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Hefdudufinunudemnusasigaed safuniu (resistor) Shiniiaani (inductor) ffu
Usgqluiln (capacitor) wavAIANFIuT I ua U U TUAINaE (frequency-dependent
negative resistance, FDNR) UoNINT9aTE s UL VTR TuB I ALAUT A DI BUNS1F WU
ounTy kazwuvruuitiausluivefinudatuiivsenoudaensas DVIC S1uiumowi uas
gunsaimadvduanud lngansoduangiduilaidudsunuudunieniising
E;iiyL?IEJLLUU@HﬂﬁQJLLazLLUUGUU”Iu (lossy series/parallel inductance simulator) wagilsidu
@Jmﬁhmmqlw%ﬁﬁmiq@L%‘&JﬁguwuayﬂmLLazLLuwmu (lossy series/parallel
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(equivalent element) idaiAs1ERTUaIN9958°1150USUALE §28n15wUSATF G UMY
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Traesn1sinaulasldlusunsy PSPICE aelamalulagiiuy CMOS Y11 0.25-pm U89
UTEN TSMC (Taiwan Semiconductor Manufacturing Company) uaﬂmﬂﬁé’qiﬁmwaau
frenanisrenaasidieesasaieeldlodiues AD8AS vauUEW Analog Devices WiloBudu
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ABSTRACT

This thesis proposes the design and synthesis of an immittance function
simulator using DVTCs (differential voltage to current converters) as an active
element. The proposed circuit can be divided by the structure into two types, i.e.,
floating structure and grounded structure. The proposed floating immittance function
simulator was synthesized with two DVTCs along with only three external passive
elements. By properly selecting the passive elements, the proposed circuit can
realize general immittance functions such as resistor, inductor, capacitor, and
frequency-dependent negative resistance (FDNR). Moreover, the proposed grounded
series and parallel immittance function simulators consist of two DVTCs and three
passive elements, which can realize lossy series/parallel inductance simulator and
lossy series/parallel capacitance multiplier by choosing the proper passive elements.
In addition, the realized equivalent elements can be controlled via the external
passive element. The performance of the proposed circuit was confirmed by
simulation results through the PSPICE program using 0.25-um CMOS technology from
TSMC (Taiwan Semiconductor Manufacturing Company). Furthermore, it is also
confirmed with the experimental results using a commercially available IC, AD844
from Analog Devices, in order to confirm the presented results with the theoretical
finding.
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unil 1
UNUI

1.1 anuduanuazarudifgvesdam

2999 8euuuuilaiduduiiauaud (immittance function simulator circuit) \unsasiidl
AMNEIAADNNTERNLULLATELATIEAT LT UTENIMRad Uy IUNISLaUEaen (analog
signal processing circuit) 917LYu 299505038y ad (filter circuit) 299500aTaLaLN0S
(oscillator circuit) LLazmiﬁﬁWi’lqﬂmﬁﬁLmeﬂﬁaﬂmi (undesirable parasitic element)
Husu (flosieauautilunsvihaumsiudisquensasidsuuuuilduduiaunudi
Fuasrzsilasldgunsniuendin (active element) Tuildneninuazauadosiags S
AulUdssituiiuunsassau (integrated circuit, IC) Hoe wazdieranisUsuLsAmnnning
T¥augunsalwiadn (passive element) dswalilugamessuiiiiuandanuidesuiumnn
thiausniseenuuULazduaTIisIsdsuuuiliduduinunudlaeedgUnsaiuoadiniil
Angnnlunisniaugeaatgyia 1wy 3395 OA (operational amplifier, Op-Amp) [1]-[2]
ﬂEjiJ’NQiﬁ’]EJWTL!ﬂi%LLﬁ (current conveyor, CC) [3]-[13] 23939 OTA (operational
transconductance ampilifier) [11] 239395 DVB (differential voltage buffer) [12] kag33395
CFOA (current feedback operational amplifier) [14]-[16] {Jufu Imaﬁ’imqﬂizmﬁlﬁ@
fiannuazsageniuidelusfnlifiussavsnmlumavhauiigadu uidsaslifslassadinedis
mnseuie lidudeu ieanvuniiuiluiessn wagdisnsavhaunisldseduus sy
TWideesi (low supply voltage) danalauddesidslii (ow power consumption)
UouasaINIUITuNaUNI

2993003 UL UUNEGY (flipped voltage follower, FVF) Qﬂ‘lj%ﬁﬂ@%‘lm%\mimﬁ@ﬂ
A.A. 2005 Ing R Gonzalez uagani [17] InoiiingusgasAndnieldsnunsasaiuusiu
neldendesedunssiulniFosds doliiAaddslaihgnydetesas venainiisasny
WAL UUNAUSHTAlULIASY LU ﬁﬁ'}é‘?mﬁmu%mﬁwmﬁﬁﬁ (low output impedance)
131138939 (high slew rate) WaiFeuifiauiuasasnuussdunuudadu (18] deded
AINa1IVIIA9R TN ST URUUNR VAN nzausen1sUssgn ALt uluiasUssuiung
doygranusuzdasniluegnsuin Tul a.e. 2021 2995 DVIC (differential voltage to
current converter) ﬁé’umwﬁﬁﬁummwsmmLLiaéﬁ’uLLUUWEUgﬂu"WLauaﬁﬁuIm N.
Likhitkitwoerakul lazade [19] 2935 DVTC LﬁuqﬂﬂiﬂjLLaﬂﬁWLLUUMﬂ%’J Feusenoudaedn
usafuBUNALUUNAAsTiTABuuAuT Bunngs wasdanseuao e ifaBufiusudosine
¢ Bnviareasdedinisldenuussfulnibesdn uonainiiens DVIC annsndansied
91319818A1A214 W (transconductance gain, gm) 138 8931v818A1A1U7 b AN
(transcapacitance gain, Cm) ta1nn1sidentdaugunsainiadnainnieusniaas vivbiig
fensoanuuuLazduaeiiuisesdeuuuuiladudufinumudidluegenn

Mnwaraluteiuinednusatiuiiniauemssenuuuuar ATz Ry
flafdudufinunudiily Fsuseneudie faduniu (resistor) Fawdlent (inducton) dafiu



ﬂiz@lﬂﬂ’l (capacitor) uag1935 FDNR (frequency-dependent negative resistance) lngld
2933 DVTC iugunsnineniinndn desrufugunsaimadndiuiution vilferdediuiily
assiutios TussiuliAsssh dmalidumulumsndnsasiiddiias Tneauauifiue s
AMIANZANsBLUIVNINTITRILIsssenlumalulagveesTalusgian

1.2 anuyamangnazinguszasnuainisane

Inendnusatiuilfienudonnglunsesnuuuiasduaneinsdsuuuileiduduin
usud Tneldnaas DVTC WugUnsaiueniiingn dautsmudnuneilsifuiidanseitudsl

1) 2995dsukuuianduduiinwnuduuuansda lagldi9as DVTC Fuiuaesdn wag
gunsalma@sniuanui aasfitiaveanunsadaunseiduilrduduiauaudiiled
Hlarduldun fadumnu favtenh Fufuuszglilin wagasas FONR [19]

2) 299stagukuuindusuiinuauduuveunsudeisunsnin lngldaeas DVTC 91uiu
aosi sesufugunsaimadvaisa wesidiaueaunsadaunseiduiliidudounuud
wilgniwieilerdugamannug i isinnsgapdeuuueynsy [20]

3) yasideunuuilsitududaunuduuuruiudemeunsg tngldaeas DVTC 91y
doa AeTiuiugunsaina@NTIIuaIum | 1nnsdenldugunsalnnadlegamsnvay
dwalhaesiiiausannsadaanyiduilsidudouuvuiunieniviofladdugueiany
Aihatimsgaydouuuunu [21]

lnedngUsvasanantunisideee Anwinaaudivesilenduduiinuaudluguuuusingg
iiesevanlunmsoonuuutardaanzisesdsunuuilyituduianudlaeldes Dvic Wy
gunspiLeATiNvan desiuiugUnsaimadidnautes ioanmutudoureses noliia
AuEEUde Netnin uazadesiadantsUsrgndldu Bnieraruiuniuanya
(equivalent resistance) ﬁwmmmﬁ'mﬁwamga (equivalent inductance) WarA1AIIUY
nll1anya (equivalent capacitance) fidsiATI2ATUIINIITTALTAUUTATLAHIUNS
Usuussrgunsalnadvlannnneuenias AaantElunnsyiniuvesisasithiausgnuandlyt
IUA3IRIENaNI9Ia0INsvIeNEIulYsknsa PSPICE neldinalulagiuuu CMOS vuna
0.25 um YaIUTEN TSMC (Taiwan Semiconductor Manufacturing Company) SAuTtenns
WauenalaeN1sHoNAaewIe919TseUleTues ADS44 [22]

1.3 wannistwsifivausluineriinug
PnMsinaunudTeiiieitesiunsesnuuulardanseiieesdsunuuileddudy
fnunudlagldgunsalueaiiviviasiieg [11-116] wuirdedanAdesundddagunsalueniisl
wnnIaesda [11-2], [41-5], [71-9], [11]-[12] vieenfegunsainiadninuiuainninaiusa
Tun5duA518952995 [11-5], [7], [12], [15] $wAeedt [11]112] 91fugUnInlLenfinaesviin
Tunsfuasgiduilsntudulinunud dwaliminanududeulunisreseniluiassiu an
fiaaAde [5], [7114], [16] sndudedduswiulmdssgindt £0.75V Tasmeasdonsnag
agUlddamaned 1.1 Aeduingrdnusasuidiajadiuluniseenuuuuasdunseinses
Aeuwuuilantusuiounudlaeldieas DVIC I1uiuaesdl desiuduaunsainiadniiuiu



anuin Bnvnsasithiaueanunsavhaunglissduusaiulites £0.75V wihtu Tasuus
mstaueeenifuaiieg Ifuiendsunvuieidudufinwaudinlluuvansd 2993
A uwuUTHIATuBTinUDLUUBUNTUABBUNTIIA Laz19asidsukuulanduduiinmud
LuTselfisunsg dhensdenidgunsainiainesaminzan dawalisasitiaue
annsadunseiidu fMduduwuuaseds fuvisiuvuaseda fufuuszqliiuuy
a0u/1 2993 FONR wuvases 2sasidsunuuiimionimiodasgaainnugliingiinng
gy dsuvveaynsusefisunsmd uazasidsuluuiuvienimietsasguaiaugluiidi
N5ELASLUUYUABBUNS1IAALEIRY

1.4 37922 88AUINYUNUS

Tuineninusaduil Wudaidomeandu 6 un wazaenwindn 4 na Tasusazund
seaziBeaseluil

undi 1 umd Wunisnandmnudunisazanuddyvestym AUINUBUAY
Inqusrasivosnsine udnmsmdfivnausliveninug uasseazideaidonlasagy
uazUnvesInefinusauil

undl 2 namsenudususendnmsinuiugurerinsklaAdudawaudily
(general immittance converter, GIC) ﬁ%i’wmmimmﬂaﬁmuﬁqﬂmﬁ’u UIENDUMIY 2995
OA 3493 CC 3993 OTA 2995 CFOA 2uflvasas DVTC Aldludneninusatuil

unil 3 namisandRLagndnMsINuresNe IRk TuLUUNAUdad g uay
nssesonduieas DVIC Mdluingrdnus siufsnnsmaaeuanssauyveeas DVTC lag
TlUsunsu PSPICE

undl 4 nd1ateniseenuutiazduaseiieasdeuiuuilaiduduinunud fluwuy
aousa laeldi99s DVIC dnuiudetii Aesudugunsaintadnduiuaudd anaudily
NN3YN9UYBINITNEUTUAIINANITINABINTVINTL UaENITHENARBIDIS

unil 5 nanafenseenuuukazduaginsdsuwuuilridudufiausuduuueynsy
LATLUUYUILABEUNSII taglYda99s DVIC uiuassdi wazgunsalniadwaiuda
ANANTRN3YIILYRI95gNNAFDUIAINATIMEHANITTI8IN YN kazNTHENARDY
shentsaiedudunmantAnisonndosiunanimaud

unil 6 asunaeAtefilddiauelinmelinendnug niewiideiauenuzuumaio
iluiauaidesely

duvhgveinerinusazifunianuin Sauaninsiesziauauiuazaunisild
meluudazun fedleasdondeluil

MANUIN A NTIATIETRMaLTRY8999T DVTC

Marn Y mnneinuautBivensasdeunuuilrituduiaunudiinly
wuvaseilugud 4.1
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- . . . Unendeuls
NS o Ao o YUALLAEITUIU UUUNT 7 D W
v - Handundansgila e . BN NIV UVDY
91984 gunsalueAni i RGET! B
aunsal
[1] lossless L, FDNR OA=2 5 - Tai
[2] lossless L, lossless C, FDNR OA=3 8 - T
(3] lossless L, FDNR Call-=2 5 - 19
[4] lossless L, lossless C, FDNR | CCll+ =2, CCll- = 2 4 - 1o
(5] lossless L, lossless C, FDNR, | CCll+ = 2, CCll- = 2, . +1.5V, 1
4
admittance converter DO-CCll =1 +0.5V
(6] lossy L, FDNR cCl-=2 3 - o
U7 1: CCCll+ = 3,
lossless L, lossless C, FDNR, DO-CCCll =1 .
(7] o 4 25V o
admittance converter g‘th/\ 2: CCClI+ =1,
DO-CCClIl = 2
Ui 1-2: CCCll+ = 2,
positive/negative lossless L | * 1
DO-CCCll =1
N _ Ul 3-4: CCCll+ = 3, ,
(8] positive/negative lossless C | * 1 +2.5V 1o
DO-CCCll = 1
7 : Ul 5-6: CCCll+ =3,
positive/negative R iy -
DO-CCCll = 1
- Y CCll+ = 1, CClI- = 1, +1.5V, ,
[9] positive/negative L, C, R 3 T
DO-CCll = 1 +05V
lossless L, lossless C, FDNR, .
[10] , DO-CCll = 2 3 25V T
admittance converter
DO-CCIl = 2, +1.5V, ,
[11] lossless L, lossless C, R 2 T
QOTA =1 +0.5V
[12] lossless L, lossy L ECCIl=3,DVB =1 4 +5V o
+1.5V, .
[13] lossless L, lossless C, FDNR DvCC =2 3 1o
+0.65 V.
+1.5V, .
[14] lossless L, lossless C, FDNR MCFOA = 1 3 T
+0.556 V
lossless L, lossless C, FDNR, - .
[15] CFOA =2 3895 - o
FDNC
+1.5V, .
[16] lossless L MCFOA = 2 3 o
+0.76 V
Img?i  OA @a Operational amplifier

CCll Ao Second generation current conveyor
CCll+ A® Plus-type CCll, CCli- wnugia Minus-type CCll

DO-CCIl #® Dual-output CClI

CCCll+ @@ Plus-types current controlled CClI

MCFOA #a Modified CFOA

admittance converter g 3935NAUALDANALAUD

lossless L fa samileriuuulidiinisanyde
lossless C Ao Arnuglnihuuulaidnisgade

DO-CCCII A® Dual-output CCCII, ECCII wnuds Electronically tunable CCll

DVCC o Differential voltage current conveyor
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2.1 n&a1n
Huanednaudslagiunisesnuuuiazdunsizisasiszinanadygiumiusuzion
1 Naiﬂsaqﬁ’mmmwuLLaﬂﬁWﬁﬁé’uﬁuqﬂ (high order active filter circuit) 9zTuuINI
lun1sdaasgviegatuguuuu loun n1sdemaian (cascade) ¥843933nRITYQYIUBUAY
wila (first order filter) Lﬁdﬁﬁé’uﬁuﬁqasﬁu mssetloundunatsrssevdudunisdeniaian
wazerfen1sUounauluuay (negative feedback) Laxn151419951@8ULUY (simulator
circuit) titeidunvisuunufigunsalniadul (passive element) Aifis1urusnn essnuuy
Hunavsnsesdayqrndududvaa (1) Tnegunsalmatuiifondainserisneisasdouuuy fo
Fumilendy (inducton iilesandnvaznianienmussgunsaidananilvuiadeudislg
dwmasionisilutszgndldnlumeluladisassa (integrated circuit, I0). Snviseinsenis
U¥uudsanaumientt lunmsdenuuuiumideninzedendnnisvensaslannes
(gyrator) ¥3829935nauUBNLARAUTAIUIN (positive immittance inverter) wagdLAUUILY
Tfluuumada iedunsizisesidauaudilumsiauaioufuduiiunuduee
wileanh [2-43] BndiasdeuiuuiimishiidanseitusunsaSuamiumilen
auya (equivalent inductance) lefagmnniimsldsusmdenhuuunadyl
NAINUMILILITEIUERAR [41-16], [81-[19], [24], [27]-[29] WuINHIWITHTIUIUNIN
sathilunisesntuuisanisuuuuiiulaserdegunsaiuenivl (active element) wlarnanld
uunuiignsainiadil uenvndeunsaiueniindalinsiaundeseaundugidy el

v o

Usgangamlunsinuingsdu antonnnseawasdainiamiegas nelitinaiutnvgy waz

o <

AaaIfIsan1sUsEendldnuluesUssuianadyginmiiousdon luvuendndids

]

v [ [

Tnseadrefidoudne lddudou amnsaviheuneldssfuusaulndos waziesenis
USuusermnsnimesidunsieitusneae
ﬁﬁuiu%wmﬁwuﬁ‘wﬁ%ﬂdwﬁqwé’ﬂmiﬁyugmﬁuamwﬂﬂLima% N1599NLUUINAT
LWazdITAIUINITVRI9TLUasH AT UB UL ALAUTGDLUNU T2 a3A (general immittance
converter, GIC) lngldaunsaiuoniinaiinnige laun
® 133935 OA (operational amplifier) [4]-[6]
395 CCll (second generation current conveyor) [8]-[19], [24]
2495 OTA (operational transconductance amplifier) [24]
2995 CFOA (current feedback operational amplifier) [27]-[30]

395 DVTC (differential voltage to current converter) [31]
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2.2 qslasnes
1995115003 Aensasnauduiaunudaruinyianisiiaudidgysanisussendld

o
[ (%
o = [

ulwsswlasilesiduduiinuaudeiunyuszasdagnuin 193slaLswesgniiauaduasaLn
Tud a.a. 1948 Tae B. D. H. Tellegen [2] Fednydnwaimsliinamnsouanadisguil 2.1(n)
Taeguil 2.1@) Wunisdaasgiiaslasmeslasldunasinenszuafiniuauiensadiy
(voltage controlled current sources, VCCS) 91UAUADIINDT Iu%mzﬁgﬂﬁl 2.1(A) WWuns
Funsgnisaslasmeslasliundedtsusefufinauaudienszua (curent controlled
voltage sources, CCVS) 91UIUEDI99T  ANUFUNUSTENINUTIAUAUNTEUEVDI9DSALS
wesanusaileuesuneldnsd

I1 = _gzvz (2.1)
l, =0V, (2.2)
LMY A7/ | INSS L, I»
+- O ; o +
Vi ) ( V,
0 5 g Yol
(n)
I AR ISR 1 2 I,
+ o =) +
Vi i 92V2¢ <#91V1 i Vo
. g g N
(@)
|1 |2
—_— T T T T T T T T T T T T T T T I TR T T | —
+ O ; i o +
Vi i rz'z%_> <-'% rily i V5,
- 0 i i o -
(m)

sUfl 2.1 25aslaisimes

(n) dydnwainiglaily
(@) msduaseilagly VCCS @a119a3
(@) MsduaTeRlagly CCVS @091993



Tnefl g1 uae g2 Ao A1ANL (transconductance) Fafinilsuazansnudisu Fediandu
dasdmvesnszuamunistuuswiulufunseina lunsldanusuuuulassineluiiaes
o3 (two port network) WU g1 AsdAWIAY g2 ndnszvinuantiveaslasmes
Tagle VCCS annsalisuaunis (2.1) waz (2.2) lalmiwindu

s L%

luyhusadgiumnieseinaauiivedsasiagld COVS wazmmuali i = 1/g1 uae rz =
1/g2 agla

0/ <k
{Vl}z 1 {Vz} (2.4)
|1 -= {¢Q _Iz
If-2

2.3 swlasilsidudulinunudaiunuszasa

2995lasmesluguil 2.1 annsavszgndldnuduissuvailaiduduiaouaudlilog
nselvian (2 dhluiidh Vo fauandusuil 2.2 dedseisasiasuesmaiiuda Vi ay
laAnBuiiuaugdunaviniy

Ry ) -
Lo 199, )\ VY, 0.9, )\ Z,

o

<
/
N

S

Zy I::> ’—> V, 1/zZ,
Zin

JUN 2.2 ysudasiliiduBuinunudlagldisaslasnes

NFUN 2.2 nuamnimuali Ze = 1/sC wseldaaunulszluildulvnaniidumia
13 V2 489399505005 sglamduiiuauddunaaloudvduiiuaudvasdimient lu
usufgaiuminimuali Zyx = sk wielddunienindulnanveasaslasnes azlden
a a ca d a o ¢ ] = = Yo =
duiluauddunmaiiouduiuauduosiniuuseqlih lnelinvasiBunagulanmisem 2.1
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gunsalnadniisie
[~4 ) I
Wuluian ol S
V2 U99799540454995

ABUTILAUTBUNA wqﬂmaﬁamaﬁ
. N 2995auyanIglii
YDINATLAUIADS AATILATY

7. =R 7 _( 1 j(l) R = L \7 R
X in glgz R eq glng r ’ eq
Zin =

9.9, 9.9,

1 C +
Zx=1/sC Z, = [—J(SC) Ly =—+ r Vi L

N

Zx=sL e 1(i) C.=9,0,L
x =S in — glgz sL eq 192 rl T‘

INENTIT 2.1 wandbiiuineasiduasieituiiguauimduisaseuasfladduduiiounud
= o= b o ulld el N £ & pr = v Ao o ‘:l'
s 0995 RT I TinduAduluaudvednanfiviuife ifidn Vs 2993495 TR0 lUUN
2.2
TunsfiNndoan1s8wATIz1 995U lanNTUB LD AL LUUARUAT dunsavinlalaenns
lEreaslasweidnnuassiiiuandduun 2.3 lnganuduiusseninaussiuiunseuatian

WINAU
1 1 0 1
Vi RN = 0 =1V,
NS 9 || 1 1 9, | (2.6)
! SN 2 42 -g, O 4
| lawsimas 1 laLsumas 2 |
1 N,  Naldl A L ™ o . 2
o ’ . ' o)
+ +

=
/
N

N
N
N

=

__________________________________________________________

I1 1/Z, I
—_— — -
o o
+ +
V1 V2
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JUN 2.3 snsudasilinduBuiinunuduuuasemilagldiaslasmesiuiuaass
NAUNT (2.6) laABuiunuddunnveenslugui 2.3 whiy

9

2 Ve VoV Z( 1 ](ij 27
Il |2 g192 ZX

2.4 299swlasileitudufinunudiiguasziduainsatuaud

Tud p.A. 1967 A. Antoniou dniausn1seenuuuleashatsinesineldoalusudidu
guUnsalueniinvdndiuas desiudugunsaimadnduiuddduandusuil 2.4 [3)
soanlull A.d. 1977 K. Martin wazmazldinemslasmesidunsyituanesdueudves A.
Antoniou wUszendldeuiuicasudasilsidududaunuduuuiisunsinlagnisdelnan
Zs it V2 vossaslaweiduandusuil 25 (4]

|||—o
(o]

JUN 2.4 2aslasmesiduarerivuainesuuend

B

g o

gy

JUN 2.5 2a9sudasilanduduiinuaudNdunsenvuainieaslaisngesves A. Antoniou
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waudluguin 2.5 annsamAduiiuauddunala

(2.8)

NauN1T (2.8) wuirasidnaueaunsaduasiziduisuniu daniead fiiulsey
il waza9as FONR wuuiisunsmalassasulunsnei 2.2

M3 2.2 ATANYATFNATIERTUIINRTWUAsTlnduBudinuaudlugun 2.5

asaui sunsaiaT Nl ul9as ﬂ'w@mﬁmu%@uwmﬁ ﬁwqﬂmaﬂamuﬂaﬁ
FuAs1zvivu duAsigvivu FaAs1evivu
YA Z2 Z3 Z4 Zs
1 R1R3R5 R1R3R5
5 R R R R R Z, = =
FIFTUNIUY 1 2 3 4 5 RR, “ " RR,
o dAf. R.R.C RR.R.C
AU R:1 | 1/sC2 | Rs R4 Rs. 4.2, [= (Rl ) ZJ L =——=t2
R, R4
< 1f RR R2R4C5
1 Y R R R Rs |1 Z G F—=5 =———
Aanulsey 1 2 3 4 | 1/sCs S( R2R4C5] 9" RR,
U/ R R,R.C,Cs
27N 3 -
2995 FDNR | 1/sC1| R2 R3 Rs | 1/sCs | Z;, <. (RZRACICJ e R,

e o

2asulasitaidudufinupudiidansisiauainoeduonding K. Martin wazanziiy
fardunuuiiounsiag daiidesifatunisldeuannnindlsidunuuasesn daiulul o,
1980 T. S. Rathore waganyldviaueisasilasilsnduduinuausuuvassdifinosonu
nsasulasilsfFududaunud tuuidisunsiadass K Martin 29957 auedaasnyiay
neevuendiuiuami desudugnsalmadndauiundfauandusud 2.6 (5] e
AvuAli Z1 = Zs = Z7 uay Zo = Zs gldrnduiilauddunaiiniy

— V1 _Vz — Vz _Vl — lezs
Z,Z,

Z (2.9)

in
Il I2

aun1s (2.9) wanabiiuinaeasluguin 2.6 awnsaduasigiduddiumu dumiean 67
Auuszglnin wazaeas FONR wuuasemldannisidentdgunsalmadnesamnyay
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Vi

O T O
JUN 2.6 2asudasilenduBuilnunudndunsievivulae T. S. Rathore wazAy

2.5 29asuUasnenTudulinuaudnaunsIzivuanieas CCll
PANNNITETIU UL UL UaININTURLTNWA LT SanulneaUwandilvednia

FN990INUIE DWIULUUAINAN R3INTTagan Bnviveeuueudduiilassasienelundudou

a

Aanulud A, 1970 K. C. Smith wag A. S. Sedra litniaue99saenIunshasuan

2

(second generation current conveyor, CCIl) TuAsILIn [7] #dna1n1ulsas CCll lﬂgﬂ
° 8 v fso a a o P | ~ a Y

nuszenaldaululsasudasiandudulinunudegiaunsvaney [8]-19] lesanilded
110121015 7uesdkeN Ay [20] AINAUNUSTENINUTIAUAUNTELAVD 935 CCll

aunsaeuasunelanadl

D

0 O
AU Ned (2.10)
X170

=

#un1g (2.10) wansliiudanszua i; Jvunauazfaniannsivangrfuiunseud ix awisen
2993 CCll 9finiiimeas CCll wuuwan wis CCli+ (positive COIN lumnansafudnumnnszua
i, fvurnwiiAunsEud i BAfirn19nsaiuduezi3enie9stinii1n99s CCll LUUAY W3e
CCll- (negative CCII)

Tul A.A. 1986 R. Senani Untaue19asuuaslendudulinuaug uuuasesilaely19as
CCll- SruauasssresuAugUnsalmadndwiuididuandluguil 2.7 (8] el
1993lngoduAMaNTRYe9T CClI- NuIABUkAUTBUNAWNTY

, ViV, VooV 22,2

in (2.11)
I, I, Z,Z,
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Zl ZZ
g
X cen- ccn- Y
| 7zl z |
iy ©) @ <>
o Yy X 0
+ +
Z3
v, . v,
O ; o)

JUN 2.7 wvswdasilanduduiinuaugnduasignvulagldiens CCli-

auns (2.11) uandliiiuineeslugud 2.7 asnsadaaszidudiumy duntoni i
Audszglnih waz 2995 FONR wuvasedsldlasnisidenldeugunsalnadnesamunzay

2435 DO-CCIl (dual-output CCI) iursasamemunszuasinnisiignosnuuuliiids
z vang 2 92 Ingaedifiemslunslvanssiiadu nanensas DO-CCI fnssuauad
VYBANTEUA iz V93995 CClI+ Uaga9as CCll- ey ¥1b92935 DO-CClI dAunaassiise
nsUszgnaflderumnndy Tull 2006 S. Minaei wazamzldtiauaisasnasilsidududio
wauduuvasedalagldases Do-califugunsalieaiinndndanadlusui 2.8 [15] @
Suflunuddunnainsoiaselased

__Vl _Vz __Vz _Vl _” lez

Z;, (2.12)
Il I2 Z3
+ S 4
Y po-ccn ? Y po-ccn ?

I, Z, H z,
o= Ix @ z- L I —x @ 7+ -,
+ +

Z3
V]_ 1 V2
o T o

]
[

UM 2.8 1vsudasilenduduiinuaudndunsiendulagldisas DO-CCI

JUN 2.8 uandbiiiuineesiesnwuulagldiaes DO-CCIl ordugunsalniadnidoy
ndMslEa9as CCll dnlugun 2.7 1naunts (2.12) wudnneaslugui 2.8 anansadunsien
Judaduniu dawmileann dunuuszglnili waza9as FONR alasnisidengunsalniadw
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wiina9as CQll azgnihwnesnuuulunsesingquining  usegdlsnfaees CCl fulldeidued
Ao dUBunandmduiiuaudgauiiosaned Aetd y viliees Cal ldwanzausenisldauy

a |

Bunwmawuunan1y fsdunisldnuisnduieuiindiuiues Cal Wisliaiunsasuusdiu

Bunedanaiule dwalianddenldes cal lugunsalueniinudndedldnugunsaiuen
[

PN T UTUINLNNTIUNNTDBNWUUIAT R UAIHINT WD LR AWAUS [31]

)}

'
74

2.6 2995uUaINIATUBUTALAUTNFIATIZRTVUIINDAT DO-CCIl hAZINRT

OTA

2995 OTA (operational transconductance amplifier) ﬁa’m%ﬁmgaumﬂﬁuﬁuwm
wuunanlindunssuaednariudnsmenemauil (transconductance gain, gm) 10
A1 gm @nansamuAulamenseualuda s 9NN8UaN9RT [21] ANUAITUS YNNI
funszuaueeas OTA annsadeussungldm

iy =0, (Vi -V ) =g,v, (2.13)

Tnefl gm N30IN12995 OTA dupsrgrvuainmaluladuuululnaisnsiudames [22] da
Wiy

O L\ (2.14)

uag V1 AalseiuaiTeu (thermal voltage) Tnsfigaumgilvies (Uszana 27 °C) Vr awilen
Wiy 26 mV. Tunsfinggas OTA duasizrvuainmalulagluuyeansnudainas 23] A
Om VAU

gm = /ucox (\%j IB (215)

Tnedl 1 fio ArrundessveInmeRail (effective carrier mobility) Cox A8 GRGPRHE
T ussieniomie g (gate oxide capacitance per unit area) W 1ag L An @230
UszansuawazaueNUTsansuavosaaiinssia (effective channel width and length)

2993 OTA leSuilenegraunnlunswaumelulagisessay dofulud a.e. 2009 M,
Sagbas warauyla11193s OTA wreenuuuldulsasuuasilenduduinunudiuvanesa
/U993 DO-CCII tioannsldanugunsaimadviasiauanduzuil 2.9 [24] 2sasiiiiaus
p1fBgUnsainadsldafisunsmdSuauassiarinduy Jedianumngandenisiauniy
29957988190 UaziilolaT1zisasluzuil 2.9 Tngerdeaauifivenias OTA wagas
DO-CCIl azananBufiuauddungldnail
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|

_1> Z— Z+
* DO-CCII OTA
X y +
Vs

(12 )

JUN 2.9 2asudasilenduBudinuaudndunsiznvulagldieas DO-CCIl uagaeas OTA

Zin — Vl _V2 = V2 _Vl = (ijé (216)

I I, 9. /2,
auns (2.16) waasliiuinsudasiaiduduiinunuduuuasedalugui 2.9 awise
€& u v v = o ] = Y ¢ =~
g dufuniy Amioni wagsunudsegliiilaenisidenidaugunsainiadn

[

J6AT
&
U

28

® 1ilg Z1 = R1 g Zo = Rz 9laAnduillauddunavassinmumusuuang iy

! ]Rl (2.17)

Zin % Req =(_ -
gm RZ

Iﬂﬁﬁ Req = Rl/(ngZ)
® 118 Z;1 = R1 uag Zz = 1/sCp vlarBuiiunuddunnvasimientiuuuassiiniy

(2.18)

1
Z, = sLeq = (g_J SRS,

I@Uﬁ Leq = (RlCZ)/gm
® \ila Z1 = 1/sC1 ua Z2 = Ro azldiAnduiiunuddunsvasdiiulszquuuassdiiiu

! (1) ! (2.19)

I@EJ‘?II Ceq = gmC1R2
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4un13 (2.17) 83 (2.19) wansliiudnasudasilandudulinunudlugun 2.9 awse
dauasziduiiuniu damilenh wazdiiuuszglniuuuasedild udeglsinnues
aanandldanunsoduasnziilunsas FONR wuuasesld esaindadiinvesdiuiugunsal
Wiadnildlunsduasenieas

s &/ <

2.7 2995uUasnanvuduinLaudNaaAs1ZiIuaIN925 CFOA

=3

2995 CFOA Jursasuandinalandsdmiunisussiianadygiamiswousdeniivn
2995 CCll+ 3ndpsamivIsasmuLssiu [25] fauandlugudl 2.10 ¥hlsses CFOA AN
AdDIFINNTY waswnzausemsldnululnunnssuauayivuanay Wesaniasufiuaud
Lmﬁwmﬁsﬁ"mm AENUAYD9993 CFOA ansnsadlouesunelasad

Iy 0 00 0}y,
v, 1.0 0 0fi,
) = (2.20)
I, 01 0 0}y,
v, AN 7 /il

(n) @)
3U# 2.10 2995 CFOA
(n) deydnuadniglndi () 2995auyan1abny

dunns (2.20) uansliduilifinssualnadindidn y wsesuiivn y %Qﬂdamuiﬂé’q%’j’s X @u
nIzuAIFNATIYn 2 Suasituinuasfianufeiuiunssuaiivadnd x wasuseduiida 2
wgnasiulufuussiuowiyiids w2933 CFOA Idgminsndansziiduloddisoguives
AD844 T uTEm Analog Devices [26] Lagzilufidonlunisviiunuszygndldaiuogig
wnsviany [27]-[30]

Tul 1998 R. Senani liiauanisduasieniaasuuasileiduduinunudiuuaosdi
Ingldeas CFOA Wugunsaluanfinudndtuiuaiudinesauiugunsainadndiuiuaiusy
[27] Fauansluguil 2.11 1Wedasnziisasinoodegmuant@ve1sas CFOA axlddn
duiluaugBunaWiv

(2.21)
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Iy P
— -+ °
o— ¢
+ +
Vv Z: Vs
| |
—J
O -,L O

JUN 2.11 2asudasilanduduiaunudndaaseidulagldieas CFOA

a a

aun1s (2.21) wansliiiuinwasuUasileidududinwnuduuvasedilugud 2.11 a1uise
[ LN v v (Y a o v o= J L
duasgiluddiiuniu dunflend duudsey uageas FONR lalagnsivungunsal
Waglgadl

® 19 Z1 = R1 Z2 = R2 Uag Z3 = Rs aglimduiiuauddunsvaasiniumuingy

ity \R#, (2.22)

1967 Req = (R1R2)/Rs

® 3o Z1 = R1 Zz = Rz wag Zs = 1/5Cs aglmduiiuauddunnvasdumieidniniu
Z,,=sL,=sRR,.C, (2.23)

I@Uﬁ Leq = R1C2C3
® ia Z1 = R Zo = 1/sCa waz Zs = Rs aglaaduiiuauddunnvesiaiiuuszquingu

z -1 __R (2.24)

19871 Ceq = C2(R3/R1)
® 1§92y = 1/sCy Z = 1/sC; ua Zs = Rs azldenduiiunuddunnves FONR wirfy

11
" §’D,, Ss’C,C,R,

(2.25)
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Tned Deg = C1C2R3

soulul A.A. 2007 E. Yuce 1adn1995 CFOA nuuaiutfaeanduieas MCFOA
(modified current feedback operational amplifier) Immﬁwﬁ"j’mszummﬁwm Zz IINLANAT
Wlostadenduanda vlfiAneuedesianenisideuinndedy Tnoanuduiug semuing
LsefufUnsTuauanslawal

i, [-1 0 0 0 0 o]i,
i, |0 1 000 0fi
2| (0 100000y (2.26)
i.| |1 0 00 0 0|v,
vl 10 0 100 0fv,
v,| [0 0 01 0 0fvy,

aun1s (2.26) uandliifiudna9as MCFOA fianssnusiiinduainieas CFOA Wuegnain
Fatiu E. Yuce 31612993 MCFOA wieanuuukazdunsigiursasuasiladidusuda
unuduuvassda lngsasitiausUszneusieIs9s MCFOA $nnunilsia uazaunsalna
Frldrunuanuifauansligui 2.12 [29] mainrsansasiagenfaaunis (2.26) nuine
duilunugBunmIiY

(2.27)

2
S a4
O
+
I V,
E— | 23 i
+
. I 1

JUN 2.12 yasudasileaiduduinunudnduaszidulagldisns MCFOA

aunis (2.27) wansbiiiugnaeaslugui 2.12 anursaduasienilandudulaunud
aunUsrasAuuuasamlaasuadilandulaundiuniu dmieai duiudszglii was
1395 FONR Tngnsimungunsalmadnsanusiieiail
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® Mviualyi Z1 = R1 Z2 = Rz uag Z3 = Rs aglaaBuiiuaudsunsvessimumuniniy

7z =g =Rk (2.28)

1987 Req = (R1R2)/R3
® fvuali Z1 = R1 Zz = Rz wae Zs = 1/sCs azlaAduiiunuddunnvasiamian
Winy

Z, =sl,, =sRR,C, (2.29)
I@Sﬁ Leq = R1C2C3

® fviualil Z1 = Ry Zz = 1/sCz uae Zs = Rs azldaduiinauddunnvesiauiulsey
Tniwiniu

7/ J L Oar (2.30)

1987 Cegq = Co(Ra/R1)
® .ivuAli Z1 = 1/sC1 Zz = 1/sC; 4ay Zs = Rz agliA18ufinuddunnuedi9as
FDNR i1y

1 1
Zin = 2 7
s<D,, /=SC,E,R;

€q

(2.31)

T8t Deq = C1C2R3

2.8 2vvsulasileidudufinunudidaasicituainass DVTC

2495 DVTC (differential voltage to current converter) Qﬂﬂ%auaiuﬂ A.A. 2021 lag
N. Likhitkitwoerakul kazAmg [31] 1935 DVIC LﬂuqﬂﬂiﬂjLL@ﬁﬁ‘WLLUUMﬂ%’JﬁﬁﬂLﬂﬁzﬁsﬁu
mmqmﬁugmaamqmﬁa 219950105 ULUUNEY (flipped voltage follower) kaz3495
azviounszua (current mirror) &gydnwainislnfiingas DVTC uandlddaguil 2.13 Tne
AMNANRUSTE I SIRUAUATERATANNAY

= o =l == (2.32)

out+
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Vop Von

v

gﬂ‘ﬁ 2.13 &yanuwaimelnihveians DVTC

[
= 1

aun1g (2.32) wandliAuINIZUALIANG Toues WAE Tou— VO4I993 DVTC ATuBE U
NTEUA io Mnarulnan Zx 91nn18uen2993 Mndmusli Zx = R anuduiusszning
LS uBuNALUURNaAAUATELALE I ANNIzaglusUveIdnT1ve1aaA1IAI1uYY
(tranconductance gain, gm) Tunseifl Zx = 1/sC ANUFUNUTTENINIUTIAUDUNALUY
HasnsfunTELaleinmaglusUredn I veeA1ALRbIin (transcapacitance gain, Crm)
sonuantivesnisasugunsaliidiumia Zy voeasas DVTC Mlvsasdananniiaai
ihaulalumsesnuuuidulsasuasilsifuduiaunudiduegain 5Ufl 2.14 uanssas
wlasilandududinuwaudeaiunussasauuvasedilaeldasas DVTC Wuadnsaluaniivindn
Srunuassd sesaufugunsalnatus v Welsesiisesulaleiduduinuaud

lugun 2.14 lagondeaunis (2.32) aglaaduiiunuddunmiviiiv

X2 ViV, aK Vo=V _ ZZ,
I, I, Z,

o (2.33)

in

lloutZ

lloutZ

Z Z,

5UN 2.14 rsuiasileaiduduinunudnduaszidulagldieas DVTC

aun1s (2.33) wansliniiudnnasudasiteandududinunuduuvassdilugui 2.14 a1m1se
duasziduidiiuniu dmieni difvuszgliii waz2995 FONR Tnesieazidanves
VANNITYINULAERANTNAFBUANTTOUEYDIINAT DVTC waztaasuuasilanduduinunudi
4 o‘dl” o v a a s L% aglj
daAT1e9TuaINI9es DVTC zgninausluundnluvesingriinusatull
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2.9 @3l

Ingndnusuninanfnmandiiugiuressasiagned muiinisesnuuuuas
dunszilagldooluondidugunsaluoniinudn sulinisWauidesomduisasulas
ilafdududinumudoiunusvasddaunnisdaunseifseeuueudaunssiansdunszsidae
gunsalueaiinslamandusdefinaudstiagiuielfmnsaudeldnulumaluladnsass
wndadu nesudasiliidudufinunuduuuasedafindndsduunildinstauidesen
Sovunfieandeunnsowinegas widsasliteszansamlunsvhauiigs annsaufdinu
meldspiuusstuliibowh dmaliidswihandofiiatuisanasdnds
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3.1 nandn

N1300NKUULAFLATIZINRTUTEINaNAd 1MLz dand msumnalulad 1993
sufuualiulumsfaunlifvuefidnasiesin mewauaiidosnisliasaansaieny
meldsyauussduliiassias (low supply voltage) nelmAnmaslnfirgeydedesas (low
power consumption) wazdszndafiufiuniessan Snissudszanalunisduaseiiees
sflazdesasmuludie fewginuidedunnisldiiauomaiaiag orfivu nsld
unealnlugisguinI s uinEy (subthreshold region) ¥3981UN15719UMUULTY
W& (linear region) [11-[7] msldeulgnuledmatuvuinyiaiiouass (floating-gate) [8]-
[13] n1999nWwUUNITIUlRUANTZILE (current mode) [141-[17] Lagn151921999AINLTIAY
wuunay (flipped voltage follower, FVF) 1udu dwaliisasanunsaviaunieliseau
wseruliAsdisnas wagimaslninaadetosns

WATANULIIU (voltage follower) LﬁuaaasﬁLﬁﬂmaﬁﬂéﬁugmﬁﬁmmﬁﬁm%ﬁwﬁﬂ
vihsthilunsdessunssfuduneluibunsssuendynlnefvuinuifunsorssisnsveny
Humils (unity gain) Bedaieinpvesisasmunssiuasdadufiuaudieinasiinn denali
annsadnyaafidwniaednaludeniaaelulyuanssd Ingsiaanuansznuanms
anvnouvaIdgy1ad (loading effect) Nﬁ]iﬁﬂﬂLLiﬂﬁ‘L&LLUUWﬁUQﬂﬁﬂLﬁuasﬁUﬂ%ﬂLLiﬂiu% ALA.
2005 198 R. G. Carvajal kazany [18] 2asdsnanilingUszasdndniieldlumsosnuuy
wardaunseiasiiaunsoinungldssiuuseilidssiisninmsldnuresmaus ey
WU derastensuslanmaslnihfianas wonaaniiaasmuussusuuraUSdderluses
snendiell BAnBufiuauddunngs Tusnedimdufivsudiondnndiaviann lunsdvensasa
LR TR g ufemaliladuuuseansudanes duazdaidufiuaudiendne
ilsiifeamedenisldusiduasdosfiudnsivansriaiuy transconductance gain, gm)
R TdIUYIAIAINAINNLAEANLEIUTEEVSHATDITaINTLa (effective channel
width and length) fidgenuludae uenaniasasniuussfuLuUnAUTuULFIngs (high
bandwidth) MsiUAsuuUasuesdunmuazoNAN I (arge input/output swing) dsxaly
sgaNnensulueInuLsIRueE1snn [191-20]

2499 DVTC (differential voltage to current converter) Lﬂuqﬂ ﬂiﬂjLLaﬂﬁWﬁQﬂ
daustuadausnlul aa. 2021 [21] 2935 DVIC duasiediuainnguisasdosaesdu
AN 29931 ULIIPULUUNAYLAZ 19 TEEYIOUNIEIE (Current mirror) dnaliagasiinai
Baude uazagestarenisldon Snnediaunsarhauneldseiuussiulndodia fdy
Tuunilawnandmdnnisinuiiugurensmuusauuunay weenmsdnaneidums
DVTC srufsnaani@luni1svieueedisns DVIC wiousanisiudunanisvinaudie
Tusunsu PSPICE anelawmaluladuuyu CMOS au1a 0.25 um v89U589n TSMC (Taiwan
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Semiconductor Manufacturing Company) kagn15aannasinie193593slaeldlediues
AD844 u9UTEN Analog Devices

3.2 2999MULIINY
v A a & a o& a = o = = A v A
T FoIvaTBannseinduguvliavieiauansugun 3.1 Galininluns
AINIULTIAUNTY Vin LG Vour LABTiaunamfiunied99sidnsivenewindunis e
1ATIH9RsIUIUN 3.1 nudiAdufiunudBunaiivinaves My fidndustiud (Rin = o)
Tunsgauaf warnindasizia1Buiiuaudianfinnvesasnsaldygruvuindn (small
signal) Igmuualin Vin = 0 WU

1

out. 1 1
I/ L

ol oB

e roi (i = 1, 2, 3) Ao AIAINUATUNIUNTEA Y YIVUIALAN (small signal output
resistance) BINTIUBALADIAIN | LAY Fop ABAINIIUAIUNIUNT A UEUIUIUIALANVD
WVANA18NTELE IB 89 Yo >> 1/gm 4ae Fog >> 1/gm 92 lAANBULANG L2 1ANATB9TWNAY

1

Nk

R (3.2)

out

+V

+—O Vout

JUN 3.1 19950UUTIIY

aun1s (3.2) wansliiiuineasaiuussnuluuin 3.1 Saduiiunuddunngsluvuzniien
Buiiunudiondnmen JadlgaauUAnunsausanisldanunduiansaunssiuegwn

3.3 299IANUUTIAUUUUNEGY
FITMNULTAURVUNAULRAASFIFUN 3.2 Fodsasauusaiuylanilandniswmun g
UszdnSamunndeluilalUSeuliiguiuiansmuunsenunuuiadluguin 3.1 miniiansaniens
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[

muLssuLuuvaUnsdidygrnvuiaan Inefidunsiziunasanenssud ls feaeasasiiou

2 a A

N3euazlel ros = oy AUAIBURWALG I FNRTAIUTEL

= (3.3)

JUM 3.2 19930 UUSIIURUUNGY

Y & 1 [y a Al = = 4 '3 c') a gj o c')
A1n15 (3.3) wandiiindIe9In UL IR URUU NAUTABUNUAUGLDIANAAILIN DNNIETIHN
ﬂ’mwmmLLNfr’i’uLLUULaﬂugﬂﬁ 2.1 U9NAINUIIITANNLSIAULUUNAUTI@IU1T09TN9U
AelaszauLsIAUlNEEIANNIN UTaMNAY

Veupply(rin) = Ves2 +Vos (sat) (3.4)

ilo Vesz Aausatuiivanaluaneesa (gate-to-source voltage) kas Vpssan Aowsaduiiu
wsuluu1wesa (drainto-source voltage) fisnigaiuoagsarursavinauluyasdusale
ogalsfinansasnulssfuluunausiidtediinfe nsdsulamesdunnuaziendnnlsl
nIewe AvllA1vify

Vin(peak—peak) :VT _VDS(SAT) (3.5)
lne?l Vr Aauseiudaisy (threshold voltage) nsdifiuandliliuinA1usiudunnre9199s
% a d‘ 14 d‘ a I3 o o a s
AukssnuLUUnEURdeuinInsudames My gninnalag Ves: veans1udawmes Mz uaz
Ldanunsauingravastssiudunalalaanisiiiuseaunssiulndes Vsuppy) 1wn995aaueand
Tuaunis (3.5) agralsAnulunisiaumaluladi9assIuNaeInNIsIAvUIANLAUUIDTIEN
a9 nIan1sltumAluladveueansIuBanasNIVUIALENAY danaliseAuvansIny Vr
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dnateuluiig fededindena1szauroItI st uBunANNe A UL IR URUUNEY
anunsaldanuladaiosas

3.4 21993AULSRULUUNAUTIvAEd e sEAuLssAulnge

JasLssTuLuuNaUitedtaludesessiuusudunediannsaldauld duy
TuT p.6. 2005 J. Ramirez-Angulo WasAZISliILEALEI99I UL ITURUUNEUTIYAwes e
sraunsnulings (flipped voltage follower with level shifter, LSFVF) éﬁ’mamiugﬂﬁ 3.3
[19] Tnedn1sifiunsudanes Ms iiluseninsuinsuremsudames My wagvinaves
nIudaned M 1993933 ansefunuunavlugunl 3.2 Wevimihiilunisvalwe sy
wseaulnmga (DC level shifter) lngaglausenudunaiiainiu

v yAVA (3.6)

in( peak—peak) —

+V

vino_”fml

——o0 Vout
M

..... s o 1

JUT 3.3 2995910 WURUUTRUNYABEMBTEAURSIULNRSY

Y 3 { v a a E% Y Ly o
AUN"T (3.6) wanslAALI199 30 WULTIAULUUNA U ALsaa T AUl sIulnnseasasy
FEAULTIRUBUNA LAUINNTINATMILUSRURUUNTULAY Laziiindns1en9asnIaldyyiu
PAENNUITAIBU AU IFNALTIAY

e
R - O Mg (3.7)

out

gngmS

O +—+—
r-03 roB

(gmlrolroz //roB)
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TunsalRFuAT1ZALNaI98nsEhalnmse (Is) A289ALTOUNTEWE L0 Fog = o1 AITUI

anansadasgasuiuaudiodnalalvsivindy

2 (3.8)

out

gmlgmzrol
WANINTLIRIMUUTURUUNEUTIvAEmeTeRuLTiulinsaiiomvualinsuTanesyn
maunsyiuazaunsainumelaseiulsiulibgsigawiniy

V.

supply (min) = 2VGS +VDS(SAT) (39)
A1N15 (3.6) 09 (3.9) WaRIlALIAUIIIVIAULTIPULUUNFUNVAT P85 AULTIAUIN AT
aunsnsuusstudunalanelurasniaduiiuaude1fnnNanI1299auuwsuluUnaY
LAY F9TAINUAADIFIHBNITITINUNINTU

3.5 wé’nmsﬁ’mﬂuﬁug’mmamﬂm DVTC

2993 DVIC U358n8UM89T5ALUT I UL UU AU Avaodae seiunsadulinsase
FIUAVIRTATRUNIEUE Aanaliia995 DVTC 1ANUNSIIASALAISoUII8DE19UIN 2993
DVTC a1n30dalAsIzvians1vuenganuitl (gn) uazens1venea1n1ug i (Cn) lnents
Fonldaugunsaimadriannnieuenliegnidase Snfnsasanmisavhauldnielisedu
usalAs s Tdiamsneaureonisuszandldouisulnuauseiuuasnszua

3.5.1 AuaNUAY899995 DVTC Tumisgauad
3995 DVTC lumsgauadanunsalisudydnyel uazreasauyanisiiihladsgun 3.4
[21] WngAnuduiusseninussuiunselaauisaeuasuelassil

=—i =t (3.10)

aun13 (3.10) uansliiudINIsud io HININHARIIVBILTIAUBUNATIVN p Wagdd n (Vp — V)
waglvan Zx 19a1nneuendeas DVIC nszud io gnaanuluidunssuaondng i uae

q

ou— WPENTELADIANANIARIET VUM A URAT AN IR ST WD
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SUT 3.4 2935 DVTC Tumasgaund
(n) deyanuadnialnii () 295augan1 bl

3.5.2 ANENUAYE9995 DVTC Tuneujia

Jlafiansan1933 DVITC ﬂiﬁﬁﬁmsvﬁmulajL‘fJ‘ul‘LJmmmauﬁ’ﬁiumqammﬁw%a
ﬂmamumiumwgum mmmmsuaﬁuwlmﬁw 3.5 wmmmamwiwﬂuiﬂmmmmm
9893395 DVIC uummmﬂﬂflammmumuﬁqmawg] Imw'ﬁyﬂauwmaamwLmummwm
DUNA p (Rp//Cp) LLau“ZJ’JQ‘L!‘WGl n (Rn//Cn) auwmummmummwm op (Rop//Cop) 2 on
(Ron//Con) 93 otp (Rotp//Cotp) warda otn (Rotn//Cotn) 10891 Faduisaunsadousiune
AnuduTuSsT s un sl aed

_ ap(S)(Vp _Vn)
out+ _Z—

X

(3.11)

a,(s)(v, -V
way i = —w (3.12)

X
1087 op(s) waz an(s) Aedns1vereatnudTuduaudnsdildiduluniugaunf
(frequency-dependent non-ideal transconductance gains) Lﬁamﬁamiﬂismmﬁﬂugﬂ
YsaudlnaLRe (single-pole model) [22]-[23] WU
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(04
a,(s)= °ps (3.13)
1+—
C()p
a,(s) = —= (3.14)
1+ —
w

Tunsdimsasiinsiauduldaugaued @1 op was oo luaunis (3.13) i (3.14) azden

gann veddwinduetdud laelednsgrinisinaulugduanuddesnine op kag on
‘W‘U'j'] OCp(S) = Qop = (l + Sp) e e an(S) = Obon = (1 + gn) Lﬁa &p (|8p| << 1) LAY &n (|6's| <<
1) Ae ArpulsaudlunsdsnuensveneaAIALl (transconductance errors)

sUil 3.5 Ay

[

t Illcotp
% T\
> o o)
A 1 Rotn% J—_' C
T otn
Ron > ¥ -
- \A—]I
= b
Cop Con
Vop © Von

f

wINn 1919893935 DVTC luneufjun

3.6 N1589AT12H995 DVTC Tagldimaluladuuusaansiudames

2995 DVTC Tuinerdnudatuiisonuuulneldmaluladuuvueansiudained as
UsznaulUsesastosassdulann 299snuunseiunuunduiisnwesesssunssiuling
LLasNﬁ]iazﬁaumzLLaéTaLLam’LugiJﬁ 3.6 \lofiansasudawmes Mip-Map uaz Min—Msn
Fagudt 3.7 Favhmifluasussiusuunaineiian p uagda n Widunsua io drednsiveny
1/Zy agldrmudiiusvesussuiunszuansdinudame ndwhaulutiduduinu

(3.15)
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n3gud ls — o wae I + io Nvan IUNIIUTANBT Myp Uag Mz 3vgnavyviouluds
NINUTARNDS Map ka2 Man 1U Msn ANUEAUMEIATALYDUN SERARUUNUF LA an Uy
11 3.8 FAAUIONATILNBNTIVEIUNTEUAVDINITALTDUNTTUALARIT [A1ANWIN N1]

IO_ut _ (/uCox4p/2)(W4p/L4p )(VGS4p - ’VTH 4p‘)2 (1+ ﬂ’4pVDS4p) (3.16)

i (ﬂCOXZP/Z)(WZp/LZp )(VGSZp - ’VTH 2p‘)2 (1+ ﬂ’ZpVDSZp)

+V

|

5UN 3.6 lassaanieluvedaess DVTC wuuldimalulaguuuieansudaimes

diefvualvinsulanesisaadilianuaunesiunnusznis aelaa18nsdusening lou
wag lin Inaidall

M: W_“pLZP (3.17)
W, L

Iin 2p —4p
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. Mip | . .
IB_IOl :lIB+|0 :i|B+|0
Vop 1 1
—o{ 10—
M
Map Mz, M2n:1| = = = Myq
l'B'io |B+iol @IB T

-V
JUN 3.7 wasudasusaiusuunasiisdunssualagldisasmuusaiuuuunay

llom

(n)
SUTl 3.8 2e9saeTiounsEuALUUNLE Y
(n) wlauin (¥) ¥8aaU
definsanuanevauesnsauivensasasiounsrudlunsdiduaauvnadnagld
SRIIVLIUNTLREAVINY [A1ANUIN N2

al ) _ Onas : (3.18)
lin (S) gm2p 1 S(CQSZp + Cgs4p)
L ngp

A a | Ao A = W
dlefiansanannis (3.18) lurasaudmviensd (s — 0) agannsameadnsivenenssud
YINATALNOUNTELALAWNTU

iout (S) — gm4p
iin (S) gm2p

(3.19)

Wo3kA 318913995 DVTC Tugu#l 3.6 lavorduaunis (3.17) fis (3.19) aglanszua
1A (fout+, lour-) WINTTU

out+ _iout— = 2io (3.20)
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PINAINUALADATIAIUVDIAIAINNNINNUSEANTNAVDIT09UINTEwE (W) U9INTIUDALNDS
Msn/Man M7/Ms M1o/Mg M12/Mu1 windu 1/2 agl@ [Anenuan n3]

=i (3.21)

3.7 WAaN1391a0IN1INIUVD9995 DVTC

Tutideiiiiauananissiasanisyhaueenes DVTC filassadrenelutuandy
sUfl 39 lngldmaluladuuuneansiudamesuuia 0.25 gm vasuTdv Taiwan
Semiconductor Manufacturing Company (TSMC) §a51d@21A1107119 (W) WagA11812
(L) Foatnszuavemauianasuansiimisnei 3.1 defmuald Is = 40 uA uaverdy
wasdgllasaihiy +0.75 V Wudﬁﬁﬁﬂé’ﬂh\lﬂﬁamLﬁaﬂgmmmvhﬁ’u 0.59 mW

ﬁm 3.10 u,ammamimaaqmama‘uauawmmmmaqmmmmumumm o n
2 0p 41 on 1 otp wardh otn VBT DVTC Imamﬂm'imaaqwmmmLmuqmma 1
kHz, 10 kHz, 100 kHz, 10 MHz wag 100 MHz ArALFIuNIuiea P wazda n e
Wi1Av 38 GQ, 391 GQ 390 MQ 39 MQ 3.91 MQ way 391 kQ auadiu Tuvasdien
AUENUTI op i3 on 4 otp wazda otn Slewiiu 40.9 kQ 51.17 kQ 23.73 kQ
uay 23.73 kQ awdIfy Han1381a0ensELALNANAYSII99T DVTC lonUsausaiudunes
911 ~80. MV i1 80 MV kanssaguil 3.11 Tnowualst Is Hannsiivindu 40 uA uas Zy -
Ra = 1 KQ WUIINTZUA o fout+ 48T iow TRnanTR ludaduluriusadudunassning
-50 mV 83 50 mV lagiinsziasanin (current offset) 1viniu 11.5 A 1.24 uA wag
1.18 A MuaInu

gﬂﬁ 3,12 WARINANITRIADINAREUALOININAIIBLBISATWEBAANEN (gn) V09
2995 DVTC wdlaviin1suusan Ry 1 kQ, 2 kQ waz 10 kQ alddnsvensainiiui
Uszane 0.987 mA/V, 0.485 mA/V waz 0.098 MA/NV AUFIFU  31NNI1SINEINUINAT
DVTC fivnauavnanuldgndedlndifssturmmaguifousd 1 kHz 89 1 GHz nan1sdraes
NARDUALBIN1IANAYDISH TV oA BN (Cr) 992995 DVTC iilermunli Zy =
1/Cx ¥innsuUsAn Cx 1w 100 pF, 500 pF wag 1 nF LLamléfﬁqgﬂﬁ 3.13
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el

JUT 3.9 lasvasnaneluwenses DVIC filinasaefiounszualuwvastienseuauuunad

Resistance (GQ)

30

N
o

=
o

300M1—

200M+———

0 e &
100k M 10M

100M |

1k

10M

Frequency (Hz)
()

100M



—+— Rom —— R

—— Rotp —+*— Ron

op

(VP - Vn) (mV)

JUN 3.11 HAN13T190INTEUALDIANAVEINIT DVTC LHOUUTAMTIAUBUNAHAS

60
S 40+ °
)
(D)
(&)
c
©
(%]
7 #
(b}
o 20
0 L
1k 10k 100k 1M 10M 100M 1G 10G
Frequency (Hz)
()
3UM 3.10 #AN159180IHANBUANBIN A IUDVRIAIAIUATUNNY
(M) 777 p (Rp) ko n (Rn)
(4) 797 op (Rop) U2 on (Rn) U2 otp (Rotp) @z otn (Retn)
\ 5
S N — =5 s [/ R
~ \\ ALK (o] 4 P 7
~ out+
25 ‘\\‘ """ lout 7/
N \\ P 7
AN //
—~ So Y
3 A
£ 0 -
L N
S /
25 - <
4 N
/7 o
g e
L= TE=E==
_— 1
-50
-80 -60 -40 -20 0 20 40 60 80
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lout+ Tout-
— — - ldeal | | —— 5| | ---~ Vi
12 R

_ A R=1kOQ
i gy S ARy Ny S N X T R R A b B B Ay B i By o iyl :: ."' _— T T
£ 0.9 s
= \
'S
(@)
; \
S 06 =R, = 2kQ
(4o} i iy
'.5 g g e e ey o Mgt g pll ey o e g e e g gy pei gyl n _\_ hmuins
> = =5 TEN,
=) “‘
c A
o
? 03 b
S Ry =10kQ \
|_

0 | ; ; “; i

1Kk 10k 100k 1M 10M 100M 1G 10G
Frequency (Hz)

5UN 3.12 HANNTNADINARBUANBINNAUNVBIBATIVYBAIAINYT (gm) LilBUUTAT Ry

iOUt+ iOUt-
Ideal Vig Vig
1000
gl
9 y i : el
2 r o r /
rd q P - - Ly
e it Pie
~ A -
_E 10 1 g ’: Las — -t -~
S Cy=1nF — o T
§ ;\Yﬂ"&::f’ﬁ) /,f"}
= Ci=500pF—~_ =" 7
> 7 ~
(&} ~ 7
S 01 J>§\ 27 Pt
IS ' 1= ,g<
(] |
Q |
S - C, =100 pF
|_
1k 10k 100k 1M 10M 100M
Frequency (Hz)
JUN 3.13 HaN15918040838R 108NN NI (Cm) 1iloudsAY Cx
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A15199 3.1 9R1EIUVBIAMUNINE (W) kazainuenl (L) UeIueans udawmasaboluiaas
DVTC lugu# 3.9

NIUTARDS W/L (um/um)
Mi1p — Mgp , M1n — Man , M1 2.5/0.25
Msn , M12 — M13 1.14/0.25
Ms , Ms , Mg 3.7/0.25
M7, Mo, M1z 1.66/0.25
M4 1.18/0.25
Mas — Mg 1.15/0.25
Mag — Mg 1.68/0.25

3.8 WNANSNIAADIAIYIIITII

Tudetindiinisduasigiisas DVIC Ingldladdnsasuiues ADsad [24] $1uu
aosfuandissui 3.14 Tngguil 3.15 LaRINIWANE2995 DVTC UULNUISasANI (printed
circuit board, PCB) Lilenndauniunisronnasslasliindssesadalaalaysu EDUX1002G
mﬂgﬂﬁ 3.14 uandlidiuinlediues ADSA4 Mriindlwimihiidaussduduwe vp it vip) W
JULSIAY Vop it xi(op) lwiueuAgINULIIAUBUNA Vi fidh ya(n) azasnuluidunsesiuy
Von 7192 x5(0n) vslefiuss ADS44 fafided nizld io lwadiulunan Zx 9109 op Ut
on aggnawinulULdunIzua0INg foutr UaY fou- i z,(otp) LAz z,(otn) AadIE

fenaaouanANTRivaes DVIC fduangitunnlodues ADsad lusud 3.14 14
finsrvusliunassglideaiaiu +5 V LLazﬁauLLiaé’uﬁuwmLmuammé‘amﬁ%’jﬁ p (Vp)
Tneiidh n dewdlounsias (v = 0) SRy 50 mVpeak #iaaud 100 kHz Zx = Ry = 1
KQ uagrefFunuAEenug 1 kQ it z,(otp) Lﬁamﬁaummmmﬁwm fout+ TULTU
LIIFULNG Vo 717 Wy vasleTiues AD8A4 fivilaiteSarussiunuandusud 3.16
Tuvhueadfisrdumndasduniumeusnaun 1 kQ 7142 ziotn) ieidsunseuaosing
four— PLTULTINND NG Vorn #i12 w, vedloTiues AD8AA fiidasanunsaina ldanandly
Ul 3.17

U7 3.18 uansHansinNanoUALDININALAYBISATIVI8AIAINLN (gr) V999993
DVTC Ta8iIRuUal Vin = Vp — Vn = 50 mVpeak Zyx = Ry = 1 kQ 2 kQ uaz 3 kQ azla
Om HAWVIAU 1 MAV 2 MA/V wag 3 mMAV aud1du Minnuunlin Zx = 1/Cx lag Cx
= 100 pF 470 pF uag 1 nF azldnanevausiaueiminuiivessnsveneramg i
(Cm) Fauandlugudl 3.19
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EDU- 10026, CNa7292155: Mon Feb 21 11:32:24 2022

Y

MW

Acquisition

™

Averaging: 512
250MSals

N

Channels

< /°
D

Votp

L,

AC 1.00:1
AC 1.00:1

Math

ra
g

Ch1+ Ch2
1,004/
0.04

NB
NS

Rief

R1: 5.00v/ 0.0v
R2: 5.00v/ 0.0v

EDU-X 10026, CME72321395: Mon Feb 21 11:35:23 2022

5UN 3.16 Han15InAuALURYEY Vp WAL Vo ¥892993 DVTC lugui 3.14

V\p i Boquisition
Bueraging 512
/\\ \ /\ 250MSa/s
W N ™ Q] 45
=i annels
\ \ AC 1.00:1
\/ AC 1.00:1
Votn
/ Math
,«A Ch1+ Ch2
, S i ¥ 1.00v/
=, 4 B Py DHD}J
# B
\/ \/ R1: 5.00Y/ 0.0V
R2: B.00Y/ 0.0V

5UN 3.17 wan1sinauaudRved vp Wag Von ¥893993 DVTC lugui 3.14
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EDU 10026, CNG7292155: Mon Feb 21 11:44:14 2022

Fraquency Response Analysis ‘W
Gain, Phase vs. Frequency i
| 1046 | Gain I\ 40° || +7) Features
-15 el R 151,
M= 20 5
75 10 BtLp
1 -30 i (RS-~
L 35—~ \| 10 Chart
, Phase| ,
40 20 -
-5 kil I
-a0 40 4 Mowe
] RiliE ! ! — -Gl M Marker
10kH: 100k 1.0M 10M
N Frequency (H2) o 175 gnooue [ Treneeerent
MRS
Run
i-\nalxsws

(n)
EDU-x 10026, CNEF292155 Mon Feb 21 11:48:18 2022

Fraquency Response Analysis

Gain, Phase vs. Frequency Aialyzi
=10dE 40 LS Features
s Tainl o (| OFRE W
pp | Gainf{L_ = A b
L |
5= 4 10 iy '
T =30 = ] " a
Z_TL;H -36 \| Phasel -10 D EFart_ |
40 20 -
5 Al B IMEAY
-a0 40 43 Move
Il B5— . . L[5 u ar
10kHz 100k 1.0M 10M 4
I Frequency (HvZ) /95,9908, 2 58> @10, D0kH: I Transparent |
\ Aun.
i-\milxsws i
()
EDL-# 10026, CNE 7252155 Mon Feb 21 11:51:39 2022
Frequency Response Analysis '“f
Gain, Phasevs Frequency Y el
L -104B 60° | L] Features
e L= 50 e s
-20 Gain 10
H 5 I_,\\ M Setup
RS
Tl == 20
T m 10 I
B Chart
A —— i -
X‘ o \\1 Phase | S|
-50 -20 4 Move
Il 58— T : — -30 Mo Marker
10kHz 100k 10 10M
H Frequency (H2) g 235 oo [ T““Dpamm
Run
o Anabysls

()
E'Uﬁ 3.18 Namﬁﬂmamauauaqmqm’mﬁﬂuaﬂ Om ij@
(ﬂ)Rx=1kQ () Rx=2kQ (M) Rx=3kQ
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EDU 10026, CNG7292155: Mon Feb 21 11:55:11 2022

Fraquency Response Analysis
Gain, Phase vs. Frequency
3048 1400
] i [Phase 115
1= ‘—_\é_\ 50
0 ]
H -10 a0
¥ —< 15
-30 10
N \|| Gain 35
-0 -60
] B0 — T T — -89
10kH: 100k 1.0 10M
I Frequency (HvZ) -4317¢B, 80.81° @ 10.00kHz

(n)

EDU 10026, CNG7292155: Mon Feb 21 11:58:00 2022

Fraquency Response Analysis
Gain, Phase vs. Frequency
| | 304 140
- ~_{Phase| q-
10 / 90
— "__/_—;—_\R_\\
0 ]
H 10 a0
Zé' -20 15
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Z9A1Z9TUIIN29T DVTC

$D..

4.1 n&a1n
gunsaimadianseiindiiugiuliun fadumiu (resistor) il (inductor) wag

<9
=

aaniuuszglia (capaciton) funuimiuegrauinlunisesniuunazdunsngiigas
Uszananadye unILouraanoniiiy 29asnIesdian (filter circuit) 299500adalaInes
(oscillator) LLazmiﬁﬁmﬁ’lq‘UﬂiﬂjLLr}Nmﬂﬁmmi (parasitic element cancellation) {ufu
dassrenmsldeugunsainadnd fasidavanguseans Tdudeindenisuiuurann Snv
Snwazmanenmitng idwadevuiniuiivenisassin fuduwnudfediieitestuies
wUasilafdudufinumudounussasd (ceneral immittance converter, GIC) laanuuuwas
dunmegilagldgunsniveaiindsfinnuinaulaagiaunn ngasasinaniyaiudumiain
29asbaLsnes (eyrator) dauaszituaneatuend (operational amplifier, Op-Amp) V81
A. Antoniou [1] uasgnitmuiselulsasuuaileidudufinunudlag K Martin uazaug [2]
agslsfniursasuiasileidudufiounudlasldoevuenddidomaludodasiaseid
anuazLUURBLTiauns A Feindenisussyndldau taserdegunsalniadndnidudiuu
1 Fedusnddeiiisafunsdaaseiiesulasierfududauauds slmsimuisesen
Bosun [31-18] Wiolhilauadessuiniy uidnsl38 slaseadaeiiBovie ldudeou
annsaviauneldseiunsasulide i wazdiuuiIngs
{]aﬁ;ﬁuwuiﬁaﬁLﬁlaﬁmﬁ’mwiﬁﬁwﬂumaf[,é'fLLiaé’u”LWL?ﬁuwﬁ (low supply voltage)
G?;ﬂﬁ@IﬁLﬁ@ﬁ?ﬁﬂiWﬂﬂ@iyLﬁﬂﬁaEJEN (low power consumption) Maslasumuileuduegig
10 [19)-131] ewhemaluladnisduasnenianssay (integrated circuit, IC) ﬁLLmIﬁmﬁQﬂ
Wamlidvadnandesun dafulidnerfinusuniies nanivnsudasilaiduduiinunud
wuuaosffiduaszidulagldises DVTC Srurudesi osauifugUnsaimadnsuiuany
§2 [32] 2995 DVTC daaszsituannisasnmuusssunuunavilolinsanusarhoungld
izﬁuuaqﬁﬂﬂéﬁ@@i‘ﬂ 2sasulasiliidududinwmudiitiaveaninsadua e iluidiuny
Fandieanh mLﬂUUi”ﬁﬂWﬂﬂ kaz995 FDNR (frequency- dependent negative resistance)
lpannisdenldnugunsainadnegranungay UonanisesiivauedUsanieuly
n15wiMuYedgUnsal (component matching choice) 8nee A1gUnsalawya (equivalent
element) ﬁﬁqLﬂswzﬁsﬁummwmmmﬂ%’Uﬂ"ﬂéfdwawhuqﬂﬂsaiwm%m'mmauamq%
AuaTAluNThuvenasiiausldinisdasmwanisianlaglilusunsy PSPICE she
meluladuuu CMOS una 0.25 um Y89U3tM TSMC SIU9IN15A0NAa 882829959390
lodiued AD8A4 iefudunuantAfiasandondulunundnnismangud saudants
tiaueuumensUszgndldanunsasiunsasnsesiuuauauddusiuans (second-order
bandpass filter) Wa¥99SNTORULAVAINUASUFUE (Fourth-order bandpass filter) Snée
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4.2 2esuwasitaidudufinuaudeiunyszasdiitiaue

Uf 4.1 uannsasudasilaiduduiaunudeiunuszasdiiduaue [32] 2sasiinaue
Usgnou1e2993 DVTC Srunuaesd waggunsaimaddauand iediaszsinsasiae
91AgAuaNTAve$995 DVTC feauns (3.10) azlaaduiiuauddunn (input impedance,
Zin) ¥99335WINAY [N1AKWIN V1]

Zy Z,

5U# 4.1 wvsudasilenduduiinunudeiundsyasdminaus

aunng (@.1) wandliifiuinieasluguil 4.1 ansaduaneiilsidududnunudemnyuszasd
wuuaeedlinsualsduliuadadiuniu damienh dafuuszalaih uagases FONR
Tnemsimungunsainaduiaanudadsdl

® el Z1 = R1 Z2 = Rz Wag Z3 = Rs 9¢l0A18uiuauddunmuassiasnuniuiniy

A a.2)

1787 Req = (R1R2)/R3
® MwuAlYl Z1 = R1 Z2 = Ra ba¥ Z3 = 1/5Cs azlaAduiiunuddunnvesimiedni

WINAU
Z;,=sL,, =sRR,C, (4.3)

I@Hﬁ Leq = R1R2C3
® fvunli Z1 = R1 Zz = 1/sCz waz Zs = Rs azldiAduiiunuddunnvesiaivseq
Ty



ar

7z -+ _ R (a.4)

Tned Ceq = C2(R3/R1)
® inuali Z1 = 1/sC1 Zz = 1/sCz wag Zs = Rz 9glaA18uiiunuddunmnued1aas
FDNR iy

(4.5)

I@Sﬁ Deq = C1C2R3

4.3 aussauzraRsulalandudnlinunudaunlssasnlun1eufus
dledlnzisasulasiliidududinuudowndssasdiviauednailaordonmauss

nsalliilulunugaunfveddeas DVTC Asaunis (3.11) uaz (3.12) azlaaduiiuaudduns

Tyaistsd] [neran 22)

n3el Vin = V1 Uag vz = 0 avla

) \lo s
Z3

y/

inly,=0
aoplaonz

N5l Vin = Vo kag V1 = 0 9zl

ZlZZ

Z. = floF X 2r 4
infy, =
|Vl : a0p1a0p223

(4.7)

ARl (sensitivity) vesatgUnsalauyasenisilswuuataunsaiuanil uas
gunsalna@nlulasiinintu [p1axwan v3]

S;n=S;n =-S7r =1 (4.8)

e S%n =G =G —_1 (4.9)

aopl aopZ Qom2

auns (4.8) waz (4.9) wansliiiuinAraulaianuadvuialdiiunds wier9sudas
flerduduiaunudoiundsrasdiiiauedanauifsmnilronisideauurgunsalliunms
fifn endedrady 91nauns (4.8) e Z1 fAwWasunUandindu 1% auvinl Zin 60
Wasuuaadinty 1% Wudu
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4.4 HaN1531ABINTTNUVILNRT

siadatinanienissiassnisinurenssulasilsiduduinumudlusui 4.1 dae
TUsunsu PSPICE meldmaluladuuu CMOS vu1m 0.25 um iileuansianmaut@lunis
vaurenasidenndeuaziliulunundnnislunmgul Inslunsiasdldimuali
TWiAsaifu +V = =V = 0.75 V Ig = 40 A ua® Vin = 40 mVpeak wlefvunly Ry =
Rz = 1 KQ uay Rs = 0.25 kQ agldileritudeunuudiinuniulaefl Reg = 4 kQ fauandly
U 4.2 Tuwairfisuil 4.3 uanswanissassnsvinuvesitsiduideunuuiuvieaileeg
Amuald R1 = Ry =1 kQ uay Cs = 100 pF ﬁ]slﬁﬁhmmwﬁmﬁmuyja Leg = 100 uH
wagmnimuali Ci = 100 pF Rz =0.5 kQ wag Rs = 1 kQ aglaflandunmaininugliy
Tnerfi Ceq = 200 pF fauanslusuil 4.4 venanndssudasiladdudufiounudlusud 4.1 8
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DVTC #1

DVTC #2
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Handun gunsnimadnlglunges A1gUNT0d 4 a4 AIAILURANAA
. P k Anun 100 kHz

AUATIE duya (%)

Z1 Z7 Z3 Hanged | wan1sin

FPuNIU | Ri=1kQ | Re=1kQ | Rs=250Q | Reg=4kQ i 4.05 1.25
ﬁ]ﬁlﬁm‘ﬁﬂ"lﬁﬂ Ri=1kQ Rz = 1 kQ Cs=1nF Leg=1 mH 0.63 0.67 6.35
m“’gl,ﬁmhzﬁ! Ci=1nF R2=1kQ | R3=500Q | Ceq=500pF 3.18 31 252
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CH1 |Z] T&E 188 ko, 188 o 4,1155 ko

IF EL EBB.HZ ) ) — ﬁDQEﬁ.—IE dEm ) ) SQP IE.ESEISEC
STHRT 18 kHz S5TOP 1 MH=z
H SWE PARAM VAL
0 10 kH= 41155 kR
1 20 kH= 4 1201 kR
2 30 kH= 4 1437 kR
] 40 kH=z 4. 14A7 kR
4 50 kH= 4 127 kR
5 70 kH= 41139 kR
& 100 kH= 4.0524 kR
I 200 kH= 37791 kR
(1)
CHz Bz 20 =+ REF -28 = -87¥8.59 m-

18 kHz

IF EL EBB.HZ . i - ﬁDQER.—IE dEm . . SQP IE.ESEISEC
S5TART 108 kHz 5TOP 1 MHz

H SWE PARAM VAL

i} 10 kH= —-878.59 m*

1 20 kH= —2.4042 *

2 30 kH= —-3.5398 *°

3 40 LH= —-5.3024 *

4 50 kH= -B.677 ¢

5 70 kH= -9.0%958 *°

& 100 kH= -12.717 *°

7 200 kH= —24.841 ¢

G))

5UN 4.10 Han1siananauausmnenuivesiiandufsunuuiimunueeesiugui 4.1
(1) WAMDUAUDINNIUIN () HANDUAUDINIYHLWE
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CH1

[Z] T&E 280 ko, 28 o

IF Bl 388 Hz
3TART 5 kHz

=

3
10
20
S0

100
200
400
200

-l = O

SWE PARAN

kEH=
EH=
EH=
EH=
kEH=
EH=
EH=
kH=

(n)

FOMER -16 dEm

VAL

42,2
85.307
163.83

423.4
BEG.51
1.9541 kR
8.4224 k2
06,222 kR

i
i
i
i
i

3.895 sec

3TOP 5 MHz

a8 =/ REF 5@ =

8. 367 -

IF BH 388 Hz
START 5 kHz

=

3
10
=0
50

100
200
400
300

-l Ohn = O

SWE PARAM

kEH=
kEH=
kHz
EH=
EH=
EH=
kEH=
kEH=z

)

FOHER -16 dBm

a0.
B7.
=1=
a8,
a8,
89,
o0.

VAL

367
296
=61
TEY
R
054
393

125.63

3.895 sec

3TOF 5 MHz
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4.11 nansiananauauamAudvasilindufsuluuiunieiveasiugui 4.1
(1) HAMDUAUDINIYLNE

(M) NANBUAUBININVUIN



CH1 AZI T&E 58 ko, 188 o 28.787 kn
§ . — .
c!
Ava
5]
IF BL ﬁBB Hz. — PﬁHER —iE dﬁm — . SHP. E.i éec
START 18 kHz 5TOP 18 MHz
N SWE FARAM VAL
0 10 kHz 28.787 k8
1 30 kHz 10.215 kR
2 100 kHz 3.102 kR
3 200 kHz 1.5811 kR
4 500 kHz f296.080 Q
5 1 MHz 420,13 R
6 2 MHz 324.32 R
7 4.5 MHz 1.1355 kR
(n)
CHZ Az 5@ =/ REF 58 = -B5. 312 =
C!

IF BW 2368

START 18

N

=l ohon B = O

Hz FPOLER -16 dBEm SHP 3.1 sec

kHz STOP 18 MHz
SHE PARAM VAL

10 kH= —-65.312 *

30 kH= —87.096 *

100 kH= —-83.819 *

200 kH= —-79.31 °

300 kH= —66.245 ©

1 MH= —49,334 °

2 MH= —=28.339 *

4.5 MH= -41.152 *

(@)

56
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CH1 AZI T&E 188 kg, 268 o 56,57 ko
'il A 5 5 H A A N A z
c!
12 I EESETTTEES ET SELRS e A LCLIE PO PPRLLTE R RN T SALT- LU SRR RTLELL SERTTTRRERL SERERLS SRR LLL IEERRIRIRE
5]
IF BH ﬁBB Hz. PﬁHER.—iE.dBm .SHP. é.iaz SEC
5TART 2B kH=z S5TOP 28 MHz
H SWP PARAM VAL
0 o0 kHz 50.87 kR
1 50 kHz 9.717 k2
b= 100 kH= 2.5095 k&
3 200 kH= A54 .85 8
4 500 kH= 122.55 &
5 1 MHz 43,094 8
& 2 MHz 23.039 9
7 4.5 MH= 48,857 8
(n)
CHZ Az

e

98 =/ REF 8 = -141.8 =

IF Bl 2388 Hz FOLER -16 dBm SHP_ 3.18Z sec

START 28 kHz STOP 28 MHz

N SWUE PARAM VAL

0 20 kH= —141.89 *°
1 a0 kH= -159.028 *
2 100 kH= —-160.07 =
3 200 kH= —152.41 *
& 500 kH= —-123.35 *
3 1 MH= -81.244 *
] 2 MH= —18.464 *
7 4.5 MH= g84.839 °

(@)

JUN 4.13 nan15iANanauauem9ALiYe93s FONR Tugui 4.1

(N) WARBDUAUDINIIVUIA

(V) HanBUEAUDINIIULVIE
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4.6 msUszgndldaruasasiinaue

MnMsnTeaeuAmaNtRvesasulasilsidudndaupudiinausludenouni
FENANNTIIADINTYINN LAHANITHENAABINIENITITY WU TTRAaNTATIgNF B
wazdenndeululuaundnnismmgud Fefuluidedisldvnauonuinislunis
UszendlFnunssudasilsifududinunudasdl

4.6.1 2993NTBINIULIUAMUASUFUADS

2999n509H1ULAUAMUATUR VAR (second-order bandpass fitter) Tugud 4.14

Fuasrzidulngldiladduiouuvuiamien uasilsidugmainiugliivenasuas
Waﬁ%’u@uﬁmmuﬂugﬂﬁ 4.1 TneA1mauiinana (center frequency, fo) wasiaUsyneu
AN (quality factor, Q) HAwifu

N @10
27\ LGy
L
LAy Q= (LJ g (@.11)
RBP Ceq
Hand et
Beounuudimienit  anraugliin
b Leg i i Ce i
+ o—————f o +
Vin Rep Vout
- C O -

JUN 4.14 29930583 RMAUAINRSURUARINd WA wlae LY
93U Uaaleandudniinunudlugun 4.1

NANNT (4.10) F9 (4.11) o musli Rep = 1 KQ Leg = 100 4H (R1 = Ry = 1 kQ wae

Cs = 100 pF) tag Ceq = 100 4F (C1 = 100 pF oz Ry = Rs = 1 kQ) nsaldl fo = 1.59
MHz uaz Q = 1 lnenan1591809n159NUYeINaTHARILARIFUN 4.15
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Gain  Phase
(dB) (degree)

207 120 T

N nan1591aea ||

PR - - - - AV
ol e0l— 2T T
7 >‘/“<\
/ affi \: L —= Gain
% \ N
-20 0 // ™
a/ ‘\ \\ 1
e N /!
\ \\

P d Phase -—7\, N /

40]  -60 N/
\Es
~wﬁ.‘“"‘""—-:..:- -
\\
604 -120 \ g
10k 100k 1M 10M 100M 1G
Frequency (Hz)

JUN 4.15 nan1391a09nsnuveasnIesihlauaNundusuaatlugun 4.14

4.6.2 299INTDIWIUKAUAMUATUAVE

gﬂ‘ﬁ 1.16 WAAITINTOINULUAINASUFUE (fourth-order bandpass filter) o
AMRUATA Rs = RL=1Q, L1 = 71655 nH Cz = 14.14 4F L3 = 14.14 uH uay Cy =
716.55 nF_azlda1a1nudinarssindu 50 kHz wazuuuainwindu 100 kHz iloende
®ANN15YDY Bruton’s transformation [34]-[35] laan1uuna1N1s@LNasUIaviiny 10°
2995N309AIUKAUANASUFUARUY RLC Iugﬂﬁ 4.16(n) 2z AsudunI95n oI IULaY
auddusuiuuy cRD Tusudl 4.16@) Fsaraunsailursasazdaadisd Cs = CL = 1 nF
Riew) = 716 Q Rapew) = 14.14 KQ Degz = 14.14 fFs (C1 = C2 = 1 nF uag Rs = 14.14
KQ) ey Degs = 0.717 fFs (C1 = C2 = 1 nF wag Rs = 717 Q) Inguan1591809n15711914
ﬁuammﬂuguﬁ 4.16 LLaméh'gﬂﬁl 4.17

Rs Ly Cy

+ o—AMN——— 1] +

Vin Ly j C, R Vout

(n)
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Cs R3(new)i Deq4 i
+ o—| MV *
V|n Rl(new) i % Deq2 i CL VOut

, .
[

\ 7995 FDNR 71

vnausluguil 4.1

(v)
3UN 4.16 193305 IULOUAUADUA U
(M) lseasnawuu RLC (1) daseadaluy CRD daiAseviina1naeas FONR Tuguil 4.1

Gain Phase - - -~ 3Uf 4.16(n)
(dB) (degree) U7l 4.16(v)
20; 180 e
el _.,,\\ 0
/r \\ ~
04/ 12042 \ S H
v \: o 7 N
(™ e Y
'20' 60 ( ‘ _Z%OK £ 40k 50k 60k 70k 80k [
/ A\
k
40110 / AN
/ \\\ Y il
60{ - -60 /4 A, yd
A Nl
801 1204 , ,2.<
- \ A5
.’ \ /
-100)  -1804 s e €AY
1k 10k 100k M 10M
Frequency (Hz)

JUM 4.17 #aN1591809INIINNUYRINAINTBMULAUAD S URUFTUFUT 4.16

4.7 @3y
Inerdnusunilnaniniseenuuunardunziisasuiasilafduduiinuaud
luNUszasdhULABR 15T AN uASIZRTUIINI993 DVTC S1utudesia desaufiu
gUnsaimadnduiuads iodenldiugunsainiadviogramingan dimaliansi
thiausaninsnduaseiduilsidufouwuuidiumnu fidudeuuudumieni i
AuA1ANglni Laga99s FONR Angunsalauyaiidanseituaninsndiualdogneine
HIUNITHUTAIFIAIUNIUIINAEUBNINRT uaﬂﬁ]’mﬁawiﬁﬁ'}l,auagﬂﬁué’umaﬁwéﬁ
aonndssuazdulunundnnisnenguiiiunisdiassnisinausaelusunsy PSPICE uaz
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29AILAIURUUNINTUBUTAUAUTUUUBYNTU LAZUUUVUIY

NHULASIZRIUIINTRAS DVTC

ee

5.1 na1min

TuAneganusund 4 ldnaninsesnuuuuasduasgiasulasdufinwaugialy
flanunsadansiziiduiiduniu esisto) #umilean (inductor) daLAuuszqliia
(capacitor) az2935 FDNR (frequency-dependent negative resistance) lalagnsidonld
sugunsalniadsl Feaannasmumunuidelusfanuituenainmsdansizissesdy
flafduilufaiinanluundeuntuds wuidflnuidefieenwuusardunsziiasiy
fledtudsuwvusmisniiinisgayide (lossy inductance simulator) uagflerdugaen
mmaﬂw%ﬁﬁﬂﬁq@lﬁs (lossy capacitance multiplier) 8nade [11-[11] Tudagdunis
ponuuULaziamusesinguiluiewssvuinrenasiiiaue (osananudesnsli
Nufluwaeassu (intesrated circuit, 10) Sawnfitinas sausenisdansizsiaaslasede
seduuserulideeiion (low supply voltage) %adaiﬁnﬁmﬁﬁqlﬂﬂﬂmL%‘&Jﬁasaq (low
power consumption) fauBnnilutidedfenlasurmuienetiunnlunsiluimuies
wredndlsionaluandde (23], [81-10] duasziasasiageifogunsaluenfinuinnitay
daduly luuneedde 11-02), [4-05), (7148, (101111 Weunsaiwiadruinnitaus
Ade 21111 Frouneldssiuaseiulindsninnnia £0.75 V Sedwaliiinmdslnii
gydean Snvisanudde 114031 delianunsaviheulduanndinilsiledtumnlaifininden
1AS9A5 197099995

FofuluAneinusuniasnanisnseonuuusrdanssiandousuuilduduia
LLGI‘LJG??LLUUEJigﬂiﬂJLLazLLU‘U“Umu (series/parallel type immittance simulator circuit) lag
29957 NaUDUsENBUA 82993 DVTC Sruuaesdaresiufugunsaiwnadnduiuaud
wirdu Teeniadenldaugunsainiadvegranmzay dwaliissivnaueainisn
Fuaseduilsiduidsuuuusmienhiifimsguidowuvoynsuuaziuuvunu waziledidy
Qmmmmqlw%ﬁﬁmiqﬁyLﬁaﬁgaquayﬂimamwwmu wonaniesivuaueds
Usimanniteuluniswinfuvesgunsal (component matching choice) amandi@lunis
VTNWU‘UEN’J\‘]R]iﬁﬂWLﬁuEJIﬁQﬂmi’aﬁ]ﬁ@‘UNWUﬂ’]if\T’m@Qﬂ’]iﬁ’N’mﬁ’JEJI‘LJiLLﬂiiJ PSPICE wazn1s
sennassfusasassiuleddfasuiues ADsad ledudunadniiaonndasiuslung
ath ﬁamﬁ”’qmiﬁ'}LauaLmeﬂumiUszqﬂGﬂ%’am’miLﬁmq%ﬂiaqmumm?iﬁﬂwm
usesunaslvunnszua uazisasnsosrtummdgslnuaustunaglvunnszuadnie
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5.2 aesndsunuuiaidudufinuauduuuaynsusasuuuruuiiieue

52.1 asidsunvuilsituduiauauduuuaynsuiiiaus

U7 5.1 wannesidsunuuiliituduiaumuduuveynsusoifisunsndiiiiaue [12]
295 naueUsENoUMeaas DVIC Saimihiifugunsalueafinvdndiuiuassi uaz
gunsalvnadid e Wolineisasienuaivessas DVTC fiauns (3.10) ag
lABuiiwaugdunaintu [n1axwan A1l

(5.1)

iin Req = R2

+
’_>v_in SLeq OF %eq
Zin 3

(v)
5UM 5.1 1995 @8uiuuisitudninunuduuuaynsuimiiaus
(M) 2ashdnaue (W) 2ITENYA

auns (5.1) uansliifiuinsendsusuuiliiduduiinuauduuuoynsuiiinauslugud 5.1
annsadanseiduileidudeuwuuiimienihifinsgadowuueynsy uasilsitugme
A liihiifimsgadeuuveynan Tnensfvuagunsainia@dsdl
e uunli Z1 = R1 Zz = Rz WA Z3 = 1/sCs aglaadufiunuddunnvesilandu
Beunuusmienhifnsgaydenuueynsumiiu

Z,, =Ry +5Lg =R, +SRR,C, (5.2)

1967 Req = R2 4a% Leg = RiR2Cs
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o fwualil Z1 = 1/sC1 Zz = R Wag Z3 = Rs aglarnduiiuauddunnvesilsidunen
Au b AdnsgaydsLUUBYNTUWINY
1 R,

Zin = Req + = RZ +
SCqq sC,R,

(5.3)

1987 Req = Rz 4% Ceq = C1(Ra/R2)

5.2.2 29sdsunuuilidudufinuauduuuauiuiiviaue

Nﬁ]sﬁamwuﬂaﬁ%’u%mﬁmLmusz?l,mmuwiaLﬁaumnéﬁﬁwLauaLLamé’quﬁ 5.2 [13]
Aup9129U1N9s DVTC Snuaesiasesufvgunsainadisuiuams mnliesgh
19957 AU BT LS TE NI IS T LA UNTEUATD 1995 DVTC luaunis (3.10) 9z
mLLamﬁmLLmueﬁSuwm (admittance input, Yin) Igetadl [AYANUIN A2]

o
+
’—>Vin
Yin —(_)l-
)
I.
In
C &
+ SLeg
Vin Req = Rl or
_ 1
® sC
Yin i /

(v)
5UN 5.2 199sidguuuuilesifuduiinwnuduuurunuiiiaue
(n) 2as7iiaue () 299TAUYA

(5.4)

A a ¢ | = o ¢ = 1 o g v =
Welinsghaunis (5.4) nuiimsidenldgunsalinadegraunangauyinlieasifsunuy
flandududauauduvuruiuiiinaueluzui 5.2 awnsaduasienduilsiduideusuuda

= o Aa = ¢ o ' oo = =
willgyhndnisgydsuuuruny wasilsiduamuaianugiiinidnsagydewuusuiu laed
SUaviduAciail
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e imualy Z1 = R1 Z2 = Ro waw Z3 = 1/5Cs aglaruwoniinunuddunnvoailandy
WeuwuuiImtehninsgadenuuruIuing

Y =—+—=—4+——— (5.5)

1967 Req = R1 4a% Leg = RiR2Cs

LY

® fwiunlil Z1 = Ry Z = 1/sCz uag Zs = Rz azlamueniinunuddunnvasilaidug
ArARlNTRInsge L UUTIN LAY

Y, :i+sceq :i+%

in (5.6)
erq FQl FQl

19671 Req = R1 Waw Ceq = C2(R3/R1)

5.3 AN3IOULVDIINAIALULUUNIAFUBUTALAUTUUUDYNTULAZUUUVUIY
Tuneufia

Tun19U§UA2995 80 Ul U U ATUB LT ALAUTLUUBUNTURALUUVVUIUILTNNT
aarntndaulannalummguiidnides esnauandinlidulunwgauaivensas
DVTC asaunis (3.11) uag (3.12)

5.3.1 esidsunvuisidudainunuduuuaynsulunisu]us

Sleneviasaslugui 5.1 Snailnsedonmautiverisas DVTC Tunsujod wui
Adufinpuddunansditviiu [nesuan A3)

Z2 o ZlZZ
o

;Zi; L )?HL - Z2 s Zeq =

in

(5.7)

cxonl‘Z ZZS

on2 on2

1%

Y @ ! ! L3 o = a1 «
aun1s (5.7) wansbiiiudrrmgunsniauyanduasizivuanisasasiidnainndeuluainua
Tumsgauafiantios Tnefisnasdunsdl

R
Rl = (5.8)
Qoo
R.C
L =R 59)
o1 &ono

R
way 0 =C Fononz s (5.10)
FQZ
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A1AdlvesArgunsalauyadenisilsauua1gunsaluoniivl uazgunsainiadly
2995HAWIAY [ARWIN Ad]

Spt =—S. =1 (5.11)
Spt =Sg =Sg = -8 =—8 =1 (5.12)
Hae So =Sp =Sg =S; =-Sg" =1 (5.13)

auns (5.11) 83 (5.13) wansbiviuiiaanuhiimuedivualiiiunils ¥io1995188unuy
Handuduliausuduuvaynsuiinaveiauaudiianulsonisidesuuaigunsalliuisasi
#in

¥ oa Aa

5.3.2 299siagunuuisndudusiauauduuuvuiulunisujon

[

dlerinfsnaaudansalliiluluniugauafivetiaas DVIC dewalimiwoninuaud
FUNAVBIIDTAL UL VLT TUBUTRALAUTUUUVUIUTAWINAY [D1ARLIN A5]

N\ L 4 i+i _ Fom /. Zop1Zoprs (5.14)
N W)/ 2O Z, LY,

in 1 eq

1 wvaa | 1y

nsslilengunsalanyandunseriduainiasemilwalumajuniiawiniy

9

0 5 (5.15)
aopl
(- ZRRC 516
aoplaopz
a .o R
WAz Cl = 2(%} (5.17)

a

Aauhivesrgunsalanyadenisileuumguniainielurasifeuiuuileidudy
fauauduuuruulAiY [D1ANWIN A6]

S,qu = ‘S:f;l =1 (5.18)

Ly _ gl _ gt _ gt __gt _
Sot =Sy =S¢ =—S." =-8" =1 (5.19)

aopz
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ey Soi =Sgt =S =S =—§7 =1 (5.20)

aun1s (5.18) i1 (5.20) wandliiiiudndranulivianunvesrigunsalauyanduasiziyuain
astivunlidifiunil vsedauaudiranulrenisdesuuaigunsalluiansian

5.4 Han1531a8INNTNUVBINRT

ﬁa%’aﬁné'1:15@mﬁai"]aaﬂmiﬁwmmamaﬁ]ilﬁsuwuﬁﬁ%’u%mﬁmLLmusﬁLLwaymﬂu
U 5.1 uaznuuvulugudl 5.2 iwlusunsu PSPICE aneldmaluladuuy CMOS vun
0.25 um 1odusuguantivesasiigndosnsmunadnslunimyud lun1sdiass
AUl +V = =V = 0.75 V. Ig = 40 uA 1A% Vin = 40 mVpeak lag1935LauULUUAL
wileahiifinsgardouvueynsudonld Ry = 500 Q Rp =2 kQ uag Cs = 100 pF dwa
191 Req = 2 KQ Wiy Leq = 100 uH %amamﬁﬁaaamiﬁwmLLamﬁquﬁ' 53 gﬂﬁ 5.4
LARINANNTIIABINNTYNUYE TSI AAIAANA I Tnsgaydetuvoynsy wnvuals
C1=100pF Rz =1kQ uag Ry =500 Q 9wla Req = 1 kKQ thag Ceq = 50 pF

Ul 5.5 uanINaNIsIaBINITINNUTENIsIEsuLULT TlsnhATinnsgadouuy
U laeiuual Ry = Ry = 1 KQ wag Cs = 100 pF 9310 Reg = 1 KQ uag Leg = 100
uH Tuviueadeafiuguil 5.6 udninanissiassnisinanuenssaaaIn Nl ATng
szl,ﬁal,wusummﬁa Ri =500 Q C; =100 pF taz Rs = 1 kKQ #3598 Reg = 500 Q uaz Ceq
= 200 pF

flardudsunuudmienhluguil 5.1 gvessunmantilunsysulngnisudsen
R 1 500 Q 2kQ 5kQ wazdimualdl Rz = 1 kQ uay Cs = 100 pF 9¢l8 Req ST
WU 1 kQ 1ay Leq wusAdu 50 4H 200 pH way 500 uH mmﬁﬁmamé’qgﬂﬁ 5.7
uennifteituguaaugluiluguil 5.1 gruvsdn Rs Wuaueldun 2 kQ, 5 kQ uay
10 KQ Tadi Ci = 100 pF wag Ry = 1 kQ 921§ Ceq = 200 pF 500 pF waz 1 nF
AU Tned Reg mﬁagjﬁ 1 kQ LLaméﬁgUﬁ 5.8

U7 5.9 uansansiasswesilaidudeuluusmisnifiinsgadsuvuruuile
wUsA Rz W1 500 Q 2 kQ 5kQ uwaziwuali Ry = 1 kQ wag Cs = 100 pF agla Reg
fidnasiivingu 1 kQ uay Leg wUsAndu 50 1H 200 uH wag 500 4H m1ud1au DAY
W\‘iﬂ%uﬂiumﬂ’;’]ﬂJﬁﬂWﬁ’lLﬁJ@LLU’iﬂ’l Rs 101 250 Q 2kQ 5 kQ uag Ry uay Cz Asiivindy
500 Q waz 100 pF Aua1au @9ualin Req 118U 500 Q way Ceq 1411110 50 pF 400 pF
uaz 1 NF Wanssgud 5.10
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|Zin| (Zin
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100k
i NANIII1ADY
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5UN 5.8 nan1sdnaesvasilendunnmnnugliininisagydeuuuesunsuiloudsen R
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77

5.5 WNaAN1SNAADIAYINTIIN
UBNAINNITNTIVARUANANURLUN15YINUTDNRTH UL UL ATUBLTnLALGAI8NTS
$raesnsvinuids luhilsiauennisnnaseuieranisronnaesdiesasasainled
duaguiues ADsa4 [14] Tnersasideunvuiladduduiinunuduuueynsuuanadslugud
5.11 Tuvaigiaasidsunuuiladdudufiaupuduuuruiunansdisguil 5.12 U 5.13 fsgui
5.16 wansamiananauaussANivenasdsuLuuilaiduduiauauduuueynsy
uazuuuvuulsedenvesgunsaianinsaasufinsed 5.1

M13199 5.1 gasideanismvuamgunsalnldlunisrenaassdmiugui 5.11 uay 5.12

Zin (kQ)
o 4 gunsalna@niildluages . . AAUD 100 AR
2| Wendun Aaunsal R
sun | . kHz NANANA
) ALY AR NAVN9 | WaNg (%)
(0]
Z1 &) Z3 ) N
V9] o[y
Req= 1kQ
RLaynsy | Ri=1kQ | Re=1kQ | Cs=47nF | 312 3.43 9.93
511 Leq =47 mH
' Req = 1 kQ
RC ounsy | Ci1=47nF | Ro=1kQ | Rs=1kQ b 1.06 1.16 9.43
- Ceq= 4.7 NF
Req= 1 kQ
RLaw | Ri=1kQ | R2=1kQ | C3=47nF N 0.95 0.98 3.15
Leqg=4.7mH
512 S
RCoum | Ri=1kQ | Co-=47nF | R3=1kQ ol 0.32 0.34 6.25
Ceq =47nF
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>
| AD844

JUT 5.12 19sidsunuuilindududnusudwuuriiunesniuuiiialdlunisrevaass

w
C%
X
X
AD844 R
C&
y

DVTC #1

+—

B

.............................

DVTC #2




CH1 1Z] T&E 158 ko, 808 o 1.8714 ka

Cor

Awva

5]

IF Bl 388 Hz PDQER -16 dEm . SHP 3.@52.520
START 18 kHz STOP 1 MHz

N SWE PARAM VAL

] 10 kH= 1.0714 kR

1 20 kH= 1.2102 k&

2 30 kH= 1.4115 k2

3 a0 kH= 1.9756 k&

4 70 kH= 2.6819 k&

5 100 kH= 34324 kR

B 130 kHz 7.8654 kR

¥ 200 kEH= 19.259 k&

()

CHZ Bz 25 =/ REEF 1B = 17.358 =
Pl VN B SN Yy W .00 N gt R FAR I O Y S0 )
................ }_””@. : @”_ h. a : f @. : ;El

e : : R B ) O = TTTC = :

iyt G g =ty AL h s 1IA . e
%
} ...................................................................................

IF EL EEEIHZ . ] B ﬁDQEﬁ.—IE dEm l ) SQP IE.ESQISED
START 18 kHz STOP 1 MHz

H SWE PARAM VAL

0 10 kH= 17.358 =

1 20 kH= 32.623 ¢

2 30 LkH= 43204 ¢

3 50 kH= 55 *°

&4 70 kH= B1.093 *°

5 100 kH=z B5. 702 *

o] 150 kH= BY.313 *°

7 200 EkH= 49._.219 =

G))

5UT 5.13 wansiananauauemisanuivesiinduieuwuudimiedt
niinsaaydenuveunsulugui 5.11
(N) WARBUAUDININVUIN () NARBUAUDINI LN



CH1 [Z] T&BE 5 ko, 588 o 3.5147 ka

Car
Awg
g
IF EW EEEIHZ ) POHER -16 dEm ) SQP 3.852 seo
START 18 kHz STOP 1 MHz
H SWE PARAH VAL
] 10 kH= 3.5147 kR
1 20 kH= 1.9895 k&
2 30 kH= 1.557 k&2
3 a0 kH=z 1.293 ki
4 70 kH=z 1.2167 k&
5 100 kH= 1.1637 k&
3] 200 kH= 1.1906 kR
T 400 kH= 1.1471 kR
()

CHZ Bz 15 ¢/ REF -28 = -B3.357 =

Car

IF Bl JEE Hz FOHER -16& dBm SHP 3.8

. [
START 18 kHz STOP z
H SWE PARAM VAL
] 10 kHz —6B3.357 *°
1 20 kH=z -54.114 =
2 30 kH= —45.2538 =
3 50 kH=z 33,132 *°
4 70 kH= —-25.915 =
5 100 kHz —-18.533 *°
i} 200 kH= —-6B.95 °
7 400 kHz 994 .39 m*
G))

JUN 5.14 nan1siananauausmnuivesiaituanmnug i
niinsaayidenuveunsuluguil 5.11
(N) WARBUAUDININVUIN () NARBUAUDINI LN



CH1 [Z] T&E 3 ko, 288 o 286.29 o

18 kHz
Car
Avg
g
IF BH 288 Hz ) ﬁDQEE.—IE dBm ) ) SQP IS.ESEISEC
START 18 kHz STOP 1 MHz
H SWE PARAM WAL
Q 10 kH= 2868.29 8
1 20 kH=z 490.66 2
2 40 kH= 743,65 &2
i a0 kHz ge6.13 8
4 100 kH= 085,43 2
5 200 kH= 1.0722 k&
a] 400 kH= 1.1797 k&
7 a00 kH= 1.3463 kR
(n)

CHz Az 12 =/ REF =28 = TH.852 =

I[F Bl 388 Hz POMER -16 dEm SWP 3,852 sec

3TART 18 kHz 3TOP 1 MHz

H SWE PARAN VAL

a 10 kH= 70.032 *
1 20 kHz 57.189 ¢
2 40 kHz 38.205 *
3 60 kHz 27.274 ¢
& 100 kHz 17.385 *
3 200 kH= 9.53632 -~
& 400 kHz 6.3233 °
7 600 kH=z 7.5608 ¢

(V)
gﬂﬁ 5.15 nan15inranauausnIALdves st dsunuus et
ffimsgapdouvuruulugud 5.12
(N) WARBUAUDININVUIN () NARBUAUDINI LN



CH1 [Z] T&B 3 ko, 28 0

IF Bl 388 Hz POHER -16 dBEm

START 18 KkH=z STOP

H SWE PARANM VAL

0 10 kHz 041,65 &
1 15 kHz Qo0.76e &2
2 30 kHz= ThE.95 2
3 50 kH= 582,13 2
4 30 kHz 412,52 @
5 150 kH=z 237.26 &
[} 300 kH= 122.72 @
7 500 kHz To.617 &

(1)

SHP 3.852 sec

-16.836 =

CHZ Bz 12 =f REF -55 #

IF BH 398 Hz POHER -16 dEm

START 18 kHz
H SWE PARAM
] 10 kH=
1 15 kH=
2 30 kH=
3 S0 kHz
4 280 kH=
3 150 kH=z
B 300 EH=
7 200 EH=

JUN 5.16 nan1siananauausmanuivesitaiduanAnugliih

(@)

3TOR

VAL

-16.836 °
—24.68 *°
=42, 477 °
—57.344 *
—-68.55 *
-TE.B45 *©
—-85.776 *
—89.947 *°

ninsgadswuuruiluun 5.12

(N) WARBUAUDINIIVUIA

() HANBUAUBIN YU

SHF  3.852 sec
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5.6 nsUszgndldauasasiinaue

sadethinaueuumnisussgndldnunsdeunvuilsiduduiowuduuueynsa
Jursasnseauanulsivuanszua (current mode lowpass filter) LazNToIHIUAIIUD
aslvuanszua (current mode high filter) Tauvisnisuszgndldeursasidounuuiladdu
Sufnuauduuurunudunsesnsesiuanuddivunussu (voltage mode lowpass filter)
LLaznﬁaqmummﬁqﬂwmLmﬁu (voltage mode highpass filter) Inefisnuazidundail

5.6.1 2993N50HIUAMNAAIMUANTTUA

29asnsesuANAR AN sEuALanITIsUT 517 uareitunnilaidudsuuuy
sndlnidiinsgayideuuveynsaluguil 5.1 dedasgiaswuitanuidnesy (cut
off frequency, fo) uazsiUsEnaURAIN (quality factor, Q) HANWNAU [A1AKUIN AT]

1 1

L= (5.21)
27 LeqCLP
L
Loy ()" Dy e (5.22)
Req CLP

Handudeuwuuimieani

lin

JUN 5.17 asnseauaudsinuanssuandunseiagldilatdudeuwuuiimie i
P = A
niinsgadeiuvounsulugui 5.1

91U (5.21) wag (5.22) dlamuunli Req = 1 KQ Leq = 100 pH (R1 = R2 = 1 kQ
uwag Cs = 100 pF) waz Cip = 100 pF Wui193snT0IRIUARA lugUn 5.17 & fo = 1.59
MHz livauei Q = 1 FINARBUAUBINIIAIINAVBINITUAANIFUT 5.18
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Gain  Phase
(dB) (degree)

20 - 0 ey
e
\\~‘ ”--
01 -30 Y
h N
-20 A -60 ”
“i“. N [_~cain
' \
-40 - -90 \; \\ ,]
/’X‘\ \
Phase - J Y
601  -120 ! %
\‘ \
\ R
-80 1 -150 1+ HAN1591A09 Y ¥
rrrrrrr - == - WAMIIGYY o
-100 | {180 J— RO T Bl i AV
1k 10k 100k 1M 10M 100M 1G
Frequency (Hz)

JUT 5.18 nan1331809n19VU0eR9In T UA i Inuanseualus Uil 5.17

5.6.2 2993NT0IUANUNGANUANTLUE
landugaarnuglnihniinisgadenuveynsulugui 5.1 gnianduasieiduises

NIBIRUANLAZINUANTEUALARIRIFUT 5.19 TagarnnudAnaan avfausenauamunndl
AR [MANWIN A8]

{ W (5.23)
27\ LpCy

Loy Q= A b (5.24)
Ry, )\ Ceq

Tin Leps T llHP

JUN 5.19 19snseauanudganuanssuanduassilagldilaidunnmininugliih
niimsasyidsuuveunsulugun 5.1
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UM 5.20 UARINAN1TI18B9N1TYNUIBI993NTBIHIUAINAgalnuANTELAT
Huasgidunnilidunuaaugliifidnisgadonuveynsu Taofimuald Reg
Ceq = 50 pF (Ci = 100 pF Rz = 1 kQ 1ag R3 = 500 Q) uay Lup = 200 pH a4
AAnuddnesiaziUsznouauAMIVNAY 1.59 MHZ uag 2 mudidu

1 kQ
Juazle

ee |l

Gain Phase

NAN1TINADY
(dB) (degree) - —— - Hamngud
20W 180 T
/"/ \\\‘\
0 150 7 { N
/ K\
’
-20 - 120 +—A
/" Gain.] \
S
] ¥, 1 ~ Phase
g
/ ‘
60 1 60 4 4
//4 )
\
80 1 30 ¥ \
b’ \\\
\}S}r
-100 - 0 K = ;
10k 100k 1M 10M 100M 1G
Frequency (Hz)

3UT 5.20 nan1391909n15NUYBIAINTOBLAILDE AN sELalugUN 5.19

5.6.3 2993N30HIUANUNGINUALTIAY

JUT 5.21 wane933nT0siuANE I aaLs It uNd AT enuRnilanduideuiuus

= o A = ! = 6 N = [ A o IS
wilgNln1sadskuuruIuABIgUNINAlLIUN 5.2 Fa9asnsesdyaaniiausd
AAUDANeaNLarFIUTENEUAMAINASE [n1ANUIN A9]

ey (5.25)
27\ LoChip
W Q=R, Cue

(5.26)
L
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Hendudeuwuudimieti
PN SEUESLUUVEIUY
Chp v

JUN 5.21 19snseauaudganuaussnunduaseilaglileidubeuwuuiinie i
insgaydsnuuuulugun 5.2

gﬂﬁ 5.22 LLamwamif\fﬁaaqmi‘vﬁwwamwsﬂimmummﬁgﬂwmLLﬁaﬁuﬁ
51’&mswﬁsﬁumﬂﬂqﬁ%’mﬁsmuwé’hmﬁmﬁwﬁﬁmsqmtﬁawamu 1AUAINUALA Req = 1
KQ Leq =100 pH (R = R2 = 1 kQ wag Cz = 100 pF) wag Cxp = 1 nF ety fc hae Q
AU 500 kHz way 3.16 auaiay

Gain  Phase
(dB) (degree)
40 180 T
st~ —‘“Q‘s\
et N
v \
\\““‘
0 135 /,}-‘ T
> 2 ~Gain
1 | Ph
7L ase
-40 - 90 — < : 1
7 A ;
- ':
-80 4 45 Y
0]
7777777 HAN13T1809 ‘\\
- - = = HAVINGE \\t
-120 - 0 ] [
10k 100k 1M 10M 100M
Frequency (Hz)

JUN 5.22 nan139naein1sinnuvesasniesiuaudglaausiulugui 5.21

5.6.4 2993N30UANUDAINUAL T

Haidunaatnuglniniinisagdswuvruiuseiiisunsialugun 5.2 gnuiun
[ & @ ! a0 [ [ = ' o
dupsziiduinnsesiuanudmivualsiukansisgui 5.23 laga1audanesn uaz
MUsEnauAMANIALYINAY [A1ANWIN AL0]
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fot |t (5.27)
27\ LGy
C
Y] — eq
IGE Q=R, T (5.28)
LP
Wardugaueanuglng
Lip i sgadsuuuIUY
+ o T ————— I_L o +
Vin i Req Ceq i Vout
S5 E T E o -

JUN 5.23 19snsesuanudslruauwsuidaaseilagldilaidunmmninugliih
niimsgeyidnuvvulugun 5.2

9NaUNIT (5.27) waz (5.28) Wiorvuali Req = 500 Q Ceq = 200 pF (R = 500 Q
C, = 100 pF wag Rs = 1 kQ) wag Lip = 0.51 mH agla fo wag Q windu 500 kHz way
0.3 sud1au InediansdnaemaneuaueIninnLLanslafesun 5.24

Gain  Phase
(dB)  (degree)

04 40 =
.‘\\
%,
N
-45 - 0
)\\M\\« //Galn
\ -
e /
™ ™ /
-90 - -40 %
Phase — N N /
\\ N //
N \\\
-1351 -80 N <3
NaN1591R09 KN )}
| === - wamamgud R
80 20— L B SR
1k 10k 100k M 10M 100M

Frequency (Hz)
JUN 5.24 nan1391909N15NUYBIAINTBBILAILAINNAL TR ULUFUN 5.23
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5.7 @3

Ingndnusuninaniinseenuuuuardaessinarsdeunuuiliitudufounduu
aunsukazuuvIuy taeld99s DVTC Wugunsaluaafinudn desiudugunsalniad
Fruauamiuvindy Tnenndenldqunsainiadvedianuizay dwalisasiviaus
ansndaaneiduilsidudeunuuiumienhfifinsgydouuueynsuuasuuuruy uas
flaftuguaraugliifidnisgydouveynsuuazvuiy 29asivnausgniudy
UszdnSanlun1svnaunienani1531aear1ulusunsy PSPICE kagNan1sHonnaadniedsas
s3sruleddusasuiued ADsad BnvisdsiauanuimslunisUszgndlFauiduasasnses
s susudesiilnunus LA NTELa L.Lamwimmsjmmmﬁgqé’ué’uaaaﬁ’jﬂwm
LSIAULAZNTELADNAY

5.8 Lana158198und 5

[1] A  N. Paul, D. Patranabis, “Active simulation of grounded inductors using a
single current conveyor,” IEEE Transactions on Circuits and Systems, vol.
CAS-28, no. 2, pp. 164-165, 1981.

[2] C. L. Hou, R. D.Chen, Y.P.Wu, P. C. Hu, “Realization of grounded and floating
immittance  function —simulators using current conveyors,” International
Journal of Electronics, vol. 74, no. 6, pp. 917-923, 1993.

[3] M. T. Ahmed, I. A. Khan and N. Minhaj, “Novel electronically tunable C-
multipliers,” Electronics Letters, vol. 31, no. 1, pp. 9-11, 1995.

[4] A. Leuciuc, “Realisation of immittance functions with complex singularities by
means of modified antoniou GIC,” Electronics Letters, vol. 31, no. 10, pp. 770-
771, 1995.

[5] L. V. Wangenheim, “Maodification of the classical GIC structure and its
application to RC-oscillators,” Electronics Letters, vol. 32, no. 1, pp. 6-8, 1996.

[6] S. I Liu and C. Y. Yang, “Higher-order immittance function synthesis using
CCllls,” Electronics Letters, vol. 32, no. 25, pp. 2295-2296, 1996.

[7]  H.Y.Wang and C. T. Lee, “Immittance function simulator using a single current
conveyor,” Electronics Letters, vol. 33, no. 7, pp. 574-576, 1997.

[8] M. O. Cicekoglu, “Active simulation of grounded inductors with CCll+ and
grounded passive elements,” International Journal of Electronics, vol. 85, no.
4, pp. 455-462, 1998.

[9] M. T. Abuelmaatti and N. A. Tasaddug, “Electronically tunable capacitance
multiplier and frequency-dependent negative-resistance simulator using the
current-controlled current conveyor,” Microelectronics Journal, vol. 30, no. 9,
pp. 869-873, 1999.



[14]

89

O. Cicekosglu, A. Toker, H. Kuntman, “Universal immittance function simulators
using current conveyors,” Computers and Electrical Engineering, vol.27,
pp.227-238, 2001.

M. T. Abuelma’atti, “New grounded immittance function simulators using single
current feedback operational amplifier,” Analog Integrated Circuits and Signal
Processing, vol. 71, no. 1, pp. 95-100, 2012.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “DVTC-based series
RL/RC impedance simulator,” Proceedings of the 9™ International Electrical
Engineering Congress (iEECON), Pattaya, Thailand, 10-12 March, pp. 321-324,
2021.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “On the realization
of grounded RL/RC parallel type simulator,” Proceedings of the 7%
International Conference on Engineering, Applied Sciences and
Technology (ICEAST), Pattaya, Thailand, 1-3 April, pp. 25-28, 2021.

Analog Devices, “60 MHz, 2000 V/us, monolithic op amp with quad low noise”,
AD844 datasheet.



unii 6
unagluazdatauatuziumisiun1sinidese

6.1 unagu

Ineninusatiuiithiaueniseenuuuiardunsgissdousuuilaiduduiounudlag
42993 DVTC ihugunsaiueniivivdnifiessiaifiervindu sesutugunsaimadusuiutios
2995 DVTC sonuuulagldiweluladuuy TSMC 0.25 um CMOS &aaunsanuinisiiaue
oonuluaosduvdn fail

duusn mseenuuULardaATIEINasEsuLVUTlsiTuBLTnumudLUUaBe) 29957
thiauedaAT1eiiuaIna9es DVTC S1uiuaesia desiufugunsaimadnsuiuanusa fe
msdenldgunsalmadnogravinzay dsnaliasinaueduniesiduilsdtuduiinunud
vluuuuasesldasuiedisddulfunmiiunmy Famienh dufuuseqlii uaga9s
FONR AngUnsniauyaiidunsizdiuaineasannsauivaldes1sdteinunisuusae
frumuwiadn dsnalviAnAiameainndeusande uenaniflsrduideuuuianden
wazilandunaainugliildgninauesuinisnsuszsendldnuiluisasnseswiuua
Amnudsusuans Tuwniy#inges FONR dnmsuszendldanlulsesnsesihumauanuisudud
anane

dflaes mIsenuuuLardaATIEINRsAsuluUiliduButauaud uuueynsy uaz
LUUTILTLHefiBuNI1a - lasiandaIgnooniuu LA dNATIiTUANNAT DVTC $1udu
a09f7 wazgUnsalwiaduduinanusiy memsidenidanugunsalnadnainnieuenieas
g1 AN MATVURYNSUAIsd s duilsiudsuwuuTmidsnh itinnsgade
wuveynsy kaeflsidugmaaugliihitimsgydouuueynsy lwihusaferfunssiuy
yuuannsadunsisiiduileiduie uuusumidenhidnsguydosuuvu uasiladdugn
Anug i isinsgayideuyuruny aﬂmmmsmLauaLmeamaUmqnmimwmws
Bouwvuiladtudufinunuduuveynsanfulsasnssariuaauimivuanszua (current
mode lowpass filter) LLazﬂia\‘ir}hummﬁgﬂwummsLL?{ (current mode highpass filter)
sviamsUszendlinunsasndeusuuirduduiausuduuuruudusnsnsosiuaudm
INUALIIAU (voltage mode lowpass filter) LLazmaqmummﬁanMmLmé’u (voltage
mode highpass filter) 8nge

2esdunvuTlsituduiauaudiluuuuases uazasideunuuilsidududaunud
LUUBYNTH UAZLULILIUABITIBUnTfAind1nasludsiulignnsisaeuquanTalunis
yhasiulUsuns PSPICE sauransdennaasineasasaseileddisasuives ADsad o
fudunanmsvhaiuiaenadosiunaluniemgui]

uananinansiferamaiildsunsinnsanifuilunsasinnisssduuuni
U 2 unAY [11-[2] wazasdiuilun1sussyeivinsseAuuIuIvIRTINI 3 UnAy
[3)-[5] il



91

1. N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “Floating general
immittance function simulator”, International Journal of Electronics and
Communications (AEU), vol. 132, 153640, 2021. [1]

2. N. Roongmuanpha, N. Likhitkitwoerakul, M. Fukuhara, and W. Tangsrirat, “Single
VDGA-based mixed-mode electronically tunable first-order universal filter,”
Sensors, vol. 23, no. 5, p. 2759, 2023. [2]

3. N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “Floating impedance
simulator realization,” Proceedings of the 17™ International Conference on
Electrical Engineering/Electronics, Computer, Telecommunications and
Information Technology (ECTI-CON) Phuket, Thailand, 24-27 June, pp.
345-348, 2020. [3]

4. N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “DVTC-based series
RL/RC impedance simulator”, Proceedings of the 9 International Electrical
Engineering Congress (iEECON), Pattaya, Thailand, 10-12 March, pp. 321-324,
2021. [4]

5. N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “On the realization
of grounded RL/RC parallel type simulator”, Proceedings of the 7%
International Conference on Engineering, Applied Sciences and
Technology (ICEAST), Pattaya, Thailand, 1-3 April, pp. 25-28, 2021. [5]

TngsvavidannmnvosusazuneuldsusinBluneruan <

6.2 YalauauusuINIeuNITInIAese

Tunmseenuuunaydaaseiasesidounuuilsidududaunudfitausluing inug
atull wwhdsduumsihiaulafiewluusudseiauliRBetussd

Usenasusn uifinnsasideunuuiliduduinuaudfiiiaueaiuizaysuanldiu
FumumnagnaInAeuenias uodslsivniansiannliansauiuagunsalauyad
Aupsesituanmeslameismamnedidnnseind awneliAnanuasmnuazadosirenis
UsuusieAnandeiy

Usznisiaes wiinaesdsuivvilsduduiaunudiluilasaisuvuassfdedl
AuAdesdinenIsuluUssendldauluegiaunn wiegralsfiniueasdeuwuuileidy
duAuAUBUUUILNTY Wazkuuruuilassasiwuudaiiisuns 1 iliddedninlunisi
19sludsggndldeuanninesuuuassd dufufsnisiinisiaunlises Beuuuy
lertudufinuauduuueynsy uasiuuvuuilassairauvvassduiielfannsalszgndld
sulusasussameinefosmannuaneungsty



92

6.3 LANEI5919DIUNT 6

(1]

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “Floating general
immittance function simulator”, International Journal of Electronics and
Communications (AEU), vol. 132, 153640, 2021.

N. Roongmuanpha, N. Likhitkitwoerakul, M. Fukuhara, and W. Tangsrirat, “Single
VDGA-based mixed-mode electronically tunable first-order universal filter,”
Sensors, vol. 23, no. 5, p. 2759, 2023.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “Floating impedance
simulator realization,” Proceedings of the 17™ International Conference on
Electrical Engineering/Electronics, Computer, Telecommunications and
Information Technology (ECTI-CON) Phuket, Thailand, 24-27 June, pp.
345-348, 2020.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “DVTC-based series
RL/RC impedance simulator”, Proceedings of the 9" International Electrical
Engineering Congress (iEECON), Pattaya, Thailand, 10-12 March, pp. 321-324,
2021.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “On the realization
of grounded RL/RC parallel type simulator”, Proceedings of the 7%
International Conference on Engineering, Applied Sciences and
Technology (ICEAST), Pattaya, Thailand, 1-3 April, pp. 25-28, 2021.



dy @ dl Y o L v d‘ = ! gj 1 Y o ¥ €Y 1Y
wnanstiluenansianulidmsunisidauienistnwintu leugslmiluldusslomismunisi

I ¥ O & A U Yv agvo & Y Y a = v & A ° v
13J'3']ﬂ5m1®“] NG @ﬂﬂﬂﬂqﬂmiﬂﬂﬂuﬂa%u@ﬁq LLagm@fl@'N@fmﬂL';\]']GUENL@ﬂaqinﬂﬂﬁﬂwmﬂqiuqiﬂiﬁ



AAKUIN N
N133tATIENAMENURAYVD9935 DVTC



95

Nl MsAeszvnuanUAvaasasiounssus
ANANURVRINRTALYIDUNTERATENATAUINTIUT AN DT Map WAz Map fa3U? Nl
Ingazmvualinsudanesiassiiniuaunadiunnusenig

JUN N1 193588 UNTERALUUNRAN T TUTALN DS

WensuTames Mzp Uag Map 1n159110Ulug19BUAITY Vg 2 Vs —[Voyy | 1nef
Vrn Aoussiudinisy azlanseuansunsaiilvingu

4\
zuf(\/@s Vi) (L4 AV ) (n1.1)

ID

903187U3ENIN lout 482 lin ¥899995LU5UT N1 @ansndmsienlagedeannis (n1.1) &
Wity

ﬁ 1 (ﬂcox4p/2)(w4p/|-4p)(VGS4P _’VTH 4p‘)2 (1+ﬂ4pVD84p) (n1.2)

Iin ('UCOXZP /2)(W2p / LZp )(VGSZp j ’VTH 2p |)2 (1+ ﬂ’ZpVDS 2p )

1NAUNIT (N1.2) NI IUTANDITNIARIAIAUNIEAUNNUTENIT 2 ATISBNTIEINTENTN
lout ke lin balviaisiadl

| puley N PR & (n1.3)
W, L

in 2p —4p



96

A2 ANSIATITANIDATIVENYNTSHEVDIIITAZNDUNTLLLE
WATAUYAVOMIIUTANDS Mzp waz Map nIdlFya1aunndnvedisasasiounseud
WARaAagU N2
iin A B iout

@

Cgszp + Cgs4p% ngp% Om2pVin Om3p
L

5UN N2 1995auyavenRsaveunseualugun 3.8n)

31n3UN n2 flefiansaniilnue A lngldngnszuainasyeni (Kirchhoff's current
law, KCL) agla

iin (S) 7 (ngp +SCg52p +C954p)vin (S) (ﬂzl)
wazlefasuiluun B avld
iout (S) o~ gm4pvin (S) (ﬂ22)

NEUNTS (12.1) bay (N2.2) APONIIFAIUTLINI lout WAL iin VAU

I GE OimapVin () (2.3)
iin (S) (ngp & SCgsZp + Cgs4p )Vin (S)
= -
e oa (5) [ 5] J : (n2.)
Iin (S) gm2p 1+ S(CgSZp +Cgs4p)
N ngp

vNRa1saNn1s (12.4) Tugaeauden (s—0) azanusaniAdnsnveienszuares
WaTAzvIoUNIEUAlAVAY

(n2.5)



971

N3 NTAATIERNINTTUALDINNAVDII9RT DVTC
19950UadusasumUUNas 1 Tunsznanduns Izt ulae 19199 sm UL In UL UUNEUwER
f95UN N3

Y

sUfl n3 2sasudasissfunuunasmadunssualagldasesmuussiunuumay
n3UTl N3 lefinsaundiluun A lnelingnssuainesveniiazls
R N (n3.1)
Fodunseud losp RivarunsIUTames Map sz
lop, = 1 =i (n3.2)
waziilefiasaniilviun B wldnszia lozn AlvakunsmGanes Mz, ity
|} ANE W, (n3.3)

TneNnsend io AU

i, = = (n3.4)

n3zud Ipzp wae lozn gnasvieumeisasasvieunseualdidunssuao1dnnuessas DVIC s
wandlugun nd FaEUATIEIMAMNTERE Toutr WAE Tour— bINAY

= 2j (n3.5)

out+ —  lout— o



98

+V

5U# n4 2995 DVTC ldmalulaguuuseansudanes

‘mﬂﬁﬁ%ﬂﬂiﬁéjﬁlﬁﬁﬁummﬂlﬁmmﬂfﬂﬁﬂi%ﬁwgwa‘naﬂsﬁaﬂﬁ’m‘izLLa (W) maﬂmi’]u%alﬁ@%
Msn/Man M7/Mg M1g/Mg M12/Mi1 windu 1/2 agla

=S EieE ol — (n3.6)




NAKNUIN ¥
N153ATNLIAUANTAYE99RTREULUUH N TUBUTALAUY
alunUszasAnuuasgdluzun 4.1



100

vl nsanevinuaudavesRsifsuruuindudniinuaudaundseaedly
guﬁ 4.1

295dsuuUUlsidudufinumudolunUsrasAuuuassfuansfeguil v1 amsa
AnszdmneduiunudunmreniasTaedonmantivenias DVIC dulleasbondail

Z,

5UN v1 2asdguiuuilintusuiinunudeiunyseasAwuuasemlugun 4.1

[

o/ 'y} 6 1 % U = wa dy
AUFNNUTIEUINIIAUNUNIEWFUDINDT DVIC UAMFNUAAIU

=i, =L (®1.1)

dedasizviiluun A luguit vl lngendungnszuainasyenil (Kirchhoff’s current law,
KCL) agla

B ) (v1.2)
WAUAENNTS (V1.1) adly (@1.2) Aetiy
N
—IT (11.3)
ZZ
mﬂgﬂﬁ 91 WU Vn2 = 0 datiusilsaunis (01.3) wasuwlaady
Vv
i, =22 (v1.4)
Z

130 v, =iZ, (¥1.5)



diednsgvinliaug B lugui vl lngerdangnszuanaivenazla
i =i

out2+

wnuAaNns (01.1) aslu @1.5) 10ef e = 0 watiy

Vi—V, == ilzZ
Zl Zs
130 i—V, A€ Z,Z,
L Zs
WUAIENATT (V1.8) agluauns (11.10) azla
Vi—V, = _Izzz
Zl Zs
158 Vo~V — ZZ,
I, Za

¥
=1

lupsalfiazlaABuiiunuddunnveaiasmiiu

101

(¥1.6)

(@1.7)

(¥1.8)

(¥1.9)

(91.10)

(¥1.11)

(¥1.12)

(¥1.13)

(¥1.14)

(¥1.15)



102

aun"s (v1.15) uansliiiuineaslugun 91 aunseduaseiiaidudulinuaudounysyad
wuvaeemlaasuadilanduliunddiuniu dumileani dunuusealnda uaz2995 FONR
lagnisivuagunsalnadniisanuiiog1 gy

U2 MTIATINAMENURV9995TuNUGUR
lutetinafimsinsginuaniivesiswlasilanduduliounudownyseasd

!
ava = A QU

wuvaeedluneuialesodunmuautfivednsas DVTC lumaujiR ddinuaudfnwsiolud

q

_ ap(s) (Vp _Vn)

Iout+ - (GZJ21)
ZX
a, (s)(v, -V,
e AR —% (v2.2)
Solimmgiilvun A Tusui a1 lngendungnszuainefueviazls
il = _ioutZ— (6U23)
unuAaNnTg (v2.2) aslu (32.3) deiu
a,,(S)(V,, —V
il: n2( )( p2 n2) (7]24)
ZZ
NNFUN 91 WU Ve = 0 Fatiuvilifamnns (v2.0) Wasuudaady
o, (S)V
i, = %o (SNVge (v2.5)
ZZ
130 V,, = 4z (v2.6)
anz(s)
Solmseaiitlvun B luguil 91 Tesendengnszuainesvenlazlé
i, =i (¥2.7)

out2+

wnuAaNnIs (92.1) aslu @2.7) 10ef vz = 0 watiy



103

A, (s) (sz _VnZ) _ _I:apZ (S)sz]

- (22.8)
2
ZZ ZZ
- —i,Z
N30 Vp, =—% (22.9)
apz(s)
Solmsgiiiilvun C Tuguil 91 lnsendongnsuaine suemiazls
ioutl+ = iZ3 (7]210)
. A (S) (Vo =Vor) Vo, =V,
%39 m )( P 1) = P2 g (02.11)
Zl ZB
WAUANENNTT (V2.6) adluaunis (2.11) a¢la
2ty (5) (Vg Vi) CR —
Z a,,(8)Z,
%39 PSP 4,2, (02.13)
L ()t (8)Z5
WAUANEUNT (12.9) adluguns (W2.11) agla
apl(s) (Vpl _an) 9 —i222 (92.14)
Zl apz (S)Z3
%50 Y97'% 44, (42.15)

i,  a,(5)a,0Z,

WNUATENATT (3.13) wag (3.14) 1WA n159euluteAud tesnina wp Wag wn as
Tuaunis (v2.13) wag (¥2.15) glaABuiiuaudsunnaisil
36 Vin = V1 18z V2 = 0 azla

ZlZZ

=——=— (02.16)

inly, =
¥2=0 ooy Ly

on2

A58l Vin = V2 kg v1 = 0 agla



104

77,

= (v2.17)
=0 oplaopzz

z

a ¢ 1 1 dl 1 -3
93 N159AT1ZINIAIAU Ran1sIUArULUaYA189AUSENaU U9
luideilldnsisaeuludiuvesdrninula (sensitivity, S) voIrBuiiuauddunm?

dun5181TuIN199TIUIUN 91 WeesAusznaunigluieasiinisideuulas lnenaauds
Aananaunsadeuesuielaciail [34]

Ay
% change in y \Yy
% change in X (Ax
X

jxlOO%

(93.1)
jX:LOO%

loefl X Aeasdusznauluinsivasundas uae y Asnnaudfvedrsasifiansaneiniul
somsiUdsuwlasal x aun1s (13.1) wansbiliiuiimndnsiddenaniidii wielleteey
nimidsaenunefiaesiiaiosnmng Wenwmualy S) unuAipulivasauaudd y e

a ! 3 v & = a =
N15LUABULURIANDIAUTENDU X @QuuaquqiﬂL%Uu@ﬁU’]ﬁa@Jﬂ’ﬁlmVﬂJﬂ@

7)

b AN Wl oo (v3.2)
(ij ox/x o(Inx) 'y ox
X

dWadesermeianulivesaunis (v2.1) war (¥2.17) Ineaduaunis (v3.2) azla

*ANa
ENE 2y Oy (v3.3)
v L, 0L,
ao aon
30 S;r = 4 T (43.4)
1 L o,
onZZ

nsmeyiusHamsvesaun1st e agle

§Zn — oplaonzz OlopyQonpZ2Ls = 4,2 (O)
z =
Z ( o1 ona s )

(93.5)



105

130 Sy =1 (¥3.6)

waziladaTnniA1ANNlYeAT Zin sen1siuasunlasniesausenaudusluisasiagldis

(%

= v Ao v v Yo

Wwenduidnausludsuazagulaned
Zin J— Zln j—

S;m=-S;" = (¥3.7)

LAY S§%n =G%n —=G%n —_1 (23.8)

aupl %pz Qom2

U4 N1FIATILNNRINTBWURAUAMNRBUAUFRTUTUN 4.14
NTIATIETaN U8 louk IR LYRINITNTRW UK UAIUAS UG AR lUIUN 4.14
lpfinsimuedieniamnduavesnseuaduwandusun 42

iin i Leg i i Ceq i
+ o — o ——+—J— o +
A /88 \ T/
Vln RBP VOUt
- C O -

5UT 92 1993nTBmuLIUANRSURUABIdmMTUNTIaT g landuane Teuus sy

HioTATIEAme LS uBuNAve9stugui v2 Taeldngussiurenaasvenil (Kirchhoff's
Voltage Law, KVL) agld

—Vi +V + Ve +V,, =0 (v4.1)

WATIANNT (V4.1) Menguadleviimaiy

Vi iy (SLyg )+, 1 +i;,(Rgp ) =0 (v4.2)

aunns (v4.2) uaggui 92 awnseasuledn

v, =1 sLeq+S—+ Rep (v4.3)



106
WAy Vou =iin (Rgp ) (¥4.4)

[
[

ASMUANNTOVNINTUAET D ULSIAUINNORTIEIUTLNAINENUNTS (V4.3) hag (V4.4) laeail

\Y iin R
uaz out _ (Rer) (24.5)
Vin . 1
[ {SLeq +a+ RBP}

IN3A SCeq VABLATEILVRIAUNTT (V4.5) 2¥ld

vV SR;.C
o = o (94.6)
Vin  S7LCoy +SRgeCy +1
Fovhmsdngulveeluguuuuileddulumensiiin (biquadratic functions) wuin

S[RJ
Vv L
o = 3 (44.7)
el Rk Je/ies

Leq Leqceq

[

3glamuiinans (central frequency, mc) wazfUsznauRunI (quality factor, Q) adl

w, =2rxf, = (24.8)

WA Q= (ij L (¥4.9)



107

4 4 1 dov o o o
V5 fﬂﬁﬁ\‘iLﬂi']%'ﬁ')\‘i"ﬂﬁﬂi@\?NWULLﬂUﬂ'ﬂNﬂ'ﬂuﬂUﬁSLuEUﬂ 4.16
1ITNTOHULAUATUDUAVFLUIUN 4.16 FuATILVTUIINWITNTDNIUANDAT Y

U7 93 tngldnisulansasnsaadiuanudmdusuulmnduisasnsssiuiauaiiud 3ad
laseaseviawuy RLC way CRD lpelisgazidundail [34]

RS LZ

AW i WI———— +
TCl
T

Vin R Vout

- O

5UM U3 1INTRINIUANUAITUAUABIAULUY

JUT 94 KARIINTINTOHIULAUAIINDIUAUGNALATIENTIUIINIIAINTBIHIUAIUAASUAY
aodlugun v3 lnvdrgunsallurasdmiumsudasanansaazulannien v5.1

Rs

Ly G,
+ o—AM——— 0] +

Vin L4 j Cz Ry Vout

' '
o

sUN ¥4 1993030 IULAUANIDBUAUANILAT@S9LUU RLC

= ! & 1 a0 1 a
$13199 V5.1 ﬂ’1QUﬂ'ﬁmmisﬂ‘lJﬂ’ﬁLLUaﬂ’Nﬁﬁﬂﬁax‘iN'luﬂ’nmﬂ(ﬂ?LUU’N%?ﬂﬁENNWULLﬂUﬂ’J’]&Iﬂ

2995AUBUY Asulasanud 299TNTBINTULOUAINND
Lip Lo/BW  BW/Q;Lp
LP 2> BP
o—00—-o o——|——o
BW/Q’ Cyp
Cip s = s°+ Qi 0000
- N oO——o o——oO
o—| l—o (BW)S [”]
CLe/BW

o Qn fio AmafinisAuealadaninud (frequency-demoralization constant) 2995N58INIY
mmﬁﬁ?ﬂé’uﬁuaaaé’mquﬁmqﬂﬂizﬁﬁaﬁ Rs=RL=1Q,C1=1414F, Ly = 1.414 H [35]
WaTUINAINUALA Qn = 314.16 krad/s, fo = 50 kHz, BW = 100 kHz, Q = 3.14 #1nenfe
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® aduiiunudvasiuiuuszqlnihndvuin C F vie 1/sC Q azwdswiu 1/5%C Q
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NFUNIS (V5.4) Wudﬁqﬂﬂiaﬁugﬂﬁ 95 1ANI1AU Cs = CL = 1 NF Rignew) = 716
Q R3(new) = 1414 kQ Deqz = 1414 fFS Ll Deq4 =0.717 fFS
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sonsidsundase x Weaimuali S unuAaulvesraEaudd y denisiudsuutad

29AUTENDU X At UAILNSRBURSUNSANNISIALLAD

&

s\ _oyly_o(ny) xay (A4.2)
(ij ox/x ~o(Inx) "y ox
X

dadwsigvnaanubivesaunis (5.8) lngenfuaunns (Ad.2) agle

L IHIRIVOR]
=2 (n4.3)
R, @R,
)
= g a
w50 Spaed T on2 (nd.4)
s bah S
aOnZ
MINseYITUSHAMTYRsENN1TU e Agle
, a,,—R,(0
S& =gy, %z =R (0) (P4.5)
(aonz)

V3o Sa =1 (P4.6)



118

uagiliolaswimAinnulivesdn R L), uag C[, sionnsidsuniaseesdussnaudug

¥
Yo A

Tusaslegldismenduninauslutrssuasagulans

Sfa — 1 (4.7)

Qon2

Sgt =Sg =S =-S =-S§ = =1 (P4.8)

Qon2

ey St =Sgm =S." =S5 =—§gn =1 (A4.9)

R3 on1 Qon2



119

A5 MIAATIZYRMENURYEIRTIRULUUTINTuBNdauauduuUTEILTuNI

a wva

Usue
HioAnTeeaslugun a2 Alvue A laendungnssuaineiveniilagld

iin = _ioutl+ (ﬂ51)
WNUAENNIS (A3.1) adlu (A5.1)
a.,(s)(v., -V
Iin __ pl( )( pl nl) (ﬂ52)
Zl
" a.,(s)(v, —v
%39 N 1) ) (P5.3)
Zl
Anreiiiliun B lngerdongnsvuaineivenilazls
iout2+ - iZ3 (ﬂ54)
WUAENNTT (A3.1) aslu (5.4) wasanfunguedlenuagle
2, (3) (V= Vi) (&7 #5.5)
ZZ Z3 '
= S _V V
%99 M L jafl (?"’156)
ZZ Z3
- -V.a ,(S)(Z
138 Vp1= in p2( )( 3) (ﬂ57)
ZZ
uwnuAIENNIT (A5.7) adlu (A5.3) danal
M EFON am(s)a,,z(s)(zg)} #5.8)
Zl ZlZZ
e |._n _ apl(s) N apl(s)apZ(s)(ZS) (5.9)

v,  Z, 2,2,

in



120

wnuA1ENNIT (3.13) Tnensasvinaulugdisanudtesnind wp asluaunis (a5.9) aglaen
wandnunugdunansdilidulumuaauadivindu

Yir: = I'—n = i + i — a(’pl + a001a0p223
Zl Z Zl ZlZZ

(m5.10)




121

a '3 1 1 o 1 I3 =
A6 M5AAs1zIIAIANlRen1siUdsuLUasABsRUsEnaUTU9RsI R UL

Henfuduiinuauduuuuy
AR 1IT09IVBIAIAINAIUNIUANYARIANNTT (5.15) A101503LATIE A lngenfY
winmsluauns (ad.2) Feagld

. OR’
S L (R6.1)
Ry OR
a[&]
, a,
%30 sz“: R, b (6.2)
[Rl] oR,
Aop1

iNsmeYiuSHamsvesaun1sU e 9zl

, —-R (0
oY S5 \ 2 Zdnh 12( ) (76.3)
(@)
e ngq =1 (P6.4)

wazillalisgimaianulvesdn R, L), uaz C lunisauns (5.15) 6 (5.17) siens

(%
Yo A

WaguwlasiasdusznevduqluiasiaglddtineanuimiaveludsiuazasUlonai

Sha -1 (P6.5)

Aop1

S;fq :SlF;jq :S(I:_jq Z—S:jsl :—SLéq :1 (ﬂ66)

aupZ

hay Sci =Sgn =8 =S =G = (R6.7)
C, Rs R

Qop1 Qop2



122

A7 A1ATITNNRINTBIIUANURI INUANTEUATUIUN 5.17
nyiaseimilandunielounseuavesaasnsesiuaudmsusuanslugun 5.17
lofinsinuafiemamndivaresnsswananandugun a3

Handudeuwuudimieani

S a
WNﬂ'ﬁqujLﬁULLUUaL}ﬂﬁﬂ

v W

JUT A3 1939nT0sUAMLRIdURUARE nTUNITIR T IwI e dunnelounseua
diednsgvninue A lusun a3 legldngnsviavenesyenilazla
bip = loip +ipp (A7.1)

IAIENNIT (AT.1) MengUasleiumfty

iNa Vi + Vi (n7.2)
1) (Rasly)
SCLP
w39 D 2 PENAE (Y (A7.3)

(Req ¥/ sLeq)
Peuvualnug A Weesiet iLe AlvaniusiguniuLassuniendnagle

. \Y
io=—x (n7.4)
R, +sky

%30 Vv, =i, (Req +sLeq) (27.5)
WLANENNT (17.5) adli (A7.3) fati

1

(Req + sLeq) (A7.6)

iy =ip Ry + 5Ly )| SCp +



123
w30 iy = iip (SRGCip +5°LegCip +1) (A7.7)

TgazlRonsI@IUTLIING iLp LAY iin WINHU

be 1 (A7.8)
iy STLClp +SR,Cpp +1

MN15113 LegCeq vHLABMAZAIUIBIELNTT (AT7.8) FzlaTlandulunlansifin (biquadratic
function) AU

1

I A LeoCrr (n7.9)

O\ 2 e
S"+S +
Leq I—eqCLP

arldimanuddneen (cut off frequency, fo) wazAIUsEnoUAMAN (quality factor, Q) fsil

w, =27f = b (A7.10)
LeqCLP

oy Q:[RLJ Lo (A7.11)




124

A8 AM3ATITNNAINTRINIUAMUDGIINUANTBUATUIUN 5.19
nsiaseIilandunielounseuarednRsnIaIiuAND geduduanslugun 5.19
lpfinsfmuadiemandlvavesnseuaiauandlusun ag

aridunnaauglnin
ninsgaydsuuuaunsy

v W

5UN A4 1999nT0 I IUAMLDgIR U UaId S uNITIAT eI e duanglounseua
dionsennlvun A lugun ad Tagldngnsziavesapsvenilazl

B | MY (P8.1)

Taseviannis (p8.1) Ingldnguedeiunaiu

iin = LX -+ E (ﬂ82)
S
HP R, + 1
24 sC,
o sC
%38 i =v ! + = (n8.3)

: v,
Reg +—~—
sCe,
- sR C_+1
739 V, =i % (28.5)

WLANENNg (8.5) adlu (A8.3) Fatiu



125

sR . C._+1 sC
iin = iHP e 1 + = (m8.6)
SCuy )| SLup  (SRyCy +1)
- s’L,,C., +SR C, +1
150 R I B T (P8.7)
S I—HPCeq

10822 199MI1EIUTLNIN ke LAY din Winfu

. 2
oo _ S LieCeq (r8.8)
i S*LpCo +5R, C, +1
1n1959113 LupCeq vHLAwLaZEIUY0ENNNT (A8.8) azlaflsndulumsasiinwingu
1 2
R 3 (P8.9)
g2 +s( Re j+ -
I—HP LHPCeq
awlpmnudfneen warfUsznauaun NIl
i
Wy lEs 0 AN 2 (P8.10)
LHPCeq

g = [RLJ L (P8.11)



126

A9 A13AATITNNAINTRINIUAMUDGIINNALTIAUTUFUN 5.21
nyiaselanduaelouilseiureaasnsesruaufgeduduasstlugun 5.21
lofinsinuafiamamnalvaresnseuanuwandlugui as

Herdudsuiuuimileati
i C AdnsgduLUUTUIY
in WP o .
+ o I][I i e i o +
1 ATl . 1
Pl L
] ]
Vin iReq Leg E Vout
| i
] |
C o : Lo
| i
) ]

UM A5 1933nTRmuANUdguivasdmiun T T eI e dunnelouunsesiu
WATIVNIUA A Yen9asnsasiuanudadusun a5 Iagldngnszuavasinesveniazle
AR, (R9.1)

n

a ¢ =i i ¢ =~ v ¢ ]
Ansginseuailvaniuaunsaintadnlulaasiienguesleviunuii

i Vv
VL AR TR N A SoUt O (m9.2)
( in out) HP Req SLeq
Vv Y

V. (SC,,)=" 4 ot Ly (sC (P9.3)

in ( HP) Req Sl—eq out ( HP)

- s°R.L C..,+sL_ +R
739 Vi (SCip ) = Ve o :: - o (9.4)

S eq —eq

10822 190MIIFIUTLNIN Vout WAL Vin WU

2
Vour _ $“ReqLeqCrip (79.5)
Vio  S?RyqLegCrp +5Leg + Ryq

in eq —eq

N199115 RegleqCrp TatAmlazaIuvesauns (r9.5) aglaflsndulumensiinmiu

Vour _ S (m9.6)

in 2 ( 1 J 1
S +S +
ReqCHP LeqCHP




127

aylamnudfneen warfUsenaumnINAaLl

L (79.7)

[ ! J Lep (79.8)

bbeYe



128

A10 N13ALATIENIRINTRHUANNAA aALsITuTugUN 5.23
199INT0WIUANUAATUGUARSIUIUN 5.23 anansadinsizvimilsiduaiglounsenu
AnudAveeY wazdiusenaunuamlalaeivuaiianimilravesnselananslugui a6

T4

dun
i sadonuuruiu
Lip ve

Da

GIG RGP PRI

v v

JUN 6 1933nTRmIUANUDMSUiUARsETUNTIAT IRl tua e lauws Iy
dieldngnszuavenasyoniiiaseinluun A ¥993993uguil A6 wul
B ae, (A10.1)

a ¢ =i i ¢ =~ v 3 v
Ainneinseuanivaiugunsainadnlulasienguedeviuagle

V. —V v
in out :—%_Fvout(sceq) (?110.2)
SI_LP eq
Vin. . Vou v, (5C. )+ Vour (A10.3)
SLLP eq SLLP
. s’R.L.C. +sL,+R
138 Vin - =W ™ o (r10.4)
SLl_P SReqLLF’

10822 190MIIFIUTLNIN Vout WAL Vin WU

R
Vour eq (A10.5)

=2
v, S"RyqLipCeq +SLip + Ry

n

#1513 ReglipCeq MlAwLazEIUTDIENNTT (A10.5) azlaflsAtulumensiinindy



129

1

Vour _ LipCoq (A10.6)

Vin 2 1 1
S"+S +
R C:eq I—LPCeq

eq

[

awlamnudfneen warfUsenauAmnINAaLl

1 1

= (m10.7)
2m\[ L xCy,

C
way Q=R [— (n10.8)
LLP




ANANUIN
UNAIUIYNLASUNITANUNW



131

UNAMUIYNIASUNITANUNASTUINTAITIVINTTTLAUUIUIVIAIIUIU 2 UNATY AL
Tun1suszyavIMsseauuIuBIRTIUIL 3 unANAsRalUll

(1]

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “Floating general
immittance function simulator”, International Journal of Electronics and
Communications (AEU), vol. 132, 153640, 2021.

N. Roongmuanpha, N. Likhitkitwoerakul, M. Fukuhara, and W. Tangsrirat, “Single
VDGA-based mixed-mode electronically tunable first-order universal filter,”
Sensors, vol. 23, no. 5, p. 2759, 2023.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “Floating impedance
simulator realization,” Proceedings of the 17™ International Conference on
Electrical Engineering/Electronics, Computer, Telecommunications and
Information Technology (ECTI-CON) Phuket, Thailand, 24-27 June, pp.
345-348, 2020.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “DVTC-based series
RL/RC impedance simulator”, Proceedings of the 9™ International Electrical
Engineering Congress (iEECON), Pattaya, Thailand, 10-12 March, pp. 321-324,
2021.

N. Likhitkitwoerakul, N. Roongmuanpha, and W. Tangsrirat, “On the realization
of grounded RL/RC parallel type simulator”, Proceedings of the 7
International Conference on Engineering, Applied Sciences and
Technology (ICEAST), Pattaya, Thailand, 1-3 April, pp. 25-28, 2021.



of Electronics and
Communications




133

Int. J. Electron. Commun. (AEU) 132 (2021) 153640

“ ".(

ELSEVIER

International Journal of Electronics and Communications

of Electronics and
Communications

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/aeue

Regular paper

Floating general immittance function simulator R

Nutcha Likhitkitwoerakul, Natchanai Roongmuanpha, Worapong Tangsrirat

Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang (KMITL), Bangkok 10520, Thailand

ARTICLE INFO

ABSTRACT

Keywords:

Immittance function

Floating impedance simulator
Frequency-dependent negative resistance
(FDNR)

Flipped voltage follower

Low-voltage circuit

A floating general immittance function simulator circuit is presented using two differential voltage to current
converters (DVTCs) and three passive components. The developed DVTC to be used in this work is realized with
the flipped voltage follower, achieving low-voltage operation. By selecting proper passive components, the
proposed floating simulator circuit can realize synthetic inductor, capacitor, resistor and frequency-dependent
negative resistance (FDNR) without changing its configuration. No component matching conditions and
cancellation constraints are necessary. Furthermore, non-ideal transfer gain effects on the proposed simulator
circuit are discussed. As applications for the proposed floating simulator, a second-order RLC bandpass filter and
a fourth-order resistively terminated LC bandpass filter are shown. To verify the theory, the proposed simulator

1. Introduction

General immittance function simulators are necessarily employed in
many electrical applications ranging from active filter synthesis to si-
nusoidal oscillator design as well as impedance matching circuitry and
parasitic element cancellations. The reasons are, they provide better
accuracy, easy tunability and integrability, and also place a less foot-
print in integrated circuit (IC) design. Since 1967 when Antoniou pro-
posed the operational amplifier (OA)-based structure as a gyrator [1],
the eircuit has been vastly used in general immittance converter (GIC),
active impedance simulation, and active filter and oscillator synthesis
[2-3]. However, due to the constant gain-bandwidth product, the OA-
based GIC circuits have restricted bandwidth at high closed-loop
gains. Also, the use of the OA with its limited slew-rate limits the
large-signal and high-frequency performance of the resulting cireuits. It
is further to be noted that the OA-based structure cireuits become very
complex, when low-power low-voltage operation and wide bandwidth
are simultaneously required [4]. With the introduction of the second-
generation current conveyor (CCII) in 1970, this active element be-
comes intensively used device to eliminate the disadvantageous features
of the OA [5-6]. Therefore, the later realizations of the GICs based on
CClIs or CClI-based active elements were reported in the open literature
[7-16]. However, the main disadvantage of the CCIl is that it has only
one high-impedance input terminal (the Y terminal). This drawback
becomes evident when the CCII is required to provide floating input
handling capacity or to handle differential signals. This would result in
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and its applications are simulated using 0.25-ym CMOS process technology.

the use of a large number of components [7-13]. For example, the
simulators reported in [9,13] employ one dual-output CCII (DO-CCII),
one plus-type CCII (CCII + ), and minus-type CCII (CCII-) as active ele-
ments together with three or four passive elements. The work of [9] also
needs a single passive component matching condition. In [10], a series
of the single-resistance-tunable floating inductor circuits are derived
with only two CClls and three passive components employing nullor
equivalence. Further from all the simulation structures, floating
frequency-dependent negative resistances (FDNRs) are realizable by
achieving RC-CR transformation. In the literature [11], two floating
immittance topologies are realized using three/four current-controlled
current conveyors (CCCIIs) and four passive elements. Using two
different types of active devices, i.e. a DO-CCII and an operational
transconductance amplifier (OTA), an active circuit for floating GIC
simulation is reported in [15]. A solution of floating inductance simu-
lator employing three electronically controllable current conveyors
(ECClls), one differential voltage buffer (DVB), and four passive com-
ponents is propesed in [16], and unfortunately, only inductance func-
tion simulator can be obtained. Therefore, the analog researchers have
tried to design and synthesis the active immittance function simulators
by making use of a new generation of active elements.

It is a well-known fact that the floating GIC versions have more
versatile and flexible than the grounded ones. For these reasons, other
implementations of the floating general immittance function simulators
have been reported using a wide range of recently modified active ele-
ments, such as differential voltage current conveyor (DVCC) [17],
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differential difference current conveyor (DDCC) [18], current feedback
amplifier (CFOA) [19], modified current feedback amplifier (MCFOA)
[20-21], current backward transconductance amplifier (CBTA)
[22-23], current follower transconductance amplifier (CFTA) [24], and
voltage differencing differential difference amplifier (VDDDA) [25].
However, only lossy or lossless floating inductance function simulators
are realized from the designs in [18,25], which are unsuitable for spe-
cific solution purposes. Considering MCFOA in [21], only floating in-
ductors can be realized using two MCFOAs, two floating resistors, and
one grounded capacitor. The simulators in [24] use more than two
active components for realizing floating immittance function simulators.
Some floating active immittance simulators including active building
blocks are proposed in [17,19-23], whereas each of the blocks involves
more than 18 transistors. They also require high power supply voltages
atleast + 1.5 V, which would consume higher power and occupy a larger
silicon chip area.

In recent years, the interest in low-voltage low-power analog circuits
has tremendously increased since the shrinking in size and downscaling
of CMOS devices has constrained analog integrated circuits to operate
with decreasing supply voltages and minimizing power dissipation. In
literature, the flipped voltage follower (FVF) which is a useful and
versatile analog cell for low-voltage low-power circuit design was
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initially introduced [26]. Its basic characteristics include low impedance
level, high slew rate, high current driving capability, and reduce power
dissipation compared to the conventional voltage follower [27]. Since
then several applications of the FVF and its utilization in analog signal
processing circuit design have been developed in the literature [25-30].

This study is thus focused on the realization of a floating immittance
function simulator circuit. The proposed simulator consists of two dif-
ferential voltage to current converters (DVTCs) based on FVF with the
level shifter (LSFVF) along with three passive elements [31]. Depending
on the selection of passive elements, the proposed floating immittance
function simulator can simulate inductor, capacitor, resistor, and FDNR
without modifying the circuit configuration, and without requiring any
component matching choices. In application examples, a second-order
RLC bandpass filter has been designed and simulated using the pro-
posed floating capacitance multiplier circuit and floating inductance
simulator. Furthermore, the proposed FDNR simulator has also been
used to synthesize a fourth-order resistively terminated LC bandpass
filter. The workability of the proposed simulator and its filter application
have been simulated and certified with the theory through PSPICE
program using 0.25-um CMOS real process parameter from Taiwan
Semiconductor Manufacturing Company. In Table 1, the physical com-
parison of the proposed floating general immittance function simulator

Table 1
Comparison of the proposed floating immittance function simulator with the previously related floating ones [2-3,7-25].
References Simulated floating No. of active No. of Technology Power Supply Matching
elements elements passive elements consumption ltag conditi
requirement
lossless L, FDNR OA=2 5 IC 741, RC4136 NA NA yes
lossless L, lossless C, FDNR OA=3 8 NA NA NA yes
lossless L, FDNR CcCn- =2 5 NA NA NA no
lossless L, lossless C, FDNR CCll+ = 2, CCl- =2 4 NA NA NA no
lossless L, lossless C, FDNR, CCll+=1,CCN-=1, 4 0.35-pm TSMC CMOS NA =15V, yes
admittance converter DO-CCIl =1 +05V
(101 lossy L, FDNR CCl- =2 3 NA NA NA no
[113 lossless L, lossless C Fig. 1: CCCLl4 =3, 4 BJT NR10ON & PR100ON NA =25V no
admittance converter, DO-CCCIl = 1
FDNR Fig. 2: CCCIL+ = 1,
Do-CccCli= 2
[12] Positive lossless L, Figs./1-2:CCCIF = 2; 1 BJT NR10ON & PR10ON NA =25V no
negative lossless L DO-CCCHl = 1
positive lossless C, Pigs. 3-4: CCCll+ = 3, 1
negative lossless C DO-CCCIl = 1
positive R, Bige.5-6:CCCII+ = 3,
negative R Do-CcCll = 1
[13] positive/negative L, C CC+ =1, CCIl-=1, 3 0.35-pm TSMC CMOS NA +15V, =05V no
and R DO-CCIl =1
[14] lossless L, lossless C, FDNR DO-CCII = 2 3 BJT NR10ON & PR100ON NA £25V no
admittance converter
[15] lossless L, Do-CCIl =1, 2 0.35-pym TSMC CMOS 1 mW =15V, =05V no
lossless Cand R OTA =1
[16] lossless L, lossy L ECcCIl = 3, 4 EL2082, NA =5V yes
DVB =1 AD830
[17] lossless L, lossless C, FDNR DVCC =2 3 0.35-pm TSMC CMOS NA £1.5V, +0.65 V no
[181 lossy L DDCC =1 3 0.13-pm 2.08 mW, =075V, +0.25V no
IBM CMOS 1.12 mW
[19] lossless L, lossless C, CFOA = 2 3to5 AD844 NA NA no
FDNR, FDNC
[201 lossless L, lossless C, FDNR MCFOA = 1 3 0.35-pm TSMC CMOS NA +1.5V, +0.556 V no
[211 lossless L MCFOA = 2 3 0.25-pm TSMC CMOS NA =15V, +0.76 V no
[22] positive/negative L, Cand R CBTA =1 2 0.25-im TSMC CMOS NA =15V no
[23] lossless L, lossless C and R, CBTA =2 3 0.25-pm TSMC CMOS NA 15V no
FDNR
[241 gyrator, lossless C, R 1 BJT NA +15V yes
and FDNR NR10ON & PR100N
5 2
[25] lossless L, VDDDA = 2 2 LM13700, NA =5V no
lossy L ADS30
VDDDA =1 2 0.18-pm TSMC CMOS NA =09V, no
-0.35V
This work lossless L, lossless C, R DVTC =2 3 0.25-pm TSMC CMOS 1.18 mW +0.75V no

and FDNR

NA : Not Available
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with other previously published works [2-3,7-25] is given.
2. Circuit description

The circuit schematic diagram and the schematic symbol of the dif-
ferential voltage to current converter (DVTC) are shown in Fig. 1, which
basically consists of flipped voltage followers (M;p-Msp and Mjp-Msy)
and current mirrors (Mg-Mg, Mg-M;o and M;-M; ). The circuit is biased
with symmetrical supply voltages of + 0.75 V and the bias current of I
= 40 pA. All the bias current sources Iy are realized by simple current
mirrors M;3-M;¢ and M;7-M;, as depicted in Fig. 1(c). For the simula-
tion purpose, the 0.25-um CMOS technology has been employed, where
the model parameters provided by TSMC Company are as given in
Table 2, and the dimensions (W/L) of all the transistors are optimized as
given in Table 3.

Consider the circuit shown in Fig. 1(a). The DVTC circuit to be
described is mainly based on the flipped voltage follower with the level
shifter (LSFVF) shown in Fig. 2 [26]. For this purpose, the LSFVF is
employed to obtain very low resistance level at the terminal o and to
exhibit the low-voltage low-power operation. It is readily seen that the
parasitic resistance looking into node o is

M,

fours

S

Vs o——p\ Tt

UlS—— N
V.,,,@ Vor
Z)

v ]

(c)

Fig. 1. Differential voltage to current converter (DVTC). (a) schematic circuit
diagram (b) schematic circuit symbol (c) biasing current sources realized by
current mirrors.
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Table 2

Model parameters for a 0.25-um CMOS process technology from TSMC.

TSMC 0.25-ym CMOS process parameters

PMOS

.MODEL CMOSP PMOS (LEVEL = 3 TOX = 5.7E-9 NSUB = 1E17

+ GAMMA = 0.6348369 PHI = 0.7 VTO = -0.5536085 DELTA = 0

+ UO = 250 ETA = 0 THETA = 0.1573195 KP = 5.194153E-5

+ VMAX = 2.295325E5 KAPPA = 0.7448494 RSH = 30.0776952 NFS = 1E12
+ TPG = -1 XJ = 2E-7 LD = 9.968346E-13 WD = 5.475113E-9

+ CGDO = 6.66E-10 CGSO = 6.66E-10 CGBO = 1E-10 CJ = 1.893569E-3

+ PB = 0.9906013 MJ = 0.4664287 CJSW = 3.625544E-10 MJSW = 0.5)
NMOS

.MODEL CMOSN NMOS (LEVEL = 3 TOX = 5.7E-9 NSUB = 1E17

+ GAMMA = 0.4317311 PHI = 0.7 VTO = 0.4238252 DELTA = 0

+ UO = 425.6466519 ETA = 0 THETA = 0.1754054 KP = 2.501048E-4

+ VMAX = 8.287851E4 KAPPA = 0.1686779 RSH = 4.062439E-3 NFS = 1E12
+ TPG = 1 XJ = 3E-7 LD = 3.162278E-11 WD = 1.232881E-8

+ CGDO = 6.2E-10 CGSO = 6.2E-10 CGBO = 1E-10 CJ = 1.81211E-3

+ PB = 0.5 MJ = 0.3282553 CJSW = 5.341337E-10 MJSW = 0.5)

Table 3

Dimensions of the MOS transistors in Fig. 1.
Transistors W(um)/L(um)
My, - My, Myp-Mag, Myy 2.5/0.25
Msn, My2-Mis 1.14/0.25
Mg, Mg, My 3.7/0.25
M7, Mio, My7 1.66/0.25
My 1.18/0.25
Mis-Mis 1.15/0.25
M;g-Myg 1.68/0.25

+V

IB_i{)l

M;
Mu—_“i_—”: Ve _
vin IBL iIB'lu

Fig. 2. Flipped voltage follower with level shifter (LSFVF).

R, = (‘7[> (1 +%)//n.z

(8mrarrar/ [Ton)

(D

where, as usual, gn; and r,; are respectively the transconductance and the
output resistance of the i-th transistor, and r,z is the small-signal output
resistance of the bias current source Ip. If the bias current source Iy is
realized by the simple current mirror, then r,z = r,. Therefore, the
output resistance R, at node o is approximated as:
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R, = 2 2)
Sm18m2Tol

Note that the LSFVFs M, ,-M4, and M; ,-Ms,, act as differential voltage
to current converter, converting (v, —v;) to i, with a transconductance of
1/Z,. Therefore, the current i, flowing through the conversion imped-
ance Z, will be equal to i, = (v, - v4)/Z, resulting in drain currents of My,
(Ms) and Man (Mo) equal to (Is - i) and (Iz + i), respectively. These
currents have to be conveyed to the output nodes by means of current
mirrors Mg-Mg, My-Myo and My;-Myo. If (W/L)wso/(W/L)mza = (W/
L)wiz/(W/L)ye = (W/Lw1o/(W/L)mo = (W/Ln2/(W/L)ynn = 1/2, then
the output currents can be expressed as:
Vp— Va

(3)

fouty = — lou— = Iy =

In this circuit, the peak-to-peak input/output swing is independent of
supply voltage and given by 2Vr, where Vr is the transistor threshold
voltage. The circuit needs a minimum supply voltage equal to Vpg(sag +
2Vgs, where Vpg(sq is the drain-to-source saturation voltage and Vgs is
the gate-to-source voltage. The simulated frequency characteristics of
the stray resistances at the terminals p, n, op, on, out + and out- (R, Ry,
Rop, Ron, Rorp, and Rom) are shown in Fig. 3. It is reported from the
simulation results that, at the operating frequencies of 1 kHz, 10 kHz,
100 kHz, 1 MHz, 10 MHz, and 100 MHz, the proposed DVTC gives the
values of R, and R, equal to 38 GQ, 3.91 GQ, 390 MQ, 39 MQ, 3.91 MQ,
and 391 kQ, respectively. The static power dissipated by the circuit is
only 0.59 mW. In Fig. 4, the simulated DC transfer characteristics of the
DVTCin Fig. 1 arerepresented with Z, = R, = 1 kQ, from which it can be
deduced that the circuit has the offset currents of 11.5 fA, 1.24 pA and
1.18 pA for lg, ioyes and igye, respectively. Fig. 5 gives the simulated plots

m
A i
\ !l
4 il
e i
8 |3 i
) i
: i
2 920
% \
2 \
2 X
10
.\ "
i
- \-..__, i H
1k 10k 100k M
Frequency (Hz)
(a)
ri— K || == RE
—— Ry, | | =R,

Resistance (k)

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

Fig. 3. Simulated frequency responses of terminal resistances of the DVTC in
Fig. 1. (a) R, and R, (b) Ry, Rany Rop and Ry
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Fig. 4. Simulated DC transfer characteristics of the DVTC in Fig. 1.
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Fig. 5. Frequency characteristics of the transconductance gain of the DVTC
in Fig. 1.

of transconductance gain against the frequency of Fig. 1 for three
different values of R,, i.e. R, = 1 kQ, 2 kQ, and 10 kQ. For the given
converting resistors, the simulated transconductance gains remain
constant at 0.987 mA/V, 0.485mA/V and 0.098 mA/V over frequencies
up to roughly 1 GHz. Furthermore, if one chooses Z, = 1/sCy, the ideal
and simulated frequency characteristics of the transcapacitance ampli-
fier can be shown in Fig. 6. These resulting characteristics are obtained
for Gy = 100 pF, 500 pF and 1 nF, respectively.

3. Proposed floating immittance function simulator

Fig. 7(a) shows the circuit of the proposed floating general element
simulator [31], which is based on the use of the DVTC in Fig. 1. Its

l-- Ideal |—-"1L| |~‘-“-I

W Vid

1000
m H
S TH
2 T
= i L 41
S aggll0 = -
= b =
%D - 9‘,5&?‘; Es |
T >
g C, = 500 pF— il |
G - A !
g ol
g — t
g H
2 PE st il €, =100 pF
g o T
= ool LA il I
~
0.001 +—=<=
1k 10k 100k M 10M 100M
Frequency (Hz)

Fig. 6. Frequency characteristics of the transcapacitance gain of the DVTC
in Fig. 1.
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Fig. 7. Proposed floating general immittance function simulator. (a) schematic circuit diagram (b) its equivalent circuit.

terminal behavior can be modeled as a floating driving-point impedance
as represented in Fig. 7(b). A straightforward analysis of the circuit re-
sults in the following short-circuit admittance matrix as:

1 L7 Z3 I\
b= () [ TG [ ?
It is obvious that an equivalent impedance with the value of Z,; =
Z1Z5/Z5 is simulated by the circuit of Fig. 7(a). Depending on the se-

lection of the passive elements Z;, Z> and Z5 in equation (4), the floating
inductor, capacitor, resistor and FDNR ean be simulated as follows:

1 IfZ, =Ry, Z, = Ry and Z5 = 1/sC; are chosen, then the floating
inductor is realized with

Zeoy =5Lo = SRIRYC 5)

where L. = RyR>Cs.

2) If Zj = 1/sCy, Z» = Ry and Z3 = Rs are taken, then the floating
capacitor is obtained with

1 R,
Zy == 6
o 5Ceq. SCIR3 2

where Ceq = GiR3/Rs.

3) IfZ; = Ry, Z» = Rz and Z3 = Rs ave selected, then the floating resistor
is simulated with

_R]R:

Za=Rqy="%

(7)

where Req = RiR2/Rs.

4) If Z; = 1/sC,, Z» = 1/sC, and Z3 = Rj are chosen, then the floating
FDNR is implemented with

1 1
Za = 3D, “ GGl

®)

where Deg = C1CaRs.

It is important to note that the circuit does not need any eritical
passive component matching choices and/or cancellation conditions.
Also, by interchanging the terminals (+) and (-) of the DVTC-2 in Fig. 7
(a), the negative floating general immittance simulator can be obtained.
In addition, for choosing either v, = 0 or v, = 0, the proposed circuit can
be performed as a grounded immittance function simulator. Further-
more, the floating resistors Ry and R, in the proposed simulator circuit
can be implemented using MOS resistive circuits configures as elec-
tronically tunable floating electronic resistors [32-33]. Similarly, the
grounded resistor R3 can also be replaced by appropriate voltage
controlled resistor [34] to exhibit electronic tunability. This will result
in a resistorless and electronically controllable floating general immit-
tance function simulator.

4. Effect of Non-Ideal transfer gains of the DVTC
Considering the non-ideal transconductance gain of the DVTC into

account, the two output eurrents of the DVTC in Fig. 1 can be rewritten
as:

» %;) ©
and
. a,(s) (v, — )

- | 0
i Z (10)

where @,(s) and a,(s) are the frequency-dependent non-ideal trans-
conductance gains of the DVTC. Using a single-pole-model approxima-
tion, they can be expressed by the following first-order lowpass
functions [35-36]:

a,(s) = 1?’2 an
and

Q,
- (5) = Zon 12
a,(s) T+ (12)

The pole frequencies @, and w, in above expressions mainly depend
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on the actual implementation of the device and are equal to infinity in an
ideal case. For frequencies much less than their pole frequencies, they
can be approximated as: ay(s) = agp = (1 + &) and ay(s) = app = (1 +
&), whereas ¢, and &, are the transconductance errors in which (|g,| <«
1) and (|e;] < 1). Therefore, the useful frequency of the proposed
floating general immittance function simulator in Fig. 7(a) can then be
defined as : f < (1/27) x min (@pi, wni).

If the proposed simulator of Fig. 7(a) is working at low and medium
frequencies, and the non-ideal transconductance gain effects are
considered, its short-circuit admittance matrix is found as:

1 Z: w2 Qo2
(Y] = (S2L2)| 2 a2 as)
Z\Z Ay Ay
In (13), dop; and pn; (i = 1, 2) represent the non-ideal parameters a,,
and don, of the corresponding DVTC element. As a consequence, the value

of equivalent impedance is expected as: Z,|,, o =752 - 0r Zy|,, o =
ept e

—#Z__ Note that the normalized critical active sensitivity of Z, is
ey o

found as: §% = —1, where x = @op15 Aop2 aNd Aopa.
5. Effect of parasitic impedances of the DVTC

In practice, the non-ideal DVTC model including various parasitic
elements is shown in Fig. 8. It is to be noted that all the terminals p, n,
op, on, out + and out- exhibit of high-value parasitic resistance in par-
allel with low-value parasitic capacitance or (Rp//Cp), (Rn//Cn), (Rop//
Cop)s (Ron//Con)sy Rorp//Corp)s and (Rom//Com), respectively. Thus, in the
presence of these parasitic impedances, the short-circuit admittance
matrix form of the proposed cireuit in Fig. 7(a) can be expressed as:

=1

Zc'q
M= (zi) ¢ (ZTWE) y 14)

oq

where Z,, = (23 fz';’f;?,zﬂ), Zpy = (Ro1//Gp1), Zm = Rm1//G1)s Zpz =
(Ro2//Cp2), Zogn = (Rotp1//Comp1)s Zop2 = (Roa//Cotpz), and Zowz =
(Roma//Comz)- As an example, if Z, = R, Z, = Ry and Z3 = 1/sC3 and
assuming Cs 3> Cop, G, then the short-circuit input admittance of
Fig. 7(a) derived from (4) is found to be

SCparasite as)

1
Yip= oo =

Rop

Lout+
"

Vop Von

Fig. 8. Non-ideal DVTC model with its parasitic elements.
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of Fig. 7(a) can be represented in Fig. 9, where R'pgrasite = Rp1//Romas
C'parasite = Cp1 + Con2, R'parasiec: = Rp2//Rogp1, and Leg = R1R2Cs. It may be
further noted that the parasitics R pgrasire and C'parasire Would be affected
at very high frequency. Consequently, at low and medium frequency
regions, Z';, performs like an inductor with L, in series with a very low-
value resistor R'parasice-

6. Simulation results

The proposed floating immittance function simulator shown in Fig. 7
(a) has also been accomplished with PSPICE using the circuit parameters
given above. As the first example, the passive components of Fig. 7(a)
were taken as : Ry =Ry =1 kQ and C5 = 100 pF. As a result, a floating
inductance simulator with L,; = 100 pH is obtained. The simulation
results of time-domain responses for a 500-kHz sinusoidal input voltage
with peak amplitude of 20 mV are shown in Fig. 10. According to
simulation results, the phase shift between vig (=v; —v2) and i; has been
found to be 87° lagging, which demonstrates that the simulator works as
an inductor. Ideal and simulation frequency-domain responses of the
proposed simulator are also demonstrated in Fig. 11. The results show
that the simulated inductor can be operated appropriately over three
decades. The simulation results report that the total power consumption
of the simulator is 1.18 mW.

The proposed floating capacitor circuit of Fig. 7(a) was also simu-
lated with C; =100 pF, Ry = 1 kQ and R3 = 0.5kQ. Hence, C.q = 50 pF is
simulated. Fig. 12 shows the simulated time-domain waveforms for the
proposed capacitance multiplier circuit of Fig. 7(a). Both ideal and
simulation frequency-domain responses of the simulated capacitor were
also determined and are given in Fig. 13. Moreover, the impedance—
frequency characteristics for three various values of R3 are shown in
Fig. 14. It has been found that the G, value could be varied by changing
Rj3 and the circuit operates correctly from 30 kHz to 7 MHz.

For the floating FDNR simulator in Fig. 7(a), the simulated imped-
ance characteristies of the simulator relative to frequency and an ideal
FDNR for comparison their performances are illustrated in Fig. 15. These
results are obtained by keeping C; = G, = 100 pF and varying R; = 0.5
kQ, 2 kQ, and 6 kQ, respectively. It is easy to verify that, by these set-
tings, the variation of the D,, element is entirely determined by R3.

7. Performance verification of the proposed floating simulator

The workability of the proposed simulator circuit in Fig. 7(a) has
been demonstrated on a second-order RLC bandpass filter realization
and a fourth-order resistively terminated LC bandpass filter circuit,
respectively.

Fig. 16 depicts the second-order RLC bandpass (BP) filter realization,
where the inductor Lgp and capacitor Cpp are simulated by Leg and Ceq of
the proposed simulator circuit in Fig. 7(a). The center frequency (f,) and
the quality factor (Q) of the BP filter are respectively given by f, = 1/(27)
(chC.‘eq)”2 and Q = (l/Rgp)(Leq/Ceq)Vz. The filter is realized with the
following circuit components: Rgp = 1 kQ, Leg = 100 pH (R =Rz =1 kQ
and C3 =100 pF), and G, = 100 pF (C; = 100 pF and R, = R3 = 1 kQ),

”
qu R parasite

’
Rparasite

’

Charasite

ot

Zin =

Fig. 9. Non-ideal equivalent circuit of the simulated inductor of Fig. 7(a).
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Fig. 10. Simulated time-domain resp of the simulated inductor in
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Fig. 11. Ideal and simulated frequency-domain responses of the simulated
inductor in Fig. 7(a).
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Fig. 12. Simulated time-d i P of the simulated capacitor in

Fig. 7(a).

yielding f, = 1.59 MHz and Q = 1. Therefore, in Fig. 17, the simulated
frequency responses of the BP filter in Fig. 16 comparing with the ideal
responses are demonstrated. The f; of the designed filter is appeared at
1.50 MHz in simulation results, where the corresponding deviation in f,
is computed to be 5.66%. In addition to the results of the simulation, the
total power consumption was found as 2.35 mW, and further, the
Fourier spectrum of the BP output signal for an applied frequency of
1.59 MHz is also shown in Fig. 18, with total harmonic distortion (THD)
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Fig. 18. Fourier spectrum of the BP filter output at 1.59 MHz.

of 2.20%.

The statistical analysis about f; of the BP filter with respect to re-
sistors and capacitors has been evaluated by using the well-known
Monte Carlo analysis. Assuming 5% Gauss deviation of the values of
resistors and capacitors which according to (5) and (6) determine the
values of Lgp and Cpp, the statistical plots of f. with 200 samples are
shown in Fig. 19. As observed, the derived value of the standard devi-
ation for f; is equal to 5 kHz.

Likewise, in order to estimate the sensitivity behavior of the filter,
the process, voltage, and temperature (PVT) corner analysis has been
performed. These process comers depend on the different combinations
of a slow, fast or nominal device. The process corners were nominal-
nominal comer, fast-fast comer, slow-slow corner, fast-slow comer,
and slow-fast corner, voltage supply corners were 740 mV and 760 mV,
and temperature corners were 0 °C and 100 °C. The results are shown in

sample = 200

mean = 1.50008 MHz
median = 1.49677 MHz
minimum = 1.38219 MHz
maximum = 1.65836 MHz
sigma = 5.06428 kHz

Number of Samples (%)

0
1.36 1.40 1.44 148 1.52 1.56 1.60 1.64 1.68
fc (MHz)

Fig. 19. Monte-Carlo distribution plots for f, of the BP filter in Fig. 16.
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Fig. 20. PVT corner simulations for the BP filter in Fig. 16.

Figi20.

To further verify the performance of the proposed floating simulator
circuit, we also employ it in the transformation of a fourth-order resis-
tively terminated LC bandpass filter as shown in Fig. 21(a). To obtain a
fourth-order Butterworth characteristic with the center frequency of 50
kHz and the bandwidth of 100 kHz, the passive components of Fig. 21 (a)
are derivedas: Rg=R; =1Q,L; =716.55nH, C, = 14.14 yF, L3 = 14.14
pH and C; = 716.55 nF. Using Bruton's transformation [37] with
magnitude scaling factor of 10°, the RLC filter circuit of Fig. 21(a) is
transformed into the CRD filter circuit shown in Fig. 21(b) with the
following component values: Cs = Gy = 1 0F, Ry(new) = 716 &, R3(new) =
14.14 KQ, Dego =14.14 fFs, and Dggs = 0.717 fFs. Reference to the FDNR
circuit in Fig. 7(a), the set of circuit component values are taken as : C;
= Cy=10F, Ry = 14.14 kQ for D3, and C; = G, = 1 nF, Ry =717 Q for
Degs. The frequency-domain responses for the fourth-order resistively
terminated LC bandpass filter example are drawn in Fig. 22. The total
power consumption of the filter is found to be 2.34 mW. From Fig. 22,
the simulated responses similar to the prototype passive responses can
be obtained, whereas the difference in the passband gain mainly stems
from the non-ideal transfer gains and parasitic impedances of the DVTCs
mentioned above. The output THD versus the amplitude of the input
signal has also been recorded and given in Fig. 23. The obtained results

Ry
A

Ly (611
A —— +

Ry § Vout

Vin Ly G

(a)

ﬁ;{ RB(new) ch-l
o | AA—IIE o +
Vin Riew) j Deg C== Vout
- o o -

(b)

Fig. 21. Fourth-order resistively terminated LC bandpass filter. (a) basic RLC
filter (b) transformed CRD filter using FDNRs of Fig. 7(a).
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Fig. 23. THD variation of the BP filter vemus the applied input
signal amplitude.

show that the %THD is confined to range 0.5%-8.2% for the entire range
of input signal (10 mV-500 mV).

The variability of the center frequency f: of the filter was then esti-
mated using Monte Carlo simulation with 5% Gaussian distributions of
all passive element values. After 200 concurrently iterations, the derived
statistical histograms concerning the f, are shown in Fig. 24, where the
mean and standard deviation values are about 49.72 kHz and 818 Hz,
respectively.

8. Conclusions

In this work, an active circuit configuration is presented for the
realization of the floating immittance function simulator circuit using
two differential voltage to current converters (DVTCs) and three passive
elements. A circuit design technique based on flipped voltage follower
with a level shifter is used to obtain a low-voltage DVTC. A variety of
floating inductor, capacitor, resistor, and frequency-dependent negative
resistance (FDNR) can be derived by the proper selection of the passive
elements. The simulator does not require active and passive component-
matching. For the simulated performance verification, TSMC 0.25-um
CMOS PSPICE parameters are employed. Second-order RLC bandpass

141

AEUE - I 1 Journal of El ics and C 132 (2021) 153640
30
sample = 200
mean = 49.7201 kHz &
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Fig. 24. Monte-Carlo distribution plots for f. of the transformed filter in
Fig. 21(b).

filter and fourth-order resistively terminated LC bandpass filter are
realized as application examples to illustrate the practical functionality
of the proposed floating immittance simulator circuit.
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Abstract: This article presents a mixed-mode electronically tunable first-order universal filter con-
figuration employing only one voltage differencing gain amplifier (VDGA), one capacitor, and one
grounded resistor. With the appropriate selection of the input signals, the proposed circuit can realize
all three first-order standard filter functions, namely low pass (LP), high pass (HP), and all pass (AP),
in all four possible modes, including voltage mode (VM), trans-admittance mode (TAM), current
mode (CM), and trans-impedance mode (TIM), from the same circuit structure. It also provides an
electronic tuning of the pole frequency and the passband gain by varying transconductance values.
Non-ideal and parasitic effect analyses of the proposed circuit were also carried out. PSPICE simula-
tions and experimental findings have both confirmed the performance of the design. A number of
simulations and experimental observations confirm the viability of the suggested configuration in
practical applications.

Keywords: voltage differencing gain amplifier (VDGA); first-order filter; mixed-mode; dual-mode

1. Introduction

Continuous-time analog filter design is still a significant crucial and challenging topic
of research. In recent years, the universal active filter configurations, which enable the
simultaneous realization of multiple filtering functions namely lowpass (LP), highpass (HP),
and allpass (AP) filters from the same topology, have received a lot of attention. The primary
reasons for the widespread use of these filters are their applications in electronic sensors
and instruments, control systems, and data communications. In particularly, the universal
active filters play an important function as a circuit component in sensor applications such
as biosensor systems, electrocardiogram (EKG) recording systems, phase sensitive detectors,
etc. In practice, the high-order active filter design with an odd order also necessitates the
use of first-order universal filters. As a result of this motivation, significant efforts have
been devoted to designing first-order universal filters using a variety of modern analog
active building blocks [1-27].

In [1], three different filter functions were implemented simultaneously in voltage-
mode (VM) using two second-generation current conveyors (CClIs), i.e., one CCII+ and
one CCII—, two floating resistors, two grounded resistors, and one grounded capacitor. In
the case of AP filter realization, the circuit must have an equal resistor condition in order
to provide independent controllability of the natural frequency (f,). Using a single fully
differential current conveyor (FDCCII), three resistors, one grounded capacitor, and three
different first-order filter configurations with voltage input, voltage and current outputs are
proposed in [2]. A versatile first-order current-mode (CM) universal filter employing two
multiple-output CCIIs (MO-CClIIs), one resistor, and one capacitor is reported in [3]. The
reported circuit employs a single grounded capacitor, which is suitable for integrated circuit
(IC) implementation. It does not, however, provide electronic tuning of the f, parameter.

Sensors 2023, 23, 2759. https:/ /doi.org/10.3390/523052759
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The use of a single differential voltage current conveyor (DVCC) with two resistors and
one grounded capacitor in realizing a VM first-order universal filter is presented in [4]. In
the AP realization case, this circuit involves a lot of matching requirements. Again in [5],
a DVCC-based VM first-order universal filter configuration is reported, employing two
DVCCs, one grounded resistor and one grounded capacitor. The work of [6] describes a
single multi-output operational transconductance amplifier (MO-OTA)-based first-order
AP filter and amplitude equalization. However, the circuits given do not include all
of the first-order generic filter functions. In [7], the CM first-order universal filter is
implemented with only a single dual-X second generation multi-output current conveyor
(DX-MOCCII) and four passive components. Despite the fact that experimental data were
utilized to validate the filter’s practicability, it still lacked electronic adjustment of the f,. The
earlier circuit in [8] reported a CM first-order filter design with low input and high output
impedance utilizing two MO-CCIIs and all the three grounded passive elements. The
element-matching limitations are imposed to implement all three first-order filter functions.
The topology described in [9] details a single DVCC-based VM first-order universal filter
constructed with one floating resistor and one grounded capacitor. By selecting appropriate
input voltages, all three first-order filter functions can be obtained without any matching
criteria. According to [10], a digitally programmable VM first-order universal filter based
on a digitally controlled current conveyor (DPCCII) with three matched resistors and one
grounded capacitor has been designed. As reported in [11], a CM multifunction first-order
filter design with a single current differencing buffered amplifier (CDBA), two resistors,
and one grounded capacitor was realized, which can be used to synthesize LP and HP
filter responses simultaneously. Since the terminal n is not used in this structure, the
full capacity of the CDBA device is not utilized. Furthermore, to construct the CM first-
order universal filter in [12], two dual-output CCIIs (DO-CCIIs), a floating resistor, and a
grounded capacitor were employed. No matching restriction was applied to realize LP, HP,
and AP responses for this circuit. In [13], two inverting CCIIs (ICCIIs), one electronic MOS
resistor, and a floating capacitor were used to realize both inverting and non-inverting
CM first-order LP, HP, and AP functions from a single configuration. There are no critical
passive element matching choices in the design. Although the first-order universal filter
circuits in [14,15] only need a single active element and two passive grounded components,
the internal construction of the device is rather sophisticated, requiring at least 40 MOS
transistors along with compensating capacitor and resistor. Electronic control of these
circuits is not possible. Two voltage subtractors, one floating resistor, and one grounded
capacitor based on two different topologies of first-order VM filter functions were been
proposed in [16]. Neither filters require any restrictions on passive component matching,
but they cannot be electrically controlled. In [17], a single extra-X current controlled
conveyor (EX-CCCII)-based first-order CM filter topology utilizing a single grounded
capacitor is presented. This configuration offers low input and high output impedance
and only generates three generic current filter functions simultaneously. No matching
requirements are necessary for any of the three realized filter functions. The work in [18]
reported an electronically controllable first-order universal filter with two operational
transconductance amplifiers (OTAs), a grounded resistor, and a grounded capacitor that has
ideal infinite input and output impedances. The circuit described therein only performs VM
filter functions; for AP filters, the circuit necessitates matching constraints. Two different
first-order filters are reported in [19], the first of which provides CM filter functions using a
single multiple output dual-X current conveyor transconductance amplifier (MO-DXCCTA)
and only one capacitor with three equal transconductances, and the second of which
requires a MOSFET, a grounded capacitor, and one DXCCTA in order to realize three
filter functions in transadmittance mode. A recently reported first-order generic CM filter
circuit is based on a single modified DXCCTA [20]. The circuit that is being shown has
low operating supply voltages, easy cascadability, and electronic tunability, however it
is non-canonic in terms of the capacitors. The circuit reported in [21] is the resistorless
realization of the CM universal filter and includes one differential difference dual-X second
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generation current conveyor (DD-DXCCII), four MOSFETs, and one grounded capacitor.
However, to realize all three of the current transfer functions, it requires component-
matching constraints. Based on two MO-CClIs, one grounded resistor, and one grounded
capacitor, the CM first-order universal filter configuration is introduced in [22]. This design
can easily be cascaded and performs three current filter functions simultaneously without
any matching requirements. Two plus-type inverting CClIs (ICCII+s), one resistor, and
one grounded capacitor were used to implement a first-order LF, HF, and AP filter in CM,
as reported in [23]. The circuit offers electronic tunability and eliminates the need for
restrictions on passive component matching. On the other hand, it is suggested in [24] to
create a VM electrically tunable first-order universal filter utilizing a commercially available
LT1228 IC. The circuit only employs one LT1228 IC, two floating resistors, and one floating
capacitor, which is not ideal from the viewpoint of IC fabrication. In [25], five first-order
universal filter designs using two current feedback operational amplifiers (CFOAs), three
or four resistors, and a grounded capacitor are presented. Two of the five circuits require
conditions for the realization of HF, while all five circuits require matching conditions
for AP realization. The reported circuits offer filter capabilities in all four possible modes
and include tunability features for gain and pole frequency, however, the filter parameters
cannot be electronically controlled. The fully differential configuration of [26] employs a
single multiple-output current differencing transconductance amplifier MO-CDTA) and
one capacitor to realize solely first-order LP, HP, and AP current responses within the same
circuit design. Recently, a mixed-mode electronically tunable first-order universal filter
structure was reported in [27]. To provide all three first-order generic filter functions in
all four modes of operation, three OTAs and one grounded capacitor are required for its
realization. The authors were inspired by the aforementioned critical review to continue
working in this field and develop a novel minimum-component circuit for a first-order
universal filter that operates in all four possible modes, namely VM, CM, trans-admittance-
mode (TAM), and trans-impedance-mode (TIM).

Therefore, the primary objective of this work is to present a new mixed-mode first-
order universal active filter design based on a single voltage differencing gain amplifier
(VDGA), one resistor, and one capacitor that can derive LP, HP, and AP filter functions in all
four possible modes by selecting the appropriate input voltages and currents. The passband
gain and the pole frequency of the proposed filter can be electronically tuned using the
transconductance gains of the VDGA. The performance of the proposed filter circuit was
validated with PSPICE simulation results using TSMC 0.18-um CMOS process technology.
Experimental results using off-the-shelf IC type LM13600 OTAs are also included to support
the theoretical propositions.

A thorough analysis of the previously reported first-order universal filter topologies
was performed based on the aforementioned characteristics and a comparison was con-
ducted with the proposed circuit, as given in Table 1. In summary, the following key
contributions result from this work:
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(1) The design of a novel first-order mixed-mode universal filter capable of realizing all
three standard first-order filter functions and operating in all four operation modes
with one active element and two passive elements;

(2) The realization of three filter responses in all four possible modes utilizing the same
circuit configuration;

(3) The use of only grounded passive elements, except for HF, and AP filter functions in
VM and TAM modes capable of absorbing parasitic elements;

(4) The proposed filter has an electronically adjustable pole frequency that has no effect
on the passband gain of its responses;

(5)  The practical implementation of the proposed filter using commercially available IC
type is suggested;

(6) The performance of the proposed filter is proven through numerical simulations and
hardware experiments.

2. Proposed Mixed-Mode First-Order Filter Configuration

The proposed first-order universal filter configuration is based on a single active
element VDGA [28]. The VDGA device is a versatile and flexible active element with
numerous solutions and applications [29-32]. A circuit symbol for VDGA is represented in
Figure 1. Its terminal relationships are characterized below.

izg Sma — —8mA 0 0 -

ige — 0 0 P

z SmA  SmA P

L )Y v L . (1>
Uy 0 0 B B\ -

iy 0 0 0 gmcC w

where g% (k=A, B, C) and p are the transconductance gain and the transfer voltage gain of
the VDGA, respectively.

Vi

.

In
o—= Ly
Vn X z+ X ——OW
ll-z+
VZ+

Figure 1. Symbol of VDGA.

Figure 2 shows the proposed first-order active universal filter that is comprised of one
VDGA, one resistor, and one capacitor. The configuration can be utilized within the same
circuit design to implement the mixed-mode first-order universal filter, which realizes L,
HP, and AP filter functions in VM, TAM, CM, and TIM, by appropriately selecting the input
voltage and current signals, as specified below.
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R

Figure 2. Proposed mixed-mode first-order universal filter.
Case I If ;1 = 3,5 = 0 (open circuited), the two-input one-output first-order universal
filters in VM and TAM can be realized with the following transfer functions.

(a) VM filter
(1) With v, = v;,1 (input voltage) and v;,,» = 0 (grounded), the following LP filter
response is obtained from the 7,y terminal:

Uy q
Trin(s) = e =~ Tur). @

(i1) With v, = v, and v;,; = 0, the HP response is obtained as:

= BTup(s). ®

vﬂ
Tyup(s) = M

(iif)  With v, = 941 = Vg0 and g,,8R = 1, the AP response is obtained as:

= pTap(s)- @

vﬂ
Tyap(s) = M

mn

In the expressions above, the transfer functions T7 p(s), Trp(s), and T 4p(s) are written
as follows.

m. . R
Trp(s) = %/ (5)
(™
Tn(s) = 1y ®)
and e
S — Zm
Tap(s) = =5 5 %
where
D(s) =sC + gmagmsR. 8

As shown in Equation (2), the LP first-order filter function circuit is realized by the
proposed circuit with a passband gain of (—1/g,,cR), as opposed to the others, which are
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expressed by Equations (3) and (4) and have a passband gain of B. It should be noted
that the passband gains for three first-order filter responses can be electronically adjusted
using the parameters g, and . Moreover, it was noticed from Equation (4) that a simple
element requirement, g,,gR = 1, is needed in the case of AP filter realization.

(b) TAM filter

(iv)  With v, =v,,1 and v;,5 =0, the LP filter in TAM is obtained from the i,(74p1)
terminal, as given by:

TYLP(S) = lO(Z—éM) = (—%)TLP(S). (9)

mn

(v) With v;, = v;,0 and v;,1 = 0, the HP filter is realized as:

i
Tygp(s) = w = gmpTHp(s). (10)

mn

(vi)  With v, =041 = U0 and g,pR = 1, the AP filter is realized as:

fo(ram
Tyap(s) = % = gmTap(s). 11)
mn
Case II: If v;,1 = v;,p =0, three generic first-order filter functions in other two different
operation modes, i.e., CM and TIM, may be derived, and their transfer functions can be
given by the following.

(c) CM filter
(vii) ~ With i, = i3, (input current) and i;,5 = 0, the LP current filter response is
obtained from the i,y terminal:

focM) _

Tirp(s) = —T1p(s). (12)

i

(viii) With iy, = i, and i;,,1 = 0, the HP current response is obtained as:

Io(cM
Tip(s) = % = (gmaR) Taap (o). (13
i1
(ix)  With iy, =iz =iy and gmaR = 1, the AP current response is obtained as:

fo(ch)

Tiap(s) = = (gmaR)Tap(s). (14)

in
(d) TIM filter

(x) With i, = i;,1 and iz = 0, the following TIM LP filter is realized at the v,g)
output terminal:

T () — B _ (—%) Tip(s). (15)

Lin mA
(xi)  With iy, =i, and iz,1 = 0, the TIM HP filter is realized as:

Taupls) = 2. — RTgefs). (16)

ZZTl
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(xil)  With iy, = i1 = i, and ;4R = 1, the TIM AP filter is realized as:

_ Uo(TIM)

TZAP(S) = = RTAP(S). (17)

1
As is evident from all of the realized transfer functions given above, the circuit can
consequently derive all three of the standard first-order filter functions, LE, HP, and AF,
in all four operation modes using the same circuit topology. Thus, the proposed circuit of
Figure 2 operates as a mixed-mode first-order universal filter with the pole frequency of

gmAgmBR )

-9 =
Wy nfl’ C

(18)

Obviously, the circuit has electronic tunability of the characteristic frequency wy via
Zma and g,p. Table 2 also summarizes the passband gains for the proposed filter operating
in the four different modes. Based on the relationship between vy, in Equation (18) and
the passband gain expressions in Table 2, it is possible to conclude that the passband gain
of the LP, HF, and AP filters in VM can be tuned electronically and orthogonally by g.c
without affecting wy. The passband gains of HP and AP filters in TAM and CM can be
electronically varied by g,,p and g,,4, respectively. In TIM, the LP passband gain is also
electronically tunable via ga.

Table 2. Passband gains of the proposed mixed-mode first-order filter in Figure 2.

Mode of Operation LP HP AP
VM (—1/gmcR) p P
TAM (=1/R) &mB &mB
CM -1 gmAR gmAR
TIM (—1/gma) R R

3. Effect of Finite Tracking Errors

In a non-ideal case, the terminal relationships of VDGA taking into account the
terminal tracking signal errors are specified as follows:

izt XASmA  —UAZmA 0 0 "

iz_ ‘D‘AgmA /xAgmA 0 0 ‘D:

ix = 0 0 —&BImB 0 2 (19)
Vap 0 0 5B 0 U”

iy 0 0 0 acgmel ©

In the above relationships, ax (ax = 1 — &) represents the non-ideal transconductance
gain and 6 (6 = 1 — ¢;) denotes the non-ideal voltage gain, both of which deviate from their
ideal values due to the transfer signal errors g, (g, | <<1)and &; (1g;1 << 1).

Considering the non-ideal characteristic of the VDGA in Equation (19), the various
filter functions of the proposed circuit in Figure 2 for VM, TAM, CM, and TIM can be
respectively expressed as follows:

8B(sCVin2 — SmATin1)

Do(VvM) = D'(s) ’ (20)
. acd, 7. chin — 8mAVi
lo(TAM) = L8 B( D/(ZS) Bt 1)/ (21)
. R(sCig — 3
) = 2480 Tl pfnii) 22
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R(sCi; 2 — &p 31"
vo(TlM) =y ( in. D/(S>gm ml)’ (23)
where
D'(s) = sC + as2pgmagmR. 24

In view of the above expressions, the non-ideal pole frequency for the circuit becomes:

aA8BgmAmBR

C (25)

w'p =2mf', =
Due to the non-ideal gains a4 and ap, the pole frequency of the proposed filter is
altered slightly. However, since the values of g,,4 and g,,p are electronically tunable, it is
possible to compensate for the effects of the non-ideal gains a4 and ap by appropriately
adjusting their values. Therefore, it is reasonable to conclude that the tracking errors of
the VDGA parameters do not cause significant errors in the realized filter parameters. In
addition to Equation (25), the factors a4 and ag depend primarily on the signal transfer
errors of the VDGA. Consequently, the VDGA should be meticulously designed to prevent
these errors. For typical tolerances obtained in contemporary integration processes, the
introduced errors remain within acceptable parameters.

4. Effect of Parasitic Elements

The non-ideal equivalent circuit of the VDGA, including various parasitic elements,
is shown in Figure 3 [31,32]. These undesirable elements include parasitic resistances and
capacitances, which look into the different VDGA terminals and affect the transfