.2137 ka

g
g

T&E 7.149 ko, 268 o

118 kHz

I:I:lr ...................................................
Avg
g ettt
IF B EQGIHZ - #DQEE- .5 dBm SQP -S.ESé-Séc
START ~18 kAz STAP 1 FHz
W SWE PARAH TAL TaL
0 10 kHz 4. 2137 kR 5.8303 nF
1 20 kHz 2.139 kR 5.8062 nF
2 35 kHz 1, 8748 kR 5.7803 nF
3 60 kHz 215 3.7622 nF
4 100 kHz 586,250 207315 nF
5 180 kHz 465.9 1 5.6552 nF
& 300 kHz 423,798 3,5081 nF
7 500 kHz 406.12 R 5.1931 nF
(M)
£ \, 4 .
UM 4.8 NANTINHARBUALDINNVUIN (BT g (7D)
(M) gmi = 0.5 MA/V (V) gui = 2 mA/V (A) gm1 = 4 mA/V

A519% 4.2 51

gazfunnsuUsA Co, Wowdsen g,

Igi (UA) Zmi (MA/V) Y Ceq (nF) ANAIURANATN
I Ipp | gwi | &o | 8m | wamavged | wan1wujin (%)
25 50 0.5 1 0.5 0.5 0.62 24.42
100 50 ! 2.13 6.51
200 50 1 3.83 4.24




CHz Bz 18 =/ REF -6@ = -93.521 =

IF Bl 38 Hz POLER .5 dBm SWP__3.852 sec

START 18 kHz STOP 1 MHz

H SWE PARAN VAL

] 10 kH= —-03,521 °
1 =0 kH= . 2 °
= 35 kH= —86.699 °
3 60 kH=z -84 .64 @
4 100 kHz -81.683 *
5 180 kH= =75.945 *°
f 300 kHz —-A2. 148 °
g 500 kH= =57 .299 *°

(n)

CHZ Bz HRGREF  Sodr @ -8E.7BE *

IF Bl 88 Hz POLER .5 dEm SR 3.852 seco

START 1@ kHz STOP 1 MHz

H SWE PARANM VAL

] 10 kH= -86.7hA °
1 20 kH=z —B3.342 °
b= 35 kH= —T gl Sgf®
5 60 kH=z —F2.299 =
4 100 kH= -a2.381 *
5 180 kH= 47802 °
4] 300 kH= —34 . 482 °
T 500 kH= —23.944 °

()

5UN 4.9 Hansiananauauenula WeuUse g

v

(M) gm = 05 mA/V (@) g1 =2 mA/V (M) gn1 = 4 MA/V
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CH1 Az 11.85 =4 REF -5@ = -83.883 =

IF Bl 388 Hz POLER .S dEm SHP__3.852 sec

START 18 kHz STOP 1 MHz

N SWF PARAN VAL

n] 10 kH=z -83.803 °
1 20 kHz =7¥8.557 *°
= 35 kH= =71.0687 *
3 60 kH=z -60.101 °
4 100 kH= 46,75 ®
5 180 kH=z -31.281 °
5] 300 kH= —20.2589 *°
7 500 kH= —14.207 °

(A)

SUN 4.9 Nan13InNanaUaLIN LG WK g, (79)

Y ]

(1) g1 = 0.5 MAYV (W) gui = 2MAN — (R) gy = & MAIV

4.6 naUsTENAldeILYeIRNaITANAIAfN TN LEue
UDNIINHANITINABINITHNNULALHANITABNADINIYINITITIVBIITANAIAIY
loliifitnauelusuil 4.1 uwk luhdetheiauenisussgndldannluiaansesiund
Asusiuaed (second order low-pass filter) LLaméﬁgU‘ﬁl 4.10 ilorwualy v, = 50 mV,
R =510 Quaz L, =05 mH dmiuasasguannuqlihiitiauslusud 4.1 1ddenld
Ip = 80 uA (gm = 1.41 mA/V) Ip = 50 uA (g = 1.12 mA/V) wag C; = 1 nF 3¢
WU Cpy = 1.260F  U# 4.10 azanansadinsizvivnilsidudioleunssfu (voltage

transfer function) U9941925050IANUAAIDUAVABIAWNTU [A1AKUIN 94]

1
LC
H(S) — Vout (S) — 1™ eq

vin(s) S2+S & + 1
L) LC

eq

(4.8)

Tnefiruddvesn (cutoff frequency, f) wagirusenaunuam (quality factor, Q) ves

WITUANYINAU [AAKUIN 94]
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= (4.9)
/. 2r,[LC

eq

1 / L
LAy =— |— (4.10)
Q Rl Ceq

JUN 4.11  LARINATIABINARDUANDININAIINAYDIITINTBIHIUANUDATUA DY
AItiuAINANNTT (4.9) wag (4.10) agle £ = 200 kHz uag O = 1.23 2INKAN15INABIAAT
Tiuinuaudfnisiinurenesigndesdulumumannismamguf Asusgieeaud 1

kHz 8 1 MHz &w6eainaud 1 MHz #an1531aeen15viauiiianainliaingauniiu

LRANNYMNITVINIIUNINNAVD9935 VDBA

Vin i Ceq i Vout

U 4.10 199snsesanudmauivaedlagliisasamainugliihmiaue

Gain  Phase
(dB)  (degree)
60+ 0 —
“"\ Phase
\ yd
\ /
0 -60
.
Gain ™
\ NS /
604  -120 P
NaN13I1a89 \g / _‘_‘\
- === KN '\‘:--. Py il
200 igo b L T L
1k 10k 100k 1M 10M 100M
Frequency (Hz)

v v

SUM 4.11 HATI0INANBUANBINNAINAYDINIINTBRIUANUAABUAUFDIlUSUN 4.10
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4.7 &3y

29959UA AR wuuUSUA AN Biannsedindlagusiaaindaduniulagn
thiauetu Fsusenoulufensas VDBA S1uiuaesi LLazé‘f’;Lﬁwigaﬂw%wLﬁawﬁqéfuvhﬁ'u
Fefidnwarannsfidouieninesiinaueluuni 3 dwalildfiuilunisesnuuuises
anas uona1niasguAtn gl A naueddiaunsausuailddaeisnisnia
Sidnnsedindlasnsulsdnanvensa1aIani1vens VDBA Gawanisiiasmsiaiuuas
MrvnaeIfieNITse Twdsilulszgndldauluisasnsesiunudmsuduasaduri

Tiuinwspumanugliihndiausiinnugndemazduluaumdnnismnameug

4.8 tonasdnedeunil 4

[1] R. L. Geiger and E. Sanchez-Sinencio, “Active filter design using operational
transconductance amplifiers: A tutorial”, IEEE Circuits and Devices Magazine,
vol. 1, no. 2, pp. 20-32, 1985.

[2] E.Sanchez-Sinencio, R. L. Geiger and H. Nevarez-Lozano, “Generation of
continuous-time two integrator loop OTA filter structures”, IEEE Transactions
on Circuits and Systems, vol. 35, no. 8, pp. 936-946, 1988.

[3] A. Sedra and K. Smith, “A second-generation current conveyor and its
applications”, IEEE Transactions on Circuit Theory, vol. 17, no. 1, pp. 132-134,
1970.

[4]  A. Soliman, “Inductorless realization of an all-pass transfer function using the
current conveyor”, IEEE Transactions on Circuit Theory, vol. 20, no. 1, pp. 80-
81, 1973.

[5] A. Yesil, F. Kacar and H. Kuntman, “New simple CMOS realization of voltage
differencing = transconductance amplifier and its RF filter application”,
Radioengineering, vol. 20, no. 3, pp. 632-637, 2011.

[6] D. Biolek, M. Shaktour, V. Biolkova and Z. Kolka, “Current-input current-output
universal biquad employing two bulk-driven VDTAs”, International Congress
on Ultra Modern Telecommunications and Control Systems and
Workshops, Article number 6459714, pp. 484-489, 2012.
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Toglganudszgiisunsnag

5.1 na17un

Y

gj 1A = L4 = ¥ o 49{ 1 1
GNLLG]E]ﬂWQUQQ‘ﬂ‘UQU‘N@UﬂﬁULL@ﬂWWl@ﬂﬂ‘Ll']Lﬁu@sﬂuﬂﬂ’]\‘mﬂﬂﬂﬂﬂ bYU VT CcC

9 Y

(current  conveyor)  [1]-[2] 2935 VDTA (voltage  differencing  transconductance

amplifier) [3]-[4] 3995 CDTA (current differencing transconductance amplifier) [5]-[6]

£%
1A

1495 CDBA (current differencing buffered amplifier) [7]-[8] 1Jusiu  gunsalwenaitvmanil

° = ) % = A 9 2 =
aqﬂqﬁﬂuqiﬂaaﬂLLUUQQ"\]ﬁiauLW@ﬂﬁgﬂJﬁaNaaiyiyﬂmV]’NLL@ugaaﬂ YIUVUINNADUVIIANY

[

Flldnuiluniseenuuuasassananas waznelitAnmdslnfiragde des uonantl
gunsalueativuadindsaiunsalsualanieisnismisdidnnsetnddndae Taeiily
Uszgndltauliegramainuals o 29asnsesdaanns (filter circuit) [9] 293tduLUY
Fumflenni (inductance simutator) [10] N%@mmmmﬂvmﬁ (capacitance multiplier)

[11]-[12] Wudu

digliwusniigunsalueaiinnidyedn 2995 VDBA lagniiiaue gailyaiauiiioinua

1% '

Yo BuAUGL ANANTY w HuiiA 1 Junzausion1su1esiudakuuaanalulvn
LS99I 2INNITNUMIURANTNUYBINIsANAIALglTh A tauedsuni 3 uay 4 Tu
a a ¢ o A ! [J ' a o IS o
Inenfinusatull wuitransvinnuesvsaaaanuiiihidiaueanuaainniouly
nualummgufilosainainugbnihauyalunisd jiaasiiannuiiuniusesive
PN W, < £ X (8 (N, :
mednelminAnugdedunisluins duluunidaiiaueinsauinuglnii [13]
Panunsausueananuglniauys uazdiaudunvauyalanedidnvselinddiednsiveny

mudIHuNIsiUsAInTERElusaInatguen . ANIMARaYTINALIIEINIT0ANAIA1Y

v
a a a =

gideinduluiarsasla lnendausuannugliihauyalvlarnundesnsdnaieg &9

e .

29sitinaueUszneulufiensas VOBA S1unuassinaziaifudseqlniluilomilsd Faf
auiFeuhedetlUsenuuu99sTI Feansiiasinsinanuesasgainmgliig
Unauelignuansliiiuasdlagldlusunsy PSPICE aneldmalulaguuin 0.25 um CMOS
Y93UTM TMC niouviananisdenmassiensasasslnglilodiues cA3080 fulefives

LF356 WagInn1shaninan1sving1uneLa3ed impedance analyzer



70

5.2 2993pA1ANNR I UTIAIndIRunIuiiEue
293gaAIAugNiwuulsumlausmndiunulagldiuiulssgisunsig

[13] gndAT129ATUAI2995 VDBA Frunudesiinasiiiudsegliihdruiunilsinansds

sUN 5.1 minfiasanauandfivesas VOBA lunisgauafseaunis (2.1) aswuiia
duilkAugduns (input impedance, Z;,) Wiy [A1AKwIN 91

Zin:?i:L+i:Req+_ (5.1)
ljn gml Sclgml SC

AIUUAIAIINAIUNIUANYE (equivalent  resistance,  Re,) hazA1A1uglniiauya

(equivalent capacitance, C,,) #AWAU [D1ARWIN 31]

R SLL (5.2)
gml
WA C, = [@] (A (5.3)
ng

19 g, A DNTIVLILAIAIINUIVDINAT VDBA Al i (i = 1, 2) Frsasidiauatainise

a o 05 I3 tv} Yy aa a & P a YRl 1%

denUiumesAaUsznauiaaslameisnimiediannseting laeauainnisusuan R, fae
I o g.)/ @ o v 1 ¥ %

N5WUS g lUAIAULIN 1INTUANINITUTUAT C,y MINAIUABINITABNITRUT gpo VDY

7935 VDBA

VDBA

VDBA

i
T°

JUN 5.1 2w9sgarnuglnihusiaandaiunulaglddunulsygieunsng
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5.3 2993pA1ANY IWRIUTIARINAs umUTunIsU TR
NN TUANENTAY99995 VDBA Tunaudfnsaunis (2.2) asnuinduiiuaud

dunpvenIrasiiausdsuuUadlasil [neuuan 22]

in

:‘fﬂ: ! +( %gmzj ! :Req+—1 (5.4)
L, aB&. a,pg. )sC sC

eq

o o; A9 AANLTEAUUVDIPRTIVEIUAININUNTENINNTD p Wazdn n Ndwuludn 2

lne? f; Ao AAuRanaaluNsERULTIIUING] z TUSU2 w 9992935 VDBA #1l i
N5 @ >> [aagm(Bi - f)/Ci] 1932995 VDBA Tunmsufud vinlileien

ANUMUNIUENYakarA1A Nl auyaFeuudasludell [nauwan 22)

1

RASSEL (5.5)
B8,
(04
Wy C,= PG U, (5.6)
8,

aunItsuuandliiiuin ar, op 4a¥ B 1893393 VDBA 93dINaNIENIUARIITAMAIAIY
ihiliiaue  ddudinnuiunuanyediaunis (5.5) fuaiuisaaniansEnues o
way B Lide3snsn198idnnsedindlaenisusunn g, 1943395 VDBA fafi 1
TuvgiReafufaunsausu g, waz/v3e g.» 943933 VDBA Lﬁdﬁﬁhﬂmmﬂw%auyja
TunsufiRseauns (5.6) faalndifesfunammguiandsi

AuauRdIaull (sensitivity) 909 R, uaz C,, siemadesuurgunsniuoaiiv

wazwadnwlureasniaueiiawenalul [n1AnUIN 23]

st =i =y -1 5
Ceq _ Ceq — Cﬂi —

Sal _Sﬂl _ngl o (58)

Soieq :Sgc::qz =—1 (5.9)

way SCqu =1 (5.10)
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Fanudnasandfeinnulives R, uaz C, dwunstisdusivunaliciunds uandliiiug

asniaueiininnlidenisisauuAigunsalueninuasn1ad@ninei endiegrugu
aun1s (5.9) MNA109AUTENBY op LANANATY 1 % wadamaliA1nuglniauyavenasl

Aanad 1 % Wusuy

5.4 HANTTANABINTTYINIUVDIERT

ﬁ’;s’u’aﬂf%ﬂénﬁmamﬁﬁwaaqﬂ'1i*v‘mmmanwsqwﬁmamaﬂﬂﬂ'}LLUUﬂ%’Umiéf
Usraandadumulugud 5.1 Tagldlusunsy PSPICE melémalulad CMOS v 0.25
um YU TSMC  iloruuels Vi = V= = 075 V v, = 50 mV, C; = 1nF uas
Ini = Ipy = 100 4A (i = guo = 1.58 mA/V) %18 Ry = 632 Q uay Cpy = 1 nF U7
5.2 uansHaNsIIABINaReUAueWNANYes s nauelugUR 5.1 luvaziinanis
SraomansuausmInauanslainsgUR 5.3 Weiansani /= 100 kHz wuiiAsmina i,
uth vy, Wiy 65.65° Fallaalndifgsiunalunamguiiio tan(1/wCyR.,) = 68.30°
[14] MgamuRananngeEn iy 3.94%

SUTl 5.4 uansranssasINare UALDWNIANve 1S i tausluguR 5.1 euys
A ga ANAUNTT (5.2)  way (53) aglden Ry, wag C., fes1vazidenlumisned 5.1
ANUALA v, = 50 mV, C; =1 nF 4ag I = 100 A (g,n = 1.58 mA/V) Tuvsiing
NM93180INANEVEUDIVINIANNE (auUsA m Wy 1.23 mA/V, 2 mA/V, 5 mA/V uans
éﬁ’qgﬂﬁ 55 Gasmunli gn1 = 1.58 mA/V WUNAN Ry = 632 Quag Cyy = 2 0F, 0.7 F,
0.5 nF awddiu 9nsasiaesnsvhnureisasquainmgluliniiitauelugui 5.1 thu
wan i AUIIA R,y Way Cpp @nansalduanlssnaeisnisnidiannseliindlaonisuys

DNINVYIYAIRITNUIVDI7995 VDBA
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Phase
(Q) (degree)
100k_ G I by
T
- /" nannsraes | |
10k+ -25 ~— A, --—- wamamgud [T
\“\ /‘
Ny A Phase
lk_ _50 !" g -
%
/f‘ i
A Magnitude
100+ -75 G
104 -100
10k 100k IM 10M 100M
Frequency(Hz)
U 5.2 wan13dnaeanaUaueIMIsANLATesIN T EueTUgUT 5.1
Vin iin
(mV) (uA)
70~ 40
Y hn PEN Vin X -y
A x‘(/ \ 14
354 20 ?\1 N \/ ll 'l: I“. . l’; \
A LN R | e ]
SN Aol £k |
L} '3 |
0_ 0 \ \ F ‘I

|
i
H“'\.‘_

A=-=-7

e
L
F—

h“‘ﬁﬁ—_
"1

-70-

S
S
)“n.._
[}
~3C
="
-

32 40
Time (us)

JUT 5.3 HAN59100IHARDUANBINIIAIYENRT Y LaUeluUN 5.1



Magnitude (Q2)

Magnitude ()
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100k i
NAN1IINaDY
. o In=25uA ~- - s |
10k Py ¥g
" D % >
O g
\\\\ g "~\
. oo S|l
,‘\\\\-\g -.-._4;_/_______- g R AU RPN SIS NS R i I
T —
,,,,,,,,,,,,,, Iz = 400 uA i
100
10k 100k M 10M 100M
Frequency (Hz)
5UN 5.4 HaN1331889KaN UAUBIMNAIUDIHBUUTAT g1
100k B
NaN1II1a84
L&Y - = - - HAMIVgE]
‘"s‘ IBI :400/,6A
10K e <
N \\‘Qx\
\‘\. R N 9 131:200,uA
\\%ﬁ\ \§|
1k ‘\%\ -
—
IBI 5 25 IUA
100
10k 100k 1M 10M 100M
Frequency (Hz)

5UN 5.5 NaN1391009HAN 8 UAUBININANUDILOUUTAY g

A13197 5.1 318982080103 R,, ka2 C,y WBWUTAT g

LA Zni (MA/V) /g | RegkQ) | C,y (F)
Ip, Iy Eml gm2
25 0.79 0.5 1.27 0.5
200 100 2.24 1.58 1.5 0.45 1.5
400 3.16 2 0.32 2
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5.5 HNANIIAONAADIAYINITITY
2esgauiasgliihuuuUsuAldUsmndiummlugui 5.1 Tdgninludennass

12995939 Inedumsieivuannlediues CA3080 [15] sietrudulediuas LF356 [16] wand

a

FagUTl 5.6 WazeRNUUUNHLATRINsIRan aeTugUT 5.7

U7l 5.8 nansinnanouausmMIANNATeTIssAAIAIATIglNT T Laue FarsasTd
L.Liﬂ@fulmgm V+ = V== 5V inimiualid C; = 1 nF Uag g = gm = 1 mA/V (g =
Isy = 50 uA) 919 R,y = 1 kQ uae Cpy = 1 nF Lﬁai’ﬂwamauauawnm'mﬁmama%ﬁf
= 20 kHz, 50 kHz waz 200 kHz fauwlawindu -81.67, -71.8" waz -49.4° mua1au win
91580 £ = 50 kHz azwuinpaadianaenadesiunalunamguiife tan”(1/oCuRe,)
= 7256

VDBA 1 22 pF
1l
10 kQ
——MA———9
I,

Lo I\ caNy o Vel |JSSIT o J ¥ _ __!
+ o
% N, AR DX AV )V Y 7 A
Z., r VDBA 2 22 pF
B I Il
10 kQ

________________________________________________

UM 5.6 13saur1Auginiiuuulsuanla

Y Y

Usiaanssnunumiaueluzun 5.1 dmsunduasiu
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CA3080 2
13
o
\

JUN 5.7 pmenguruiasiinivesnasgumanug i fidiauelugun 5.1

gﬂﬁ 5.9 LLamwamsi’mNamauauawNmmmmaafmsﬁﬁwLauaiugﬂﬁ 5.6 ARUALA
g = 1 MA/V uas Cp = 1 nF levhnisuisen g Inefiensand £ = 50 kHz aldian
Sufiupudanya (Z.,) Lansismsnedt 5.2 Fansunanfwalumsmgud mMeUjos uazan
AURNAATIARTY gﬂﬁ 5.10 LLammamﬁmmamauauaqmmuLWasumNaiﬁﬁ']Laua dle
WUIAT g VD997 VDBA §a7 i U IRUASI9T 5.2 mﬂﬁmimflﬁfz 50 kHz 2zl
WNATENIN iy WA vy DAV 275.16°, 69.93° uaw -51.97° uddiu Feiinnuaenndos

funananguife tan’ (1/wCuyRey) = -72.56°

CHL [Z] 1 ko REF B ko
llk . . bt ; .

6k ¥

Magnitude ()

CHZ Az 5 °f REF -85 =

Phase (degree)

IF Bl 388 Hz FPOLER .5 dBm SHP
START 2@ kHz 5T

3UN 5.8 NANTIANANBUANBINIIANUDVEINATIUIUN 5.6 118 gt = g = 1 MA/V



CH1 |Z] 2.3 ka/ REF 18 ka

IF BH 388 Hz
START 28 kHz

i SWF PARAM VAL
n} 20 kH= o
1 25 kH= 14.003
= 30 kH= I e R
3 35 kH= 10.08
4 40 kH= 8.8653
5 50 kH= FA3A7T
3} 60 kHz G.8816
7 70 kH= B.7812
(n)
CH1 | 2] SEE

o/ EEF 3 ko

SHP 3,812 sec
STOP 288 kHz

k52
k5
k5
k52
k52
k52
k52
kS

3.9185 ko

IF EH 38@ Hz
STRART =28 kH=z

H SWFP PARAM VAL
0 20 EkHz 3.9185
1 25 kHz 3.1817
2 30 kHz 2.635
3 35 kHz 2.2759
4 40 kH= 2.0118
5. 50 kHz 1.68827
3} 70 kHz 1.5853
7 90 kHz 1.6838
(%)

u

(M) gm1 = 0.5 mA/V (1)

ml = 2 mA/V

SHR  2.812 sec
STOP 288 kHz

474
424
k&2
k&2
k&2
k&2
k&2
k&2

SUN 5.9 NaN1TIANARDUALDININUUIN LUBUUT g
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CH1 |Z] T&E 2.497 ko, 532 2

!
H

c?

Awva
16 M

Z2.8121 ka

START 28 kHz

IF BEH 1 kHz POLER

H SWE PARAN

a0
25
30
40
a0
100
140
200

-l Ohon B o= O

kH=
kH=z
kH=
kH=z
kH=
kH=z
kH=
kH=z

(m)

VAL

LO1ET
L7194
L5174
L2796
L1557
L0235
L0001

Ls Ls s s s sy

SHP - 789.9 msec

ki
ki
ki
kil
kil
ki
ki

992,43 R

STOP 288 kHz

5UN 5.9 NANITINNARDUANBINIIUA HaWUT g1 (5i9)

CH2 Az 3 3T 2T TRER & B

(M) gmi = 4 mA/V

-G4.2496 =

IF BH 388 Hz POHER

START 28 kHz

" SWE PARAM
a 20 kH=
1 25 kH=
2 30 kH=
3 35 kH=
4 40 kH=
5 50 kH=
[&] 60 kH=
7 80 kH=

(n)

TAL

—B4 . 246
—23.6M1
—8=.007
—-81.232
—749.626
=75.156
—658.996
—62.211

5UN 5.10 Han15IANanaUaLaaIE awUTAT g

(M) g1 = 0.5 MA/V () gy = 2 MA/V

(m) gml = 4 mA/V
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() g1 = 0.5 MA/V

7.5 @/ REF -G8 =

79

-79.553 =

FPOWER .5 dBm

START

N

~n W =0

IF B 388 Hz
28 kHz

SWP PAEREAM VAL
=20 kH= —79.553 *
30 kH= —78.223 *
40 kHz —75.458 *©
50 kH= —69.925 *
&0 kH= =618, 7
70 kH= =52.836 *
90 kH= 42,185 *©
195 kH= —adala
(%)

T&EB -22.71 #,-63.18 @

SHP  3.812 sec

3T0OP

-SE.829 =

288 kHz

SHP_ 789.9 msec

i : {
IF EBH 1 kHz
STRRT 28 kHz

H
]
1
2
3
4
5
4]
&

SWE FARAM

20
23
30
40
50
100
140
200

kH=z
kHz
kH=z
kHz
kH=z
kH=z
EH=
kH=z

(A)

VAL

—56.024

—a7.3
—56.821
-54.687
-51.971
—42, 492
—-37.025
-31.761

o o 8 @ o o o o

STOP 288 kHz

5UT 5.10 wansinnanauausmneiila Wouwls g, (5e)

(@) gmi = 2 MA/V

(@) gml = 4 mA/V

A1919% 5.2 9188L88AT09AN Z,, Tumanguiasnisuun Wewdse g

Ipi (uA) Zmi MA/NV) | g Zeq (kQ) ANAURANAN
Ipi Iy | gm | 8o | 8w | wamavgul | nanwujun (%)
25 50 0.5 1 0.5 6.67 7.44 11.54
100 50 1 1.67 1.69 1.2
200 50 1 4 0.834 1.156 38.61
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5.6 nsUszendldeuensasguainuglnihusisndadumuitiaue

Tudetiaznandsnsdssgndldruisaseaaimiugluihuuuusualdusmand
sumulaglifufvlszaiisunsndluguil 5.1 Tasldesnuuutiuiasnsesiuauigs
JUAUEADY (second order high-pass filter) LLamﬁ\‘igUﬁ 511 lerwuslst v, = 50 mV,
wag L = 0.4 mH %mqmﬁﬁ%auﬂugﬂﬁ 5.1 londonld Iz = Iz = 100 pA (g = Gma =
1.58 mA/V) uaz C; = 1 nF 91naun1s (5.2) wag (5.3) 92l Ry, = 632 Q uay C,, = 1
nF

2993004A1AUY LT
Mminauslugui 5.1

____________________

N
I, L % i[HP

'
LY

5UM 5.11 299snsesriumudgduiuasdagldrsasnduaualugun 5.1

1n3UN 5.11 @nsadiasigvinflendusiglounseud (current transfer function)

Y943993NTBIANUDUAUaRdlaIY [AnwIn 94]

I t
HHP(S): lou ==

in S2+ Req S+L
7 IC (5.11)

lngiaudaneeyl (cutoff frequency, £.) warsiusenauamn I (quality factor, Q) ves

WITUAUVINAU [ANAKUIN 24]

fom—— (5.12)

1 L
Ly O=— [— (5.13)
Req Ceq
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JUT 5.12  UaAIHaTIaeINanauaueInNaIuivesnsnsesinuauigduduas
Mnaung (5.12) uag (5.13) la £ = 252 kHz wag 0 = 1 wan1531aeamuiinisiiny

Yorsasiianugnaesaz ulununannismmeuilugieninud 100 kHz 81 100 MHz

Gain  Phase
(dB) (degree)
40 0 e
-l"r_ ‘h:t .
¥ .
/|
04 4514 \ £
Phase
A
”
vl
404 -90 .
I
e .
-804 135 ’;" \ mamiﬁnaaj i
"r \ == == WANNNQUEE
™
et
1204 -180 e
1k 10k 100k M 10M 100M
Frequency (Hz)

5UN 5.12 HAaTa0INanauANBININAINATENITNTBHIuANNDEIS WA VAR sluIUN 5.11

5.7 &3

nmsTusdoyaluund 3 warund 4 vadinenfiwusadul mnfinnsunisasauen
arugludiflunsufdRudrnenuiifinrugadaiftudesnaanuiumauangly
291 AehduuniBaiiaueisesguienuglifiuuuuivaldunanndasunulagli
Audszafieunsmddudeannsaiusauliiiauya uazArerudumuauyalddae
FWmediannsetindlasnisulssnsvenaaauiniunssualudavensas VDBA dwali
Amesdufiuaudfidna meituiamnulndifssiudnuarlummouidu Snwsitiaue
Usznaulufendas VDBA S1uudesiuasfudseqlilihiiswilei iliiuunndoudig
dnunzaudensihlulszandlden . auaudRlunisvinurenesldgnnagaumenanis
$1aeamTULAzNaNIAeNAABITY Tauian1sUszgndlieiluassnesua s

v v

duduaes Jwaiiladmuaenndemazilulumumdnnismvgud
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N1l N1TIATITNONIIVYNYNITLHAVDIINDITALTDUNTEWEN TR YY1V UIA IWAEY
19sazveunsEnaUseneulUmeneansudaines My - My wansisgun nl oy
AUl SivosvaseanIUTan o TNsaeIilmNaNNIYiuYNUTENS

I,l

5U# N1 wasagviounseua

a 4 ! v -4 I a o 1
ANFILATIENNIAIBAINIVYNIYATELEUVDIINIIASNDUNTELbE (IL”’) ﬂimammwmmuﬁmiwag

\WensyhaBune (input current, I,) WAzNIELataIfng (output current, Ly, JA1GIAUATT
(n1.1) AU (1.2) muaIay

HC, | W,
W) F T(iJ(VGS ~Viy )2 (n1.1)
uC (W,
AU 5 (‘ij‘j(l/cs Vi )2 (n1.2)

e’ [ o
WANNTAMIAT 2 TAUNINY

in

Lo (Wil Ly (11.3)
I W,/ L,

in
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N2 ms"?lLﬂsﬂzﬁé'mw&nanszu,a°uamaasazﬁaunsmanszﬁé’mm'\mm'mLedin

v v

NTILATIZUNRIAIOATIVYIUNTZLAUDINTATTIDUN T LA oM TN Tl ey 1ad
PAANAMFULOANTIUTARDT M3 - My aunsaifeuduiasauyauanisagui n2

1 ng4 :
in Y lout

l = +
Cgs3 + Cgs4 ‘T‘ Vgs gM4ng4

5U# N2 19958UYa V89 sARYIBUNTZUARIFUN N1

Vo4

f1salaug x Y83gUN N2 Mengnsziaveuaasvyenil (Kirchhoff's Current Law,
KCL) Wefmuali v, =v , =v, w9

1%
¢ _an s
i,(s)= N + Vel +vgss(CgS3 Eh Cgs4) (n2.1)
03
dl' 1 v 3 U v [ 4:1' v dy
lUB99IN — = 0 ANUUANUELNUSIUABULUAIRNIY
7'03
iin (S) ¥y vgs lgrn3 it S(Cgs3 + CgS4 )_I (ﬂ22)

fAIUAIUA Y 983UN 02 ; Aaeng KCL agla

VgS = it)ut (S)(——l—mﬁJ (ﬂ23)

gm4 & SCg54
wnuEuns (n2.3) ashu (n2.2) agla

1_ [chcﬂ J
iout (S) — s Ema

i,(8) & 1+ S(Cgs3 + Cgs4)
gm3

(n2.4)

LazlileasuIIANDATY LAINITANIANOATIVYNUNTEULANT A Y UIUVUIALANLH
Aasiolull
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iout (S) — @

(n2.5)
iin(s) gm3

N3 NTAATIEINIAIAMUATUNIUDIANAVDIINTALTDUNTZUE
NFIATIIMIAIANILANUNIUEIANG (7,,) VIaTaeviBunTeualugun Nl lagdiy
WS () waENIEUE (i) NDIANATDIT WaMYUAAIBUNAYRNINATIINAUALNE Wy

o °
+
vgs g m4vgs4
: \

SUN N3 299sauyavenRTaviounseRalugui nl Wellasizvivaen 7,

J99sauyalanagun n3

\Hoandunnvenasiiawiiugud Jadamwali v, =v,, =v, =0 = Lanlefiansuni

Inua x Y833U7 N3 mMeng KCL aglannuduiusasil

\%
e (n3.1)
o4
FatiuAY 7, HAMYINAY
roc 3 }"04 (ﬂ32)

N4 N15ATIVAMENUATEIINRTVYIBAINIINLN
ATAATIERWIAT g, V892995 VDBA wuuwaluladusansiudanes Jesusznauluaie
N19Y119UTENINEADINDTAAYLALA 2WATATOUNTZUE LAZIITVY DY YIULUUNARI

]

o

LARSAIgUN Nd N1SYINULSHAUAIENIS U Saueansudanes ndlavinaulugsduda
Feazdwalviiin Ip lnanuilawvitiu

HC, (W
I, = T(TJ(VG Vi )2 (na.1)

wazEM8T9ENNITT Vo dAviniu
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(n4.2)

SUN N4 1RTEMFUIATILYIMIAT g VOIIIDT

L899 1NANANYUENITYINUVDINITVEN BT QI UURAsIT vl usesululeast
AMFLTTUSASAD LU

V.

inl

T V;nZ = VGS] h| Vcsz (n4.3)

IMNUUNUANNIT (n4.2) aslu (n4.3) agla

il — Yin2 = (ﬂqq)
ey [/JCOX%) =(ycox%j =(/¢CM%) wae Vi = Vs =Vyy  Wag8NANae
1 2
A99EDIU19UDIANNIS (n4.4) agla
(7, =2t o2 = 2ol b (n4.5)

w
C —
(,U ox L )

fA150NNMUA X AENUIIAY Ipy + Ipo = Ip Tugu?l nd agla



—j(Vinl _V;nz)2 =1y =211,

1:4' o o w 35 v 4
LBYINNITYNNIANABIVNEDIV1NVDIANNIS (N4.6) azla

W 2
(ﬂcox fj (le “Vin2 )4 - 213(Vinl - Vinz )2 +132 = 4101 D2

wiuen 41, 1,, =1, —(I,, —1,,) asluaunis (nd.7) azla

2 X

1 w 41
IDI & ]D2 = _[ﬂcox _j(l/inl 7 I/in2) ﬁ ) (I/inl - I/1‘112)

Tasiuali AT, =1, —1,, waz AV, =V, ~V,, 2zl

Al 1 14 41
= Q7 H ox Vit —B_(I/inl_l/inZ)
AV, 2 L ( Wj
2 /’lCoxi
L
MntuvhimseuiusBaiauTsiasu Iy
Mo 1 _oav,
(=
aA]D_l( C Kj(/u oij
NA T T,
W in
C ¢
(” Lj
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(n4.6)

(n4.7)

(n4.8)

(n4.9)

(n4.10)

waztilouuali AV, =0 2wa3a9IA1 g, 1992995 VDBA lansauduiussoluil

w
gm = lLlCox [ZJIB

(na.11)
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U1 NFIATIARMENURVDIINITANUL I UN TS IMIUIA Ty

Qmauﬁ’amamwimmLLiQé’uLﬁ'aiLﬂswzﬁuaamma%ama% Ms - Mg dnsunsaldeyaya
el uansiagl 91 Avuelviteansiadames Ms - Mg danuaunadiuynusenis
danaliidn Ips = Ipg

VIN 1

VINZ

-V

SUN U1 39snuissnunsaldy e tig
A a & ol % v 6 Y dy
WeNsadiluug Y 99nng KCL aunsamanindunusvesaunislanei
SPRORNTL f (@1.1)
WonMUal Ips = Ipg = Ip @9nabiann1suwinnu
Y (¥1.2)

[y

A a i 6 ! =] v t:glJ
Wennsaniluun Vo annguedleny aunsawan Ip w3e I laaadl

[, =—+—2° (¥1.3)

V, =V, —(RI,) (v1.4)
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¥2 N153ATISRAMENURTDIIITAUL IR UNTRIF Y IMIIUIALEN
MR zrAuaN TR0 IMNLS N SRd Yy INIUIAEN YO IWRAN T UTALN 0S

dll o 1 Vi V; a [ [ 1
M;s - Mg Wemwuali v, = ?"+?" =V, e TUINaN1TYINUTDId 1l ANANAANS

MEWMATANTIATIEVR Y INLUUATIINAT B5UIEARITUN 92 Feanunsaliowisasauyale
AIUN 3

JUT 92 Jsasmuussiunsiidygravnadnilolassidygyuluunsnas
Lde

<—
+ g
Vid
J T Ves6 8m6Ves6 Rg

SUN ¥3 1995auyavessuil 22

[

fsunlnu v, MNngetloniasalsamauduuslanl

=——2 (v2.1)
R

i, V. Y
I@Uﬁ 1d6 = Zm6Vgs6 W8T Vg6 = —?d "08191

vo = gméRS(%j (6U22)
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U3 N15IATIZNAMENURVDI9ATVENE Y IATUT I

n5iATgvRuantAdniuneansuTaned My 18939950uLsIRUNILaue Ui
AasanUR wrnasvenedyaanasusan Weiin1sa1euseiu ¥, 1Widwes aagui v uay

411150919 TAaNYAlARIFUN ¥5 Wanvuali Ry Aoadudiuniunisluvesunaing
ASEILE 1y

+V

Vin o | M9
Vout

I

-V

sUN U4 MATeiaualdRveeaIIUEanes Mo

— 0

+

Vegs9  ZmoVes9

Not

R,

Vout

I——MA—8 =
! =
[

JUN U5 2995aU3avRIUN V4

1NJUN 95 Lieofeuaudingussiuvesnasyenil (Kirchhoff's Voltage Law,
KVL) @13150%1P0 Vg0 WA

VgS9 = vin - Vout (6U31)

fnsaunlnaue W aanng KCL agle

out

— X —=g v (¥3.2)
RA //}"09 gm9 259

PNUULNUANNIT (13.1) adhu (13.2) agla
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L =8 (Vin - vout) (¥3.3)

R, /7,

U :.JI 1 U % v = 1 1 v
ANUUAIDATIVYNLTIAY (—2L) UANINUY
V.

mn

vout — gm9 (6U34)

V. 1
ot
RA // }"U9 gm9

WoUssanelin (Ry 1 Fo9) >> gmo 191

2 )] (v3.5)

U4 AITUATIRINIAINIINAIUNIULDIANA (7,) VDIIRTVYIBAIANLN
MFAATIIMAIANUFIUN T IFNA V89299508 8AANA Liladousasiuladi v,
ATULDWINATENINURANIIUTALNBS M oz My W%fawﬁ”’ﬂﬁ@uwmamwaaaﬂinﬁ WEAS
13UT 96 9n3UR U6 1lotus R ulNNTIUe2995a9n5194 Laziinualy Ry fio A
fumuneluesuvasinenszia Is dsanansoifeuduasanyaldfgui a7

'
[V

Wl
9

SUTN U6 MIIATIERAIAINIUNIULIANA (7,) V89995 VLNEAIAINLN
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1 . . 1
+ +
Vo7 § T 8Em1Ves7 Vg7 Vs 8EmsVes8 T 708
o ) r
l La7 Iag l L
| «— |
! |
. |
l las L6 l | v :
5 o— ' __ T __
+ + 1

Vgs5 @ 8m5Vgs5 Vo5 Vo6 Em6Vgs6 . Vgs6

o

l||—v—'\/\/\,—0
o

&9
¢

SUN U7 29a5AULaURIIUN U6

P Y& a || == & = 1 v . .
E“LJ'Vl U7 LLﬂ@QFLVLWU'J’] Vgs3, Vas6, VasT b8Y Vg llﬂ']L‘V]']ﬂ‘Uf]uEJ ﬁ]\?ﬁﬁNaFLﬂﬂigLLa 145, 146,
i WaY igs blvaluneas AUEINNTaMAT £, tAGaT

ry =t = (Ry +13) 1 (v4.1)

187 Rp Useanariniatiosunns avdsnatit 7, dAvinu

r = & a7 (14.2)

t
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U5 N1FAATIZANIAIAINAIUNIUDIANA (7,,) VBIINDIANUUTIAU

a 6 1 o U o ¥ 1 v d’l ¥ o U 4‘

INHANTIATIENA 7, AU Ms - Mg vasidenouniil lmiwnseseniive
1ATILIAUANTRAUAUNIUDING () 108TN8BIIAULNTN v, TATUDIING 1950
LS9AU kastdINBUNAYIIRTTINAMTTUlNATIaINT AN INR aFunelaragun 8

JUN 98 M5UATIMANENTRAVIIATUVINULDIANA ()

IN3UN U8 Lamuualy Ry Ao AUAUNINANElUYBILVANIeNIEwE 1y @713156)
= =t Yo -
Weuduisasauya lanagun 49

"]

+
Vis9 &m9Vgs9 709
=2 z
2w T '
+ T 3
\ 7 R A

JUN 99 29asauaveIzUN ¥8

NFUN 29 Llefiarsaninun z meamaudR KCL Azl

Vi

b+ 8oV =
Ve SR

(25.1)
- Y
09970 Vg0 = - v, Al

\%

i—g v, =—t
t gm9 t RA //ro9

(¥5.2)
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FIUUANLNTOIATIEANN 7oy MARIANNTADIUT

ro=-L= (¥5.3)

o990 (R4 // Fo0) >> o VINMA

r,=—t=— (v5.4)
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[
= o

Al N1sAATzAaNTRveIRsamAIANglniiisun s auelugun

3.1 Tunsgauan
29959UAANR T wuuUSUAlanBidnnsetindAidnaueluguil Al a1unse
AATIIANBURUAUGBUNG (input impedance, Z;,) ¥833935 b lngonfunnaudiveiens

VDBA Tunsgaunf
w p
. _ VDBA
Lin Iz1
ding R v &
+0 M 1 V4 @ n
Vin
Zin ’_>
1 n W
VDBA
B—, N
p z

-

JUN A1 wasaamianuglibuuysualinisBidnnsetindnunauslugun 3.1

ANANTANTYININYE43935 VDBA luntenuafianuisnesuiemnuduiusvesusnu

WaLNIELELAGIsD kUL

el

i,=i,=0 (AL.1)
R gm(vp —vn) (n1.2)
v, =V (n1.3)

o Vi=v,=v,=v =v, W8y v, =v, =v MUUINAUNT (A1.2) 932l i,y waz in

WINAU

el

pl = Tn2 w

I :gnll(K_VZZ) (n1.4)

i22 = ng (VZZ - I/l) (ﬂlS)



Tnensehafluaniu C; fainnu

I, = sCv,,

105

(M1.6)

HIaNTUNVI Z V992995 VDBA Wl 2 lawedungnszuainasvenil (Kirchoff's

current law, KCL) agla
i, = icl
WuaNN1s (A1.5) way (A1.6) aslu (A1.7) azld
Em2 (sz 7 Vl) =sCyv,,
Azld voo Wiy

v
sz . gm2 1
86 PH!

fa1saniiluun ¥; 1992995 LWeerdang KCL agld

wWAUANNIS (A1.4) adlu (A1.10) agla
- (VI _sz)

wWUENNIS (A1.9) adlu (Al.11) agla

iin :_gml VI_ Lle
8., —5C

N
N

e
=De

AsUaunish

€aNl

N

(m1.7)

(M1.8)

(M1.9)

(m1.10)

(m1.11)

(M1.12)

(m1.13)
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Y
N v a

TN VIBUNATDINITILANNTON Z;, bINAY

‘fﬂ:Rl—L+—gm2 (A1.14)
lin gml ngSC1

domwualdl Ry = 1/g,1 aeldrmnnugliihauya (C.,) vosasiiiauaminiu

c,=2mc, (A1.15)
gm2

14 v Y @ J I A o o !
ammsmamuLLamﬂ,‘wmummmmqlﬂﬂwamﬂa (Ceq)  ¥BIIATNUNAUBAINTAUIUAINNS
a & a 1% =
@Lﬁﬂ%ﬁ@Uﬂﬁlﬂﬂ’lﬁJ g1 WAE/V99 gyo UDINAT VDBA

A2 mMslnzauautRreasauanuglniafisunsasivEuelugud
3.1 Tumeu}ia

nsinseinaardansalidulugauefvensasgurug i uauslugy Al
ansoAdufiuauddunalagedoaniandivesisas VOBA Tumsuj it definiadusius
sewihaussfutunssuadasieluil

SR\ (P2.1)
i, =o0g, (vp —vn) (n2.2)
Way v, = Bv; (A2.3)

naunIs (2.2) Wlefiensanneas VOBA ¢l 1 asl8 iy wiaiu
Ly =08, (vpl _an) (A2.4)
LAZINALINT (A2.3) Lile V=V, =By, =BV wae v, =v, =BV, awlel
Ly =08, (IBIVI _ﬂ2V22) (A2.5)

NA@UNIS (A2.2) LIaNANTUN995 VDBA ¢1% 2 agle i iy

izZ = ng (VZZ _I/l) (ﬂ26)

Fanseuantvaniu C; ANy



i, =sCyv,
finsaniits z vensas VDBA il 2 leldng KoL avld
I, = icl
WUENNTT (A2.6) war (A2.7) adlu (A2.8) azld
€2 (Vea = V1) =5Cv.,

S8 NEUNNTNN v,y boINATY

{47 1] %82
y ; 4,8 —SC

915041907 z Y992995 VDBA 6791 1 laelding KCL aglyl

wUaNns (2.5) adlu (m2.11) agla

by = =048, (IBIVI %, ﬂZVZZ)

ge9719aunsiaeail

K a2gn12 _SCI

by 04058, (ﬂz = ) +a,8,.55C

Y
Y

NINTUNTIBUNAVDIIATANTAMIAT Z;y b

8,, —sC

Zin =+h =R +
Lin 1 {algml I:azgmz (:Bz _:Bl)"'sclﬂl]

NAUNTS (A2.13) Lﬁaﬂmﬁmﬁmmﬁqq (f >> [ongm(Bs - B)/C 1A ald
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(R2.7)

(n2.8)

(R2.9)

(m2.10)

(m2.11)

(P2.12)

(P2.13)

(p2.14)
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o 8w 1 (A2.15)

i, ag.psC ag,.pb

Y
U a '

NTUNNTIBUNAVDIWATHUIN Z;, TRy

z =Ym_p_ I %8 (A2.16)
L, ag.p 4g,.b5C

domvuali Ry = 1/(efigm) wlaamnuglnihauyalunisujifswelud

C. = (MJQ (A2.17)

eq
8,

aun1s (n2.17) wansbiviudsaruldidulumugauailunisiauvensasfiviaus win
Aldueenuuuli ar wag o BAlndifesiuunian szdewaliainnugiiinauyaiinaiy
TnAAgIiuNanImguRNINTY UoNIMNLGIEINITOUTUBRINEIVDL g1/ TALELADNGIE

A3 mMsBessimaianulasenisiisuslasinasdusznaulunsas

anauTRuMBhmenItuegfumosdusznausinag Tuies SuAasduszney
Adpunlatluazdanaiuasasedslstu aunsansisaeuldainnisitasiziainiula
(sensitivity, S) asuelanad

ij x100%

% change in y_(y
% change in x [M)XIOO%
X

(m3.1)

\le x AessAusenouluNasUdsuwlas war y AoRnauURved99snfinnsanmaulise
NsasuLUaAT x 91NauN1T (A3.1) WUIIUINEGATIAIUAINEHATA Y NIBTATENIN
nilgninefRsiiadesnnia Wedvualy 7 wiudtauhvesauandd y sens

WasuwladA1earusenau x [13] astuazanunsaeulalmine

%)
o _\y ) _dyly _olny)_ xoy

¥ (ij_ax/x d(nx) yox (73.2)

X
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1NaUNT (A2.17) wansdaaranugbiihauyalun1auon deanunsairluimseinidd
Aubilpgonduaunis (a3.2) lanadl

oC
Seq _ G Ty (A3.3)
' C, Oq

eq

WUAANNTS (P2.17) adlu (A3.3) azle

a(“nﬂugmj C,

(04
S;W = IBal : Zagm2 (ﬂ34)
a a
( 1P18m ]Cl 1
a8,

\dieRsinlsmasioanainayiusala

5= ! ( P& ]Cl 4 (A3.5)
[alﬂlgml ]C angZ aa{l
1
angZ
%30 §Ca’s S 1 (3.6)

(]

oa,

dednsiziranlwes C,, senisiasuniainiesnusznaudus) louwn ai, a, B, M
Snt, & W88 Coy WelEIBRRUNULaUD U199 wanssisdalUl

C C C

Sa' = Spt =S =1 20

91N&@UN135 (A3.7) 83 (A3.9) nudrArnubvimuadvuialiifunis daduieasidiausied
AautRAAuben1sasuLasAeIRUsEnaUm1e Tuisasiid



110

A4 N3AAsIziaRsnsasuA RS uRULUUTAWe fSsTugUR 3.10

29305090 uALRMSusuALUUTAme S Assuanidissul A2 Tae@l Ry uay R, Ao
AUAIUNIUNIBTULNAITIELAZAUAIUTDIINAARINAIAY  91NN1TUDTURAlAY
(normalized value) 1lepa1uinand (central frequency) w, = 1 rad/sec gnuinegunsal
sinan luasasuanasinsiait a1 Tnednednusaduilidonld o, = 628 krad/sec videAAi
Tun1sananud (frequency scaling factor) & = 628 krad/sec wagaasfilunisainasun
(magnitude scaling factor) &, = 1000 Louny & ki, LLazmqﬂﬂmﬂlumsNﬁ Al aglu
aunns (A1) fs (4.3) agldrgunsallmidanised a2 dlethludunsgisasnsesiiy
amnudsdufuauuuTamesifsfigui a3 Tasfigunsal G, wag C4 garouyuselIaTnal
mmmaﬂWﬁwﬁﬁﬂLauﬂugﬂﬁ Al aRmual C = 1 nF Iy a2 g (i = 1, 2) wanads
N9l A3

Rnew 7 kavld (ﬂq' ]-)
GG Ky Ly (n4.2)
k,
1
e CE —o & (nd.3)
ok,

laeiiavies “new” wnuierrgunsallmingaainvinauaing uagfiviey “old” wnufaan
gunsalfeuvimsaina [13]

A1319% A1 Faunsalvevesnsesdaadlusun A2 Lile o, = 1 rad/sec

dUFIU Ly (H) C, (F) L (H) C, (F) Rs =R, (Q)

a4 1.848 0.7654 0.7654 1.848 1

M19199 A2 Argunsalvesasnsosdyaluzun A2 Llie o, = 628 krad/sec

éJUﬁU L, (H) () (F) L (H) Cy (F) Rs=R; (Q)

a4 1.218 29411 29411 1.218 1

A13°97 A3 18aLBIANISWUIAT [p; WAT g, V992993 VDBA dnsuan Coy wae Cop

1 i ( A) mi (mA/V)
Cey (nF) iRa &
Ip1 Ip> gl gm2
Ceq] =C,=29 200 25 2.24 0.79
Ceqz =Cy=12 150 100 1.94 1.58
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Ry L, L;
+ o AM— T ——4—— T ——+ o+
Vin C2 = C4 = § RL Vout
-0 _|._ L 2 L 2 O -

5UN A2 1993N30IWUANNDAS

Ry L L
+ o AN~ ——— T —— 0
Vin iceql = Cg iceqzz C4?£ i § RL
- O 1 L 4 L 2

SUT A3 3993N5RIANUAANBUAUAKUUTANBSASSLUT U A2
Tnglisasqauaanualniintdiaus

wsuAkuUTmReITslugun 3.10

Vout
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a1 M3ATEANaNTATINRTANAIANNY lWALuUUSUAlAlagUsIARINGD

v A o @ = a
AunIUminEaueaIgun 4.1 lunsgaund

MTAATIBIMABURLAUGBUNS (input impedance, Z;,) 1093993AMAAINRLHHT
naualuzun 4.1 lngeAunnaudivediens VDBA Tunngauni uansisgun 1

C
Il
iin
+ O
y VDBA
Zm -
ri r S
P ——O
VDBA
it

JUN 91 299spaurauglnihuuudiualanisdidnnsetindninausluguil 4.1

(%

ANENIUS VDI IFULAEN TERAL LN 199ANARYEII93 VDBA anunsaesuelasil

i,=i,=0 (11.1)
/= g,,,(vp =,) (31.2)
uay v, =V (41.3)

i v, =v,, =V, 48z v, =v, el v =0 naums (11.2) awld iy way i Wiy

p2

i, ==g.1V (91.4)

it izZ = ng (vin - vz] ) (\‘115)
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Tnenseuadilvaniu C; danviniu
ic. =5C (v, —v.) (11.6)

WHafTUINTY Z VR9I995 VDBA  viadesianiungnIzalaasyenil (Kirchoff's
current law, KCL) agla

I, =, (11.7)
WuENN1s (41.4) waz (31.5) aslu (1.7) azla
~EVin = L2 (Vs —V21) (311.8)
Agld v,y Wiy
Em2

#9157LA N U999 VDBA fiait 1 1ileedeng KCL aglé
i, =i, (41.10)
WNUaNNTS (31.6) adhy (31.10) azla
5y =SCy (V=) (91.11)

WAUANNTT (91.9) adlu (91.11) azle

i =sCyv. 1—[Mj (41.12)
ng

FITUEIUNTONT Zsyy WOWINAU

Z,-n=v.l= : (gm2]= ! (31.13)
S



115

lamanuglihauya (C.,) vevasiminauawiiy

c;q:(gmlJc1 (91.1)
ng

satumanugliiauya (C.,) vensasiiiausfsaunsisiutuausauiualagisnis
NMIBIANNTOINEAILORNTIEIY )1/ Qmr VBIIAT VDBA

2 MATEANANTATIINRTANAIANNR IWALUUUSUAlALagUsIARINAD
Fumuiinauaieguil 4.1 lumeFon

myiinuandAnsdliidulugaunivensasparinugliinfitiauslugy a1
ansamAdufiauddunalnsoifaasauiAvenaas VDBA TumsufoR sfimudusius
sewhaussfufunseuadasaluil

AT NAY (42.1)
L=0g,lv,~v,) (122)
uag v, =pv, (92.3)

i v, =v,, =v, g v, =0 fsluannaunis (12.2) asld i way i Wiy

Li=—008, Vs (92.4)

Haw Iy, =0,8,, (vin _Vnz) (42.5)
Fenszuadilvaniu C) fensiaiu

Ie, = (Vin Vi )SCI (92.6)

91NaNNS (42.3) v, = By, = Bv,, wld

i = (vm - Bv.,)sC, (12.7)



Y
[

TN Zz V892995 VDBA Wialeing KCL azla

lzl = _122

UNUANNNT (92.4) wag (92.5) adlu (92.8) azla
_algmlvin = _azng (Vin - ﬂlvzl)

S18UNNEUNNTAN Vg boVINATY

v [ij
8,5

A5 Tlvun N U90993 VDBA $hil 1 ileendeng KCL agld
E N\~
WWENnIs (12.7) adly (32.11) aglel
oA~ (Vin —ﬂlvzl)scl

wuENNTS (92.10) agly (92.12) 2zl

i,'n L 1_£a2gm2 —algml] SCIVin
Oy 8 mo

15N TIBUNAVDIITAITONIAT Z;y b TY

, =Y _ | (8,, |_ 1
§ l SC] a]gml SC

in eq

ladanuglnihauyalunieujifnewelud

Ceq — ( algml jcl
8

116

(42.8)

(12.9)

(42.10)

(92.11)

(92.12)

(12.13)

(92.14)

(42.15)
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3 msdeszimaianlasenisiisusiasriasdusznauluacas

anuanTRlumMshtenatuelfumowUsznausag Tuiss Ssmesdusznay
AdsundasiUazdamatuisasedndlsiu awnsansiaaeuldainnisimsiziaaiula
(sensitivity, S) osunelgsatl

ij x100%

% change in y_[y
% change in x (MJXIOO%

X

(13.1)

e x ArasAUsznaulnesiasuilal waz y Aepaulfvensasinasanmaulise
nsUABULUaIAT X 21NAUNIT (93.1) WUINMINERIIEIUAINENNAFIY TadaA1tasnIn
wiaagnuefnesiiaiesninid Wedmueld S2 wiuatruhvesnuandd y fanis

WasukUadA1manusenau x adtuazanunsatisuls mlae

o
ool oy o v o
( (AXJ ox/x  d(nx) yox

x

mnngimAInLhvesrnuglihauyaluanns (12.15) Agauns (13.2) avla

oC
A, ¢l (13.3)

g (/S0

eq

WAUANENNIS (92.15) adhu (93.3) agla

a(agjc
a
ow—— g% (13.4)
1 a8 C oa,
angZ ]

dl = o U dl L (3 ¥
LSJEJ@IQWJLLUiﬂWﬂQVIQE]ﬂ@mﬂ@HWUﬁ‘\]SVL@I

SCeq_ a, i jcl % (33.5)

" (algmljc [azgmz oa
1
ang2
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oo
oa,

%30 Sl = =1 (13.6)

o

Wodnsiznaianhives C,, fenmsiasunlasatesausenaudus 1oun a, a, gui, m
waz C,, Weldidfeanuinunaweda azlaainnuliveseasail

Syt =8g =1 (43.7)
Syt =Sgn =-1 (43.8)
C,
WaY St =1 (33.9)

Aun13 (943.7) 89 (93.9) wudnAreu biisnuedauialaifunils Aaduieasnduausiad
AavantAAmulidensasuwatesdusznaunes Tuiansiian

4 NTAATIZNRINTDINIUAMNAADUAUFRSTUFUR 4.10

a

9sgauAInNtniAdnauelugun 4.1 lagniiludssendldamluaasnsediu

Y

ANUAIBUAUADIAAIFIFUT 92

iin R1 Ll
+ o AT o +
Vin i Ceq?élz i Vout
- O 1 O -

JUT 92 199snseauauaisusvaedaeldiasanAnug i iiaue

WellAs1eieasnsesdIuAudaIduduanlugun 92 srenguseiuvasnesyani
(Kirchhoff’s voltage law, KVL) agla

Vi TVR TV Ve, = 0 (€4.1)

; 1

A . . . 1%

We v, =R, v, =sLi, uag Ve, = < I, azla
eq
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1
—v,, +Ri, +sLi, +| — |i, =0 (14.2)

mn m

(94.3)

T15UNTIDIANAVDINITANUITAMIAY Vo LAY

1
Vout = iin (\<1 44)
sC,,

a1N15 (94.3) wae (A4.4) @UNSAVITASVEIUSENIN Ve NU iy WA

1
vout = SCeq (\‘14 5)
| R+ Lo+
sC,,
11911 sCpy ANLALLATAIUVRIENNITUIFY 81
vout = 1 (\‘14 6)

v, SleCeq +sRC,, +1

m

mndnguaunstiuaglaiiitusialounssiy (voltage transfer function) fsil

1
LC
H(s) =) by (4.7)
"u($) NN P
Ll Llceq

lagyiAudAnesi (cutoff frequency, £ wagAiusenauamnIn (quality factor, Q) IA1
WY

1

1L
Niab =— |/ 4.9
0 RAC, (14.9)

(14.8)
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a < v 1 4 J 1'% o/
31 N1IATEAMENURAYR99RTANAIANY LT wuUUTUAlAUTIARINGD
v A o @ = a
AunIUminLEuenIgun 5.1 lunsgaund
MTAATIBIANBURLAUGBUNS (input impedance, Z;,) ¥093993AMAAINRLHHT
Wnaualuzui 5.1 lngedunnandivedisas VDBA lunnigauni wansisgui 91
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AITUAIANUAUVNIUENYES (Rey) wazA1ANbinaya (C.p) va3sasiminauawiiiu
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ABSTRACT

This work focuses on a circuit configuration for the simulation of
the resistorless tunable grounded capacitance multiplier using the
recently introduced active building bloek called voltage
differencing  buffered amplifier (VDBA). The proposed
capacitance multiplier cireuit consists of only two VDBAs, and
one floating capacitor, without requiring critical matching
conditions. The realized equivalent capacitance value can be
tuned electronically through the ratio of the transconductance gain
of the VDBA. The effect of the VDBA non-idealities on the
realized equivalent capacitance has also been investigated in
detail. As an application, an illustrative RLC low-pass filter using
the proposed tunable capacitance simulator has been provided. In
order to demonstrate the behavior of the circuit and confirm the
theory, PSPICE simulation results with TSMC 0.25-um CMOS
technology are included.

CCS Concepts

* Information systems

Keywords
Voltage Differencing Buffered Amplifier (VDBA); capacitance
multiplier; impedance simulator; electronically tunable circuit.

1. INTRODUCTION

In the integrated circuit (IC) technology, it is a limiting problem to
fabricate large-valued physical = capacitors owmng to their
disadvantageous in the usage of chip area, cost effectiveness, and
the lack of adjustability. The capacitance multiplier circuit or the
capacitance simulator acts as an important and useful active
circuit block in many very large-scale integration (VLSI) analog
circuits, especially for active filter and oscillator designs, and
impedance matching circuitry. From above reason, the design of
the capacitance multiplication topology is advantageous from the
point of view of the VLSI implementation. This justifies the
existence of several attempts for realizing actively simulated
capacitance multiplier circuits using various modern electronic
active building blocks [1]-[11]. In [1]-[4]. three or more active
components are required, which enlarge the silicon chip area.
Further, the other capacitance multiplier circuits in the literature
require (wo active components and three grounded passive
components, which is an excessive number of passive elements
[5]-[7]. Although the works of [8]-[10] employ only a single
active element, three passive elements are still used for their
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realizations

The capacitance simulator circuit is proposed in [11] using two
different active elements, and two passive elements. Additionally,
most of the multipliers mentioned above suffer from the lack of
electronic controllability [5]-[6], [8]-[10].

In 2008, the voltage differencing buffered amplifier (VDBA),
which is one of modem electronic active building blocks, has
been reviewed and introduced [12]. Its several application
universalities, such as active filter and sinusoidal oscillator design,
and immittance function simulator realizations, were also
introduced to demonstrate its workability and versatility [13]-[17].
This study largely considers the active simulation of a grounded
capacitance multiplier based on solely two VDBAs as active
components and a single capacitor as a passive component. No
component matching constraints are imposed for the circuit
realization. The simulated value of the equivalent capacitance
(C.,) of the proposed circuit can be tuned electronically through
the ratio of the VDBA transconductance gain. Computer
simulation results using PSPICE program with 0.25-um CMOS
model parameter from TSMC are performed to evaluate the
characteristics of the proposed capacitance multiplier circuit. As
an application. an active RLC low-pass filter using the proposed
circuit was also simulated.

2. CIRCUIT DESCRIPTION

The symbolic notation of the VDBA is shown in Figure 1. As is
shown, the VDBA is a versatile four-terminal active element,
which consists of high-impedance voltage differencing input
terminals p and n. a high-impedance current output terminal z, and
a low-impedance output of a voltage buffer labeled as w. Its
terminal characteristic can be defined by the following matrix
equation.

i,1-L0 S0 0 o),
7, N 0 0 00 . v, a
I Erdl — Enm 00 \f
v 0 0 1 0}l

w w

where g, is the transconductance gain of the VDBA. Generally,
the g,-value can be scaled electronically by a supplied bias
current/voltage. which lends electronic adjustability to design
circuit parameters

i i
= P w
po———Dp w o Vu
i VDBA i
n s
v, —
" o——— n z o V-

Figure 1. Symbolic represention of the VDBA.
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Figure 2. Proposed electronically tunable resistorless
capacitance multiplier, and its equivalent circuit.

Figure 2 depicts the proposed actively capacitance multiplier
circuit employing only two VDBAs, and one floating capacitor
). Using (1) and doing straightforward circuit analysis, its input
impedance Z,, can be simulated as :

in

2 — Lullt, e @
s,
where cl's (ﬁ.}(‘ (3)
eq P 1

and g, is the transconductance parameter of the /~th VDBA (i = 1,
2). From (2), it is readily evident that the simulated input
impedance represents a scaled capacitance, where the scaling
factor can be controlled electronically by the ratio of two
transconductances (g,.1/g,2). In addition, the resulting circuit
realizes a capacitance multiplying function without any
component matching choices.

3. NON-IDEAL EFFECTS OF VDBA

Considering the various non-ideal gain effects of the VDBA. its
defining relation of (1) can therefore be rewritten as :
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1o o 0 o,
i _ 0 0 0 0 . v, @)
I ag, -oag, 0 0fwv
v, 0 0 g 0],

From above matrix equation, « denotes the parasitic
transconductance gain, and f denotes the non-ideal output
buffering gain of the VDBA, respectively. Taking into consider
the non-idealities given in (4), the simulated capacitance of (3) for
the proposed capacitance multiplier shown in Figure 2 can then be

modified to
c, :[ A8 m ](vl (5)
algml

Tt is thus seen from (5) that the parameter f, of the corresponding
VDBA does not influence on the value of the realized
capacitance. Note that the other transfer inaccuracies e and o
only scale the capacitance value. However, 1f we assume that
a = o this effect could be alleviated. Moreover, the
transconductances g, of the VDBAs can also be used as tools to
compensate the small deviation in the equivalent capacitance
value C,, of the proposed circuit.

In (5), normalized active and passive sensitivity coefficients of the
capacitance C,, are also calculated and listed as follows:

1Cop Cop _N0Cq _ Cop
Fanz= -5 A= -5" =1 (©6)
5,7 =30 Q)
and Se- Al ®)

which are no more than unity.

4. SIMULATION RESULTS,
PERFORMANCE VERIFICATION, AND
APPLICATION EXAMPLE

The proposed capacitance multiplier circuit shown in Figure 2
is tested with PSPICE simulations using TSMC 0.25-zm CMOS
technology. The circuit was constructed with the CMOS
realization of VDBA as depicted in Figure 3 with symmetrical
supply voltages of £V = £0.75V, and I, = 50 pA [17]. The aspect
ratios (JW7L) of the transistors are given in Table 1. In this
realization, the g,,-value of the VDBA is determined by the source
couple M;-M,, which can be expressed as :

5 I
Wy racn

where g is the mobility of carriers, C,, is the gate capacitance per
unit area, W and L are channel width and channel length of the
transistor devices, respectively. As it can be observed from (9),
the g,-value can be scaled electronically by the external biasing
current /p.



Figure 3. CMOS VDBA structure used for simulations.

Table 1. Transistor aspect ratios of the CMOS VDBA of

Figure 3.
Transistors I W(um)/L(pgm) |
MM, MM | 25/0.25
M;. M, 32/0.25 f
M, . M ‘ 35/0.25 [
M; — e

The proposed capacitance multiplier of Figure 2 was simulated
with the following circuit component values: Iy, = 80 pA (g, =
141 mA/V), Iy, = 50 pA (g,» = 1.12 mA/V), and C, = 1 1F,
which results in C,, = 1.26 nF. Figure 4 shows the simulated
time-domain responses of the input voltage v, and the current i,
through the proposed capacitor, for a 100-kHz sinusoidal input
voltage signal with 50 mV peak. From the results. the phase
difference between v,, and i, is equal to 75°, while its theoretical
value is 90°. The total power dissipation obtained by PSPICE
analysis 1s recorded to be 1.05 mW. Likewise, the magnitudes
and phases of the simulated input impedance Z,, and an ideal
capacitor versus frequency are also plotted m Figure 5. It is
readily seen from the graphs that the simulated responses are very
close to the ideal ones in the frequency range of 1 kKHz to 1 MHz.

Vin tin

(mV) (uA)
07 40

3540 20 /
0 0
|
!
!
3
354 20 H
’
70 40
0 10 20 30 40

Time (us)
Figure 4. Simulated waveforms for v, and #;, of the proposed
capacitance multiplier circuit in Figure 2.
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Figure 5. Magnitude and phase frequency responses for Z;, of
Figure 2.

Figure 6 shows the ideal and simulated magnitude-frequency
responses [or Z,, ol the proposed capacitance multiplier circuit
with Iy = 70 A (g,2 = 1.32 mA/V) and C, = 1 nF for different
values of Iy, i.e. I = 20 pA, 280 pA, and 650 yA (g, = 0.71
mA/V, 265 mA/V, and 400 mA/V)  For this specified
component values, the equivalent simulated capacitance is
approximated as : C,, = 0.5 nF', 2 nF and 3 nI', respectively. The
results verified the prediction of (3) that the value of C,, can be
electronically tuned by the ratio of g,,/g,,. The results again
verified the good agreement between the ideal and simulated
impedances for the useful frequency range of 1 kHz to 10 MHz.

1IN T TTT
—— Simulated
==== Ideal
& 10k !
= |
=
g e Tey = 280 uA
= 100 = .
= ‘ ™ LT
S o |
| [ Il
1 | 8
1k 10k 100k 1M 10M 100M
Frequency (Hz)

Figure 6. Variation of the C,,-value with the bias current I;.

As an application example, the proposed capacitance multiplier
circuit in Figure 2 is used in the structure of the standard second-
order RL.C low-pass filter depicted in Figure 7. The capacitance
simulator was realized with following component values : Tz = 80
HA. T, = 50 pA, and C; = 1 nF, resulting in C,, = 1.26 nF. The
remaining passive elements of the filter were selected as: Rp =
510 Q and L;» = 0.5 mH. This results in a cut-ofl frequency of
Jo= 200 kHz. The ideal and simulated frequency characteristics
of the filter are shown in Figure 8.
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Figure 7. Standard-order RLC low-pass filter.
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Figure 8. Ideal and simulated frequency responses of the
RLC low-pass filter realization of Figure 7.

5. CONCLUSIONS

In order to construct a capacitance multiplier circuit with
resistorless structure and electronically adjustable multiplication
factor, the VDBA-based circuit topology is introduced
Consisting of only two VDBAs and one capacitor. the proposed
capacitance multiplier circwit 1s realized without any external
passive resistors, and does not require any element matching
conditions. The equivalent simulated capacitance value of the
realized circuit can be adjusted electronically through the
transconductance ratio of the VDBA devices. Simulation results
based on TSMC 0.25-gm CMOS process with +0.75V bias
voltages are performed to venfy the theoretical analysis and
demonstrate the performance of the proposed circuit and its filter
design application.
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Abstract— A two-input two-output current-mode universal
biquad  employing only two voltage differencing
transconductance amplifiers (VDTAs) and two grounded
capacitors is introduced. By appropriately connecting the
input and output terminals, the proposed circuit can realize
lowpass, bandpass, highpass, bandstop and allpass current
responses. It also exhibits an independent electronic control of
the natural angular frequency (@,) and the quality factor (Q)
by properly setting the transconductance values of the VDTAs.
No critical component matching choices are imposed for
generating all the filter functions, and all incremental
parameter sensitivities are low.

Keywords-  Voitage  Differencing  Transconductance
Amplifiers (VDTA); universal biguad filter; electronically
tunable

L INTRODUCTION

The voltage differencing transconductance amplifier
(VDTA) is one of modern electronic active building blocks,
which was first introduced in 2008 [1]. The VDTA element
is a high-performance active device that provides an
electronic tunability through its transconductance and a
powerful ability to implement various analog function
circuits and solutions. ~ General VDTA-based structures
require no passive resistors; consequently they are attractive
and suitable for monolithic integration. In last the few years,
several realizations of universal biquadratic filters using
VDTAs as active elements have received considerable
attention [2]-[8].

Although various biquadratic filter functions can be
found from  previously mentioned = configurations,
considerably less attention has been given to the realization
of current-mode universal filters with multi-inputs and multi-
outputs (MIMO). The employment of the MIMO
configuration may lead to a reduction of a number of active
elements for circuit realization. This type of filter provides a
variety of circuit characteristics with different input and
output current, and usually does not require any parameters
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matching conditions. Moreover, to realize all the standard
biquadratic filter functions, the configuration with multi-
inputs and multi-outputs seems to be more suitable than the
single input configuration.

In this study, a current-controlled current-mode universal
biquadratic filter with two inputs and two outputs (TITO) is
described. The circuit contains only two VDTAs and two
grounded capacitors, which offers the advantage of an
electronic tuning capability and is especially interested from
integrated circuit implementation point of view. By
appropriately selecting input and output signals, the proposed
circuit can realize all the five standard biquadratic filtering
functions, namely lowpass (LP), bandpass (BP), highpass
(HP), bandstop (BS) and allpass (AP), without critical
component matching conditions. It also provides orthogonal
control of the natural angular frequency (@,) and the quality
factor (@), as well as low active and passive sensitivities.
The performance of the proposed circuit has been evaluated
by simulation results with TSMC 0.25-4m CMOS process
technology.

II.  VDTA DESCRIPTION

Usually, the VDTA element is composed of two voltage-
controlled current sources, which are interconnected
internally. The circuit representation of the VDTA is shown
in Fig.1, where its terminal relations can be given by the
following equation.

i, = ng{Vp -Vp) s =1 and i, = 8msVz (1)

Here, g, and g, are the first and second transconductance
gains of the VDTA. In general, both of them can be adjusted
by external DC biasing currents, which lend electronic
tunability to circuit parameters [3]. It may be emphasized
that an electronic becomes very important when the circuit is
in a variety of design specifications and in the integrated
form.
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Figure 1. Circuit symbol of the VDTA.

Various techniques can be employed to realize the
VDTA. However, in this work, a CMOS realization of the
VDTA shown in Fig.2 is chosen [5]. As can be deduced
from this structure, the transconductance parameters are
therefore obtained as [9]:

ngE( 818> J+( 8384 }

8 t& &3+ 8,

gmsg[ 8586 ]Jr( 8:18s J
85t 8 &7+ &5

where gi= HC o Wil pi is the transconductance value,
VoL

Iy; is the bias current, g is the effective carrier mobility, C,,
is the gate-oxide capacitance per unit area, and W, and L; are
the effective channel width and length of the i-th MOS
transistor (i=1, 2, ..., 8), respectively.

(2

and

(3)

+V

My
i
LS
P X+ I
M,
) s
RV
Figure 2. CMOS realization of the VDTA.
III. PROPOSED FILTER CONFIGURATION
The realization of the proposed current-controlled

current-mode universal filter with two input and two output
terminals is shown in Fig.3. The circuit topology consists of
only two VDTAs and two grounded capacitors. The use of
only grounded capacitors conduces to integrated circuit
implementation [10]-[11]. From the derived filter circuit, the
current transfer functions from two input signal currents (I3
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and /) to two output currents (/,; and I,5) can be expressed

as :
1 i :_[nglngl J|: In } (4)
CcC, D(s)
2+ { Snr18ms2 JS +[ 8mr18 ms1 ) I, 7(gmr|gmsz JSI”
I = &ur2Ci CC, &ur2Ci
" D(s)

®)

jﬁ[ J ©)

and g, and g,s (i = 1, 2) respectively refer to the
transconductances g,r and g,s of the i-th VDTA. From
equations (4)-(5), it can be summarized as follows.

Enr18ms2
8ur2Ci

Euwr18 ms
€.C,

where D(s)=s5" +[

1) The LP function is obtained with I, = I;;, I, = 0, and
Ium' =, Inl-

2) The BP function is obtained with I, = I;;, I, = 0, and
W

3) The AP function is obtained with 7, = [,;/2 = I>, and
[nm - 1n2-

4) The BS function is obtained with [;, = I;; = I, and
qul= 02}

5) The HP function is obtained with [, = I;; = I», and

[ru(r R Inl < ln]-

Thus, the proposed TITO filter of Fig.3 can realize all the
standard types of the biquadratic filtering functions from the
same circuit configuration. Note that there are no critical
component matching constraints or cancellation conditions
in the design. The circuit also needs no inverting-type
current input signal for realizing any biquadratic function.

I
o“b n X+ p x-
h VDTA L VDTA
G @ 1y @ In
p p s ey [ no,

(o]

X+
Zc
I

—

Proposed VDTA-based universal biquad filter.

q|_ﬂﬂ_ N

Figure 3.

In all cases, the natural angular frequency (@,) and the
quality factor (Q) of the proposed filter are given by :

®, = Emr18msi N
‘ C,C,
and 0= ( 8uwF2 } 8m1Ci ®)
&us2 )N &urnCs

In this case, the incremental active and passive sensitivities
of @, and Q are derived as :



@, @, 1
S&'nv:n 0 :E ! ®
so =53 =—1, (10)
Sep="Se, =1 a1
s¢ =_ge =_L (12)
Lmr Ems1 2
and se—_ge-1 (13)
‘ =2

Since all the sensitivity values are equal to 0.5 in magnitude,
the circuit exhibits a good sensitivity performance.

In practical circuit, if we set g,,; = gur1 = Zusi, and C =
C, = (,, then the filter parameters @, and O from equations
(7) and (8) simplify to

@ =5m (14)
5
and 0= Swrz (15)
8ms2

It should be noted that @, and Q are orthogonally adjustable.
It can be realized that the @,-value can be adjusted
electronically by varying g,;. On the other hand, the Q-
value can be tuned independently without affecting the @,
by changing the ratio of g,,m/gys>-

IV. SIMULATION RESULTS AND DISCUSSIONS

To verify the theoretical prediction, the proposed circuit
of Fig.3 has been evaluated using PSPICE simulation
program. In Fig.3, the VDTA has been simulated employing
the CMOS structure of Fig.2 with the transistor model and
process parameters -~ corresponding to 0.25-zm CMOS
technology available from TSMC. The geometrical
dimensions of the transistors (W/L in zm/gm) are as follows:
5/0.25 for M,-My and 8/0.25 for Ms-Mg. The DC supply
voltages are selected as: +V =-V = 1.5 V.

Fig.4 shows the simulated frequency responses for the
LP. BP and HP functions of the proposed circuit. In
simulations, equal transconductance of g,/ = g1 = g =
Ems2 = 5%/ ‘llA.N (IBFI = [gg[ = 13,:.‘1 = 1551 =200 /.lA), and
equal capacitances of C; = C, = 20 pF were chosen, to
obtain the natural angular frequency of f, = w,/27z = 4.60
MHz, and Q = 1. With the same designed component values,
the simulated gain and phase responses of the BS and AP
filters are illustrated in Figs. 5 and 6, respectively. It is
apparent from the graphs that all the simulation results are
found to be in close agreement with the theory.
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Figure 4. Theory and simulated LP, BP and HP responses of
the proposed filter in Fig.3.
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Figure 5. Theory and simulated BS responses.
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Figure 6. Theory and simulated AP responses.

To demonstrate the orthogonal electronic control of f,
the transconductances g, (i.e., g = &ur1 = &ms1) were
simultaneously changed for the values 352 nA/V, 514 uA/vV,
737 pA/V, and 1043 pA/V, while keeping g, = gus2 = 577
HA/V for a constant Q = 1. This setting results in f, = 2.80
MHz, 4.10 MHz, 5.87 MHz and 8.30 MHz, respectively.
The resulting BP frequency responses for various g, are
plotted in Fig.7. For the adjustability of the Q-value without
influencing f,, the VDTA transconductances were set to be
constant at EmF1 Emst = 8ms2 = 5717 #A/V The
corresponding current characteristics of the BP filter at
different g, (288 pA/V, 577 pA/V, and 1,154 uA/V) are



shown in Fig.8. It is important to note that the high Q-value
filter can be obtained from the high value of g,,».
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Figure 7. Simulated BP responses with tuning £,
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Figure 8. Simulated BP responses with ( tuning.

V.  CONCLUSIONS

This work presents the two-input two-output current-
mode universal biquadratic filter using two VDTAs and two
grounded capacitors. Since the circuit uses only grounded
passive elements, it is advantageous from the monolithic
implementation view point. The proposed circuit can realize
LP, BP, HP, BS and AP current responses from the same
circuit  configuration  without component matching
constraints. The @, can be adjusted electronically and
independently from tuning of the Q-value. The filter has also
low sensitivity performance.
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Abstract—This work presents an electronically tunable series
RC impedance simulator circuit by means of the recently
introduced active element, called voltage differencing buffered
amplifier (VDBA). The proposed circuit employs only two
VDBAs and one grounded capacitor, which is canonic in the
number of components. The simulated equivalent element values
can be tuned electronically through the VDBA transconductance
gain. The circuit also does not require any compenent-matching
conditions. The non-ideal gain effects of the VDBA on the
simulated capacitance value are also evaluated and discussed.
PSPICE simulations, which are in a close agreement with the
analytical calculations, are included.

Keywords— Voltage Differencing Buffered Amplifier (VDBA);
Series RC circuit; impedance simulator; electronically tunable
circuit.

1. INTRODUCTION

In general, active RC circuits are very useful circuit
elements in electrical network design and synthesis. In the
recent integrated circuit technology, the fabrication of
integrated capacitances larger than 100 pF is a fundamental
problem, due to their large occupation of silicon chip area. In
many applications, such as integrated lock-in amplifiers,
sampling data systems, and sensor interfacing circuits, high-
valued capacitances are necessarily required. A simple
solution is the employment of the capacitance multiplier
circuit, which performs the multiplication of small capacitive
value. Consequently, many configurations to function the
capacitance multiplication are reported in the literature [1]-
[12]. However, the works reported in [1]-[10] need at least
three passive components for their realizations. In [11], two
different active elements, and two passive elements is used.
Although the circuit of [12] employ only a single active
element and two passive elements, a floating capacitor is
required for its realization which is not attractive for IC
implementation. Also, the circuits given in [5]-[6], [8]-[10]
cannot be tuned electronically.

This study is focused on the realization of an actively
simulated series RC impedance based on the use of the voltage
differencing buffered amplifiers (VDBAS) as electronic active
building blocks [13]-[14]. The proposed configuration consists
of only two VDBAs, and one grounded capacitor without
requiring any external passive resistors.  The synthetic
simulated resistance and capacitance values are electronically
tunable via direct biasing currents over a wide range.

978-1-5386-4956-5/18/831.00 ©2018 IEEE

As a result, the large-valued equivalent capacitance for
integrated circuit fabrication is feasible. An active RLC
second-order high-pass filter using the proposed circuit is
realized as an application example. ~ PSPICE simulation
results using 0.25-gm CMOS model parameter from TSMC
are performed to evaluate the characteristics of the proposed
simulator circuit and its filter design application.

Il. CONCEPTUAL OF THE VDBA

The circuit diagram of the VDBA and its behavior model
are shown in Fig.1. Ideally, the VDBA device consists of the
transconductance amplifier as an input stage, and the unity-
gain voltage buffer as an output stage. Thus, the defining
relation of this element can be characterized by the following
matrix :

i,] To. 0 0 0],
i\ [0 0 0 0y, M
i g # 2. WORO|| v
v,] Loo 0 1 0]

W

where g, is an effective small-signal transconductance gain of
the VDBA, which is, in general, electronically controllable over
several decades by a supplied bias current/voltage. According
to the equivalent circuit shown in Fig.1(b), the differential
input voltage between the terminals p and n (v,-v,) is
converted to a current at the z-terminal (i.) by a g,-
parameter. The voltage across the z-terminal (v.) is then
conveyed to the output voltage at the w-terminal (v,,).

A possible implementation of VDBA in CMOS technology
is recently introduced in Fig.2 [15]. The differential pair with
active loaded, constructed by M;-M,, functions as a
differential voltage-to-current converter that accurately
converts a differential voltage (v, - v,) into a small signal
current 7. at the terminal z with an approximate
transconductance of g,,. The differential amplifier Ms-Mg, and
the source follower My construct the voltage buffer, which
leads to an exact voltage following and a small output
resistance. The transconductance gain of this VDBA can be
determined by the source couple M;-M,, which is given by:

g, = ﬂc,,\(%)fﬁ ; @)



where g is the mobility of carriers, C,, is the gate capacitance
per unit area, W and L are channel width and channel length of
the transistor devices, respectively. As it can be observed
from (2), the g,-value can be scaled electronically by the
external biasing current Jp.

i i
v P W
P o——| w ———o W
VDBA

Fig. 1. VDBA (a) circuit representation  (b) equivalent ¢ircuit,

Fig. 2. CMOS realization of the VDBA.

I11. PROPOSED SERIES RC IMPEDANCE SIMULATOR

Fig.3 shows the proposed grounded series RC impedance
simulator circuit and its equivalent circuit. = The circuit
contains only two VDBAs as active components and one
grounded capacitor C,. Under ideal consumption, routine
circuit analysis of the circuit in Fig.3 gives the input
impedance Z;, as :

AL edn) 2oy 3)

| R
by S qu N OF

where g,,; (i = 1, 2) denotes the transconductance gain of the
corresponding VDBA. It is readily seen from eq.(3) that the
proposed circuit of Fig.3 simulates a grounded series RC
impedance with the equivalent resistance value of R,, = /g,
in series with the equivalent capacitance value of C., =
Cgu1/gn- Thus, the value of R,, is controllable electronically
by tunable transconductance g, while the value of C,, is
adjustable independently by g,.. The circuit also does not
require any cancellation or component-matching constraints.

7z LYl

in
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(b)

Fig. 3. Proposed grounded series RC impedance simulator circuit.
(a) circuit diagram  (b) equivalent circuit.

IV. TRANSFER ERROR ANALYSIS

If the non-ideal gains of the VDBA are considered, the
defining equation from eq.(1) becomes :

i, 0 0 0 0]v,
i, |0 0 0 0fflv, @)
i ag, —ag, 0 0 v.
v, 0 0 g 0],

where a and f represent the non-ideal transconductance gain,
and the non-ideal output buffering gain of the VDBA,
respectively.  Thus, taking into account these non-ideal
parameters for the proposed circuit in Fig.3, the non-ideal
input impedance is found to be :

7 - 8, +5C, , ()
A8 [algml(lgl _ﬂz)+ Scrﬂl]

where a; and /3 (i = 1, 2) are the non-ideal gains & and 3 of the
corresponding VDBAs. From eq.(5), if the condition @ >>
[eagma(F1 - A)/FIC,] is satisfied, then the non-ideal simulated
equivalent resistance and capacitance can respectively be
found as :

¥ & S )
apg,,
and er :(alﬁtgml JC‘ X @)
A8

It is readily seen from eqs.(6) and (7) that the parasitic gains &;
and /4 have an effect on the values of the simulated elements.
However, the transconductance g,,; in eq.(6) can be used as a
tool for tuning the equivalent resistance value, while in eq.(7),
g 1s also employed for compensating the small error in the
equivalent capacitance C,, of the proposed circuit.



V. SIMULATION RESULTS AND DISCUSSIONS

To verify the theory, the proposed simulator circuit of
Fig.3 has been simulated with PSPICE simulations using 0.25-
#m CMOS process parameters obtained from TSMC. The
VDBA was simulated using the CMOS realization of Fig.2
with symmetrical power supply voltages of £V = +0.75V, and
I, = 50 pA [15]. The aspect ratios (W/L) of the MOS
transistors used in simulation are listed in Table I.

TABLE1T
TRANSISTOR ASPECT RATIOS OF THE VDBA CIRCUIT IN FIG.2.

Transistors W(um)/L(pm)
M;-M; , Ms-Mg 25/0.25
M;s, My 32/0.25
M. . Mg 35/0.25
M, 25/0.25

For simulation purpose, the circuit of Fig.3 is constructed
with I = Ip, = 100 pA (g1 = g2 = 1.58 mA/V) and C, =1
nF. Fig.4 shows the simulated typical waveforms of the input
voltage v;, and the current i;, through the proposed circuit,
where the peak-to-peak voltage of the input sinusoidal wave is
100 mV, and the signal frequency is f'= 100 kHz. The results
indicate that 7, leads v;, by 65°, whereas its theoretical value is
68°. The magnitude-frequency characteristic of the simulated
RC impedance along with the ideal curve is plotted in Fig.5,
which are good correspondence between the values observed
for the operation frequency region from 10 kHz to 100 MHz.
The simulated phase response is also shown in Fig.5, and the
values are in close agreement with the theory. The total power
consumption for the circuit is approximately 0.76 mW.

Vi iin

(mV) (uA)
707 40

A el Y ]

351 20 , £ i ;
N TR
=704 40
16 24 cro 40
Time (us)

Fig. 4. Simulated transient responses for v;, and i, through the circuit of
Fig.3.

Fig.6 shows the electronic tuning for R,, of the proposed
simulator circuit in Fig.3 for three different values of /5, i.e.
Ig = 60 pA, 170 pA, and 1000 pA (gm = 1.22 mA/V, 2
mA/V, and 5 mA/V). The remaining components are taken
as: C, =1 nF and Iy, = 250 pA (g,» = 2.50 mA/V). These
setting lead to obtain the realized equivalent elements as : R,
=816 Q, 485 Q, 200 Q, and C,, = 0.50 nF, 0.8 nF, 2 nF,
respectively. The simulated results confirm that the value of
R, can be electronically tuned by adjusting g,
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On the other hand, the magnitude-frequency characteristics
of the proposed circuit for various biasing current Ip, are
plotted in Fig.7 with C;, = 1 nF and I = 250 4A. For above
specified component values, the value of C,, can be varied
from 2 nF, 1.2 nF to 0.5 nF, while keeping the R, -value
constant at R., = 400 Q. From Figs.6 and 7, we see that the
simulated element values R, and C, can be adjusted
conveniently by appropriately tuning the /5 biasing currents of
the VDBAs.

Mag.  Phase
()  (degree)
100k 0
/ —— Simulated
; P SR
10k 2. = Theory
\ 7 Phase
K| s 7\ —
By \ Magnitude
1004 75t 2
10 -100:
10k 100k 1 10M 100M
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Fig. 5. Simulated and theoretical frequency responses for Z;, of Fig.3.
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Fig. 6. Electronic tuning of the R, ~value via the transconductance g,;.
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Fig. 7. Electronic tuning of the C,-value via the transconductance g,».



VL. APPLICATION EXAMPLE

To demonstrate the usability of the proposed circuit, an
active RLC second-order high-pass filter shown in Fig.8 is
constructed [16]. The high-pass current transfer function of
this filter can be given by :

i

I s° y 8
HHF(S):%z ®

w (Req] !

sT+ s +——

L LC,

with @, = (1/LC.,)"* and @ = (1/R.,)(L/C.,)"?. For @, =2af=
250 kHz and Q = 1, the circuit of Fig.8 is implemented with L
= 0.4 mH. The series RC impedance has been simulated by
using the series RC circuit in Fig.3 with g,; = g0 = 1.58
mA/V, C, = 1 nF, corresponding to R, = 632 Q and C,, = 1
nF. Fig.9 shows the simulated and ideal frequency responses
of the second-order high-pass filter. The results appear that
the simulated results are in good agreement with theoretical
ones.

Series RC impedance
simulator of Fig.3

Reg G,

Tin P

l T

Fig. 8. Active RLC second-order high-pass filter used to illustrate the simple
application of the proposed simulator circuit in Fig.3.

Gain  Phase
(dB) (degree)
40 0

Gain

// allhi
i //Y
e IR 3 A

- === Theory

-1204 -180

1k 10k 100k IM 10M 100M
Frequency (Hz)

Fig. 9. Simulated frequency responses of the second-order high-pass filter
realization of Fig.8.

VII. CONCLUSIONS

An electronically tunable series RC impedance simulator
circuit has been presented in this paper. The realizes simulator
employs only two VDBAs and one grounded capacitor, and
does not require any critical element matching conditions.
The simulated equivalent element values are controllable
electronically by adjusting the transconductance gains of the
VDBAs. The non-ideal gain effect of the VDBA on the
proposed simulator circuit are also been investigated. The
feasibility of the proposed circuit and its current-mode filter
application are explored, and computer simulations with
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TSMC 0.25-gm CMOS technology are included to verify the
behavioral of the circuits.
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Abstract—This work presents an electronically
tunable grounded capacitance multiplier circuit based on the
voltage differencing buffered amplifier (VDBA), a recently
introduced active building block. The proposed capacitor
circuit requires only two VDBAs, one floating resistor, and
one  grounded capacitor. The circuit can be tuned
electronically via the VDBA transconductance ratio. The effect
of the VDBA non-idealities on the simulated capacitance value
has also been discussed in detail. The usability of the proposed
tunable capacitance simulator has been verified by realizing
the  fourth-order low-pass _filter application with a
Butterworth approximation. In order to verify the theory, the
behavior of the circuits is evaluated with PSPICE simulation
program using TSMC 0.254m CMOS process parameters.

Keywords— Voltage Differencing Buffered Amplifier (VDBA);
capacitance multiplier; impedance simulator; electronically
tunable circuit.

[. INTRODUCTION

It is well known that the large-valued physical capacitor is
either not impractical or permitted  to  fabricate in
the integrated circuit (IC) technology.  Accordingly,
the capacitance simulator circuit or capacitance multiplier
circuit is very useful elements for very large-scale integration
(VLSI) implementation. ~ Considering this fact, the use
of the capacitance = multiplication  topology has = been
widely investigated in a number of various applications,
especially for  active filter -and oscillator designs,
cancellation of parasitic elements, and impedance matching
circuitries. Several works for realizing actively capacitance
multiplier  circuits ~ using  different types of active
devices were proposed in  the literature [1]-[12]. In
[1]-[10], “at least three passive components were
employed, which enlarge the silicon chip area. An
alternative grounded capacitance simulator circuit using two
different active eclements, and two passive elements was
proposed in [11]. Although the work of [12] employ only a
single active element and two passive elements, a floating
capacitor is required for its realization which is not attractive
for IC implementation. In addition to [5]-[6], [8]-[10],
the circuits suffer from the lack of electronic adjustability.

Recently, an attention is focused on the use of the voltage
differencing  buffered  amplifier (VDBA) as a
modern electronic  active  building  block in  the
analog signal processing circuits and applications [13].
Many application

978-1-5386-3555-1/18/$31.00 ©2018 IEEE

universalities using VDBAs as active elements, such as active
filter and sinusoidal oscillator design, and immittance function
simulator realizations, have been developed [14]-[18]. In this
study, a configuration for the realization of an actively tunable
grounded capacitance multiplier is proposed. The proposed
configuration consists of only two VDBAs, one resistor and
one capacitor. The capacitance multiplication factor can be
tuned with direct biasing currents over a wide range.
Therefore, the simulation of high equivalent capacitance
values for integrated circuit fabrication is feasible. As an
illustrative application, an active fourth-order Butterworth low-
pass ladder filter using the proposed circuit was also simulated.
PSPICE simulation results using 0.25-zm CMOS model
parameter from TSMC are performed to evaluate the
characteristics of the proposed capacitance multiplier circuit
and its application.

i &y
= e gy =
=Sl P w———oW
i VDBA i
" -
v, —»
ro——==4n Z f———o V=
(a)
ie0s ~ N4
Vo + C 0V,
Vn
Fig. 1. VDBA (a)electrical symbol (b} its behavior model.

1. DESCRIPTION OF THE VDBA

The symbolic representation of the VDBA and its behavior
model are illustrated in Fig.1. As is shown, the VDBA is an
alternative versatile active element having four terminals,
namely high-impedance voltage differencing input terminals p
and n, a high-impedance current output terminal z, and a low-
impedance output of a voltage buffer labeled as w. Therefore,
its idea operation can be described by the following matrix
equation [14]-[15] :



i17T0o o o o]y,
I.” _ 0 0 00 v, (1)
i | g —g& 0 Ofv
v, 0 0 1 0];

where g, is the small-signal transconductance gain of the
VDBA. Generally, the g,-value is electronically controllable
over several decades by a supplied bias current/voltage, which
lends electronic tunability to design circuit parameters.
According to the behavior model of Fig.1(b), the differential
input voltage between the terminals p and n (v,-v,) is
converted to a current at the z-terminal (i) by a g,-
parameter. The voltage across the z-terminal (v.) is then
conveyed to the output voltage at the w-terminal (v,,).

IIl. PROPOSED CAPACITANCE MULTIPLIER CIRCUIT

The proposed capacitance multiplier circuit is shown in
Fig.2. Tt employs only two VDBAs, and one floating resistor
R, and one grounded capacitor Cy. C; is the external grounded
capacitance, which has to be multiplied. Routine = circuit
analysis of the configuration proposed in Fig.2 with R) = 1/g,,,
yields the input impedance Z;, expressed as :

2

where

Em2
and g,; (i = 1, 2) denotes the transconductance gain of the i-th
VDBA. Note from eq.(3) that, the realized circuit simulates a

scaled capacitance, which is feasible electronically by
adjusting the appropriate ratio g,,/gpa.

w
\ voea P
in g R fin
vz D s . ;j—'
Vin :t ':; Vin le
i n w =

0

|ji9
wa}jﬂ

Fig. 2. Proposed eclectronically tunable capacitance multiplier and  its
equivalent circuit.

IV. NON-IDEAL ANALYSIS

In non-ideal case, it is useful to consider the following
non-ideal gains of the VDBA :
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i1T[o o o o]y,
fn N 0 0 0 0 A LA (4)
i | |ag, —ag, 0 ofv
vl Lo o g ool

where @ and f refer to the non-ideal transconductance gain,
and the non-ideal output buffering gain of the VDBA,
respectively. If the non-ideal parameters & and / are taken into
account in the analysis of the proposed circuit in Fig.2, the
non-ideal input impedance is found to be :

Zm _ R] +{ 8.2 _SC\ } N (5)
algml[a:gm](ﬂl - ﬂ\ )+ jclﬂl]

Here, @; and £, (i = 1, 2) are the non-ideality parameters of the
i-th VDBA. From eq.(5), if the operating frequency (w) is
much greater than [e.g,2(/% - A)C ] and R, = 1(@1figm).
then the equivalent non-ideal capacitance can be expressed as :

&P\ 8
Cuq :{ ¥ ]JC‘

38,5

(6)

It is thus seen from (6) that the parameters ¢; and f; of the
corresponding VDBA do effect on the value of the simulated
capacitor. However, if we assume that ¢ = o, this effect
could be alleviated. Furthermore, the transconductances g, of
the VDBAS can also be used as tools to compensate the small
deviation in the equivalent capacitance value C,. of the
proposed circuit.

V. SIMULATION, VERIFICATION AND DISCUSSION

The performance of the proposed capacitance multiplier
circuit of Fig.2 has been evaluated with PSPICE simulations
using TSMC 0.25-gm CMOS technology. The VDBA was
simulated using the CMOS realization of Fig.3 with
symmetrical power supply voltages of £V = £0.75V, and I, =
50 A [16]. The dimensions W/L of the MOS transistors used
in the VDBA realization are given in Table I. From Fig.3, the
gn-value of the VDBA is determined by the source couple M-
M, which can be expressed as :

w
8= #Cm[zj’n d

where wis the mobility of carriers, C,, is the gate capacitance
per unit area, W and L are channel width and channel length of
the transistor devices, respectively. As it can be observed
from (7), the g,-value can be scaled electronically by the
external biasing current /.

O]

To demonstrate the feasibility of the proposed capacitance
multiplier of Fig.2, the simulations are performed with I =
Ip = 100 LA (gm = gm2 = 1.58 mA/V) and C, = 1 nF. Fig4
shows the simulated time-domain responses for v;, and i, of
the grounded capacitance simulator in Fig.2, where the applied



frequency is f= 200 kHz. As can be recorded from the results
there is a positive 81° phase shifting between v;, and 7;,, where
its ideal value is 90°. It is easy to observe that the circuit
works well as a capacitance simulator. Similarly, both of the
ideal and simulated impedances of the realized capacitance
simulator against frequency are depicted in Fig.5. The results
demonstrate that the simulated responses are in good
agreement with the theoretical responses in the frequency
range of 1 kHz to 5 MHz with the maximum errors within
10%. The total power dissipation for the circuit is found to be
1.57 mW.

Fig. 3. CMOS implementation of the VDBA used for simulations.

TABLE]
TRANSISTOR DIMENSIONS OF THE CMOS VDBA CIRCUIT IN FIG.3.

Transistors Wi{gm)/L(zm)
M;-M; , Ms-Mjg 25/0.25
M;, M; 32/0.25
M, My 35/0.25
M, 25/0:25
Vin iin
(mV) (uA)
70+ 80
O
354 ) ky
l' A
J ©
A
OA
1\
o
;
354 !
'
(%
=704 -80
3 10 15 20
Time (us)

Fig. 4. Simulated transient responses for the proposed capacitance multiplier
circuit of Fig.2.

Fig.6 shows the simulated magnitude-frequency
characteristics of Z;, comparing with the ideal ones for C; =1
nF and four different values of g,,1/gm, 1.€. gui/gm2 = 0.1, 0.5,
2 and 10 (Ig/lgp = 100A/1000uA, 100A/40uA, 10004A
/2504A and 10004A/10gA). For this specified component
values, the realized equivalent capacitance value is obtained as
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: C,, = 0.1 nF, 0.5 nF, 2 nF and 10 nF, respectively. The
results verified the prediction of (3) that the value of C,, can
be electronically tuned by the ratio of g,.1/gn.

Mag. Phase
(Q) (degree)
1M~ 0
\ Magnitude
10k{  -50 \\
Phustw \
s SURSNHRELE
1004 -100 I
Y
—— Simulated 3 7
-=-== Theoretical Tl
14 -150 <L
1k 10k 100k 1 10M 100M

Frequency (Hz)

Fig. 5. Simulated and theoretical frequency responses for Z;, of Fig.2.
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10k 100k 1 10M 100M
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Fig. 6. Electronic tuning of the C,,-value via the ratio of g,/gn.

To illustrate the workability of the proposed capacitance
multiplier in Fig.2, it is employed in the realization of the
fourth-order doubly-terminated Butterworth low-pass filter in
Fig.7 [19]. To obtain a Butterworth characteristic with a cut-
off frequency of @. = 628 krad/sec, the denormalized
component values are obtained as : Ry= R, = 1 kQ, L, = 1.218
mH, Ly = 2.94]1 mH, C =29 nF and C,, = 1.2 nF. The
capacitors C,, and C., have been realized by using the
capacitance simulator of Fig.2 with following component
values : Iz = 950 puA (g = 4.87 mA/V), Iy = 110 pA (g2 =
1.66 mA/V) and Cy = 1 nF for C,, and I = 150 LA (g, =
1.94 mA/V), Ig = 100 uA (g,2 = 1.58 mA/V) and C; = 1 nF
for C.p. Fig.8 compares the frequency characteristics of the
fourth-order Butterworth low-pass filter with passive
capacitors and simulated capacitors. As can be seen, the
simulated filter characteristics agree well with the predicted
prototype ones.



Rs Ly L;
+o—ANN—TIID 000
+
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i : ] f
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Fig. 7. Fourth-order doubly-terminated Butterworth low-pass filter.
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Fig. 8. Frequency responses of the fourht-order Butterworth low-pass filter
realization of Fig.7.

VI. CoNeLusioNs

In summary, an alternative scheme for realizing a
grounded capacitance multiplier circuit with electronically
adjustable multiplication factor is introduced. The simulated
capacitor is composed of two VDBAs, one external resistor,
and one grounded capacitor. The equivalent simulated
capacitance value of the realized circuit can be adjusted
electronically through the transconductance ratio of the VDBA
elements. The effect of the VDBA non-ideal transfer gains on
the synthetic equivalent capacitance has also been discussed in
detail. Simulation results based on TSMC 0.25-zm CMOS
process with £0.75V bias voltages are performed to verify the
theoretical analysis and demonstrate the performance of the
proposed simulator circuit and its ladder filter design
application.
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ABSTRACT

A minimal realization of electronically adjustable capacitance
multiplication topology with voltage differencing buffered
amplifier (VDBA) 1s proposed. The proposed capacitance
multiplier circuit is designed by means of two VDBAs and one
floating capacitor. A capacitance multiplication factor is adjusted
electronically through the ratio of two transconductances. The
effect of the non-ideal gains of the VDBA is also taken into
account and carried out. As an analog application example, the
proposed capacitance multiplier circuit is utilized in the design of
an electronically tunable first-order low-pass filter. PSPICE
simulations with TSMC 0.25-um CMOS technology are included
to support the theoretical analysis.

Keywords

Voltage Differencing Buffered Amplifier (VDBA); capacitance
multiplier; impedance simulator; Electronic communications;
Information systems

1. INTRODUCTION

Large-valued capacitors with good linearity and accuracy have
widely employed in many analog signal processing circuits and
solutions, such as radio frequency building blocks, sample and
hold data circuits, sensor interfacing circuits and fully integrated
phase lock loops [1]-[2]. For standard silicon-based integrated
circuit (IC) technology, a capacitor can be fabricated on silicon
wafer in the same way as a transistor. However, the large-

valued capacitors suffer from large occupation of silicon chip
areas [3]-[4]. Over the years, to obtain large-valued capacitors for
standard silicon-based IC technology, the active clement-based
capacitance multiplier design is used; see the references cited
therein  [5]-[17]. Some previously reported capacitance
multipliers [5]-[14] need at least three passive components to
obtain higher capacitive values. The other capacitance multiplier
[15] requires two different active elements, and two passive
clements for large-valued capacitor.  Also in the recent
communications [16]-[17], the VDBA (voltage differencing
buffered amplifier) is an attractive device for designing
capacitance multiplier circuits. However, they still require two
external passive components for their constructions. In addition
to the circuits given in [9]-[10], [12]-[14], they are also suffering
from the lack of electronic adjustability.
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Therefore, in this report, we have focused our attention on the
capacitance multiplication topology with electronically tunable
property by means of voltage differencing buffered amplifiers
(VDBAs) [18]-[19]. It uses two VDBAs and one floating
capacitor. No critical active and passive element constraints are
needed for the realization of the proposed circuit. The simulated
equivalent capacitance value (C.,,) of the realized capacitor can be
tuned with the ratio of the two VDBA transconductance gains.
The effect of All VDBA non-idealities on the realized equivalent
capacitance is discussed in detail. The illustrative application of
the proposed capacitance multiplier in the realization of the
clectronically tunable first-order low-pass filter has been
demonstrated. PSPICE simulation results using TSMC 0.25-zm
CMOS process parameters are eritically performed to agree with
the theory developed.

2. Principle of Voltage Differencing Buffered
Amplifier (VDBA)

The symbolic circuit representation and equivalent circuit of the
VDBA device are demonstrated in Fig.1. For the ideal operation,
the voltage-current characteristic of the VDBA circuit can be
expressed by the following matrix relation:

i, 0 0 0 0fv,
i, 0 0 0 Oflv,
dale 1 . (1)
i En —&nm 00 vz
Vs 0 Oy 0)i,
ip iy,
Vpo——= 1 p i 2 5w,
iy VDBA i

(b)

Figure 1. VDBA
(a) symbolic circuit representation (b) its equivalent circuit.



In above expression, the parameter g, denotes the small-signal
transconductance gain of the VDBA, which in general is adjustable
by electronic means. This property makes the VDBA device
suitable for designing electronically tunable analog and mixed
signal processing circuits. According to Fig.1(b), the differential
input voltage applied to the terminals p and n (v,-v,) is
transformed to a current flowing out of the z-terminal (i.) by the
gn-parameter. The voltage drop at the z-terminal (v.) is also
transferred to the output voltage at the w-terminal (v,,).

In term of circuit architecture, we have adopted the CMOS circuit
realization of the VDBA introduced in [20] for performing the
proposed circuit. The simplified schematic of the CMOS VDBA
is pictured in Fig.2. Assume that the transistors M;-M, and Mj;-
M, are well matched, the effective small-signal transconductance
gain (g,,) realized from this structure can be determined by the
following:

where u is the mobility of carriers, C,, is the gate capacitance per
unit area, W and L are channel width and channel length of the
transistor devices, respectively. Also note from eq.(2) that the
value of g, is electronically controllable through varying the value
of the external DC biasing current 7. In this work, the transistor
sizes of the internal circuit structure in Fig.2 are provided in Table
I

-V

Figure 2. Internal circuit structure of the CMOS VDBA used
in this work.

TABLE 1
TRANSISTOR SIZES OF THE CMOS VDBA IN FiG.2.

Transistors W{(zam)/L(xm)
Mi-M: , Ms-Ms 25/0.25
M, , My 32/0.25
M., Mg 35/0.25
M 25/0.25

3. PROPOSED GROUNDED
CAPACITANCE MULTIPLIER

The proposed actively simulated capacitance multiplication circuit
is depicted in Fig.3. The multiplier consists of only two VDBAs
as active elements together with a single capacitor C| as an
external passive element. According to the characteristic of the
VDBA described in eq.(1), the expression for the input impedance
Z;, of Fig.3 is derived as:
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where g, and g,,» represent the transconductance gains of the i-th
VDBA (i = 1, 2). From eq.(3), the equivalent capacitance is
realized of value:

C,= (Hﬂ]q : @
8

It is evident that the proposed circuit realizes a tunable grounded
capacitor with a capacitance multiplication factor given by (1 +
2.u1/€,2).  Accordingly, the value of the realized equivalent
capacitance (C,,) can be controlled electronically by the ratio of
two transconductances. Additionally, there are no critical
component matching conditions for this design.

G

{I
fin
iy
+0 n w n w

(@)
iin
— >

#

Vin Ceq
(b)

Figure 3. Proposed capacitance multiplier established with
VDBAs

(a) circuit realization  (b) its behavior model.

4. Non-Ideal Performance and Sensitivity
Analysis of The Proposed Circuit

In non-ideal case, the relationship between voltage and current of
the VDBA given in eq.(1) can be rewritten as:

i, 0 0 0 0 v,
i, 0 0 0 0}|v, )
ii| |ag, —ag, 0 Offv.
wl Lo o g ool
In this case, & = (I - &,,) and S = (1 - &), where g, | << 1

denotes the transconductance inaccuracy, and |g,| << 1 denote the
voltage tracking error from terminal z to terminal w, respectively.
Routine circuit analysis with the non-ideal characteristics of (5)
gives the following equivalent input impedance:

1 1

- = —
SCy SCI(] £ afg.. ]
L L,

(6)



where the non-ideal equivalent capacitance value is obtained as:

c, —(l+ 58 JCI ) %)
8

In above expressions, the parameters ¢; and S denote the non-
ideal transfer gains @ and f of the i~th VDBA (i = 1, 2),
respectively.

To further evaluate the performance of the realized capacitance
multiplier circuit, the sensitivity analysis is also accomplished.
The active and passive sensitivities of the C,, for the non-ideal
relation in (7) are listed as follows:

SCv =50 =55 = R )
) 1+[a2ﬂlgsz
a8,
S AT oy kH /O
‘ : l{%ﬁlgm
afhg,;
Y 4 Sg"“ ® 7™ (10)

From (8)-(10), it can be observed that all the absolute values of
the component sensitivities are no more than unity.

5. Simulations, Verifications and Discussions
The proposed grounded capacitance multiplication topology
illustrated in Fig.3(a) is tested with PSPICE simulations using a
CMOS VDBA of Fig.2. For simulation purpose, the circuit of
Fig.2 was biased with symmetrical supply voltages of +V = -V =
0.75V, and the biasing currents of /; = 50 wA. The external
capacitor to be multiplied was chosen as: C; = 10 pF.

As an example of the performance of the proposed circuit of
Fig.3(a), the transconductances were sct equal to g, = g,2 = 1.58
mA/V (Ig = Iy = 100 pA), in order to give an equivalent
capacitance value of about C,, = 20 pF. The simulation results
obtained for the transient waveforms of v;, and i;, are depicted in
Fig.4 for a 80 mV peak-to-peak sinusoidal input signal at the
frequency of f= 400 kHz. It can be recorded from Fig.4 that the
phase of the current i;, leads that of the voltage v;, by 86, which is
very elose to the expected value equal to 90", In this case, the
total power consumption of the circuit was measured to be only
0.75 mW. On the other hand, the simulated magnitude and phase
characteristics of the input impedance Z;, of the proposed
capacitance multiplier circuit in Fig.3(a) along with the ideal
responses are compared in Fig.5. As these resulting frequency
characteristics, the simulation results are good correspondence
with the theory for the frequency range from 1 kHz to 100 MHz
approximately.

Fig.6 illustrates the electronic variations of the simulated
equivalent capacitance value against the ration of g, /g, for three
different values of the external capacitor (Cy). For this purpose,
the DC biasing currents were chosen as: g,,; increasing from 0.5
mA/V to 5 mA/V (I = 10 4A ~ 1 mA), and g,,» decreasing from 5
mA/V to 0.5 mA/V (Ig; = | mA ~ 10 @A), which results in the
multiplication factor ranging from 1.1 to 11. Note that the value
of C,, was recorded at 400 kHz.
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Figure 4. Simulated time-domain resp for the si idal
input signals of the proposed capacitance multiplier circuit in

Fig.3(a).
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Figure 5. Magnitude- and phase-frequency characteristics for
the input impedance Z;, of the proposed capacitance
multiplier circuit in Fig.3(a).
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Figure 6. C,-value against g,,/g,, ratio for three different
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6. Application Example

An active voltage-mode first-order low-pass filter shown in Fig.7
is utilized to demonstrate the practical performance of the
proposed grounded capacitance multiplier circuit in Fig.3(a). The
filter structure of Fig.7 was constructed with the following
components: R = 1 k@, C, = 10 pF and g,o = | mA/V (lz =40
uA). The transconductance g,,; was swept from 0.5 mA/V, 1
mA/V to 5 mA/V, corresponding to the cut-off frequency (f, =



1/22R,C.,) at 10.6 MHz, 8 MHz, and 2.65 MHz, respectively.
The simulation results for the three different values of cut-off
frequency are shown in Fig.8, where the corresponding f;. obtained
from the simulation results show a good agreement with the ideal
values.

Simulated C,, from Fig.3(a)

Cy ‘

10 i

ur 5

o ]
+o—ANN—2 w n w |
N ‘:, VDBA VDBA i
in "out i
e © hde @ o

Figure 7. First-order low-pass filter realized with the
proposed grounded capacitance multiplier circuit of Fig.3(a).
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Figure 8. Simulated frequency characteristics of the lowpass
filter in Fig.7 with three different values of g,,;.

7. CONCLUSION

A minimal realization of a capacitance multiplier circuit based on
VDBASs is introduced.  The capacitance multiplier is made up of
only two VDBAs and one floating capacitor, which allows the
electronic control of the capacitance multiplication factor. The
clectronically tunable multiplying factor is achieved by tuning the
bias currents of the VDBAs. The practical performance of the
proposed circuit is demonstrated on the design and simulation of
first-order voltage-mode low-pass filter. Simulation results in
good agreement with the expectation analysis are also reported.
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Abstract

This paper presents a voltage-mode Schmitt trigger circuit using
two VDBAS (Voltage Differencing Buffered Amplifiers) and two grounded
resistors. The presented circuit has a simple structure configuration, and
can be controlled the output voltage amplitude and the threshold
voltages independently and linearly by means of the VDBA biasing
currents. The performance of this work has been shown by PSPICE
simulations based on TSMC 0.25-ym CMOS technology, which are in

close agreement with theory.

Keywords: VDBA (Voltage Differencing Buffered Amplifier), Schmitt

trigger circuit, comparator, voltage-mode circuit
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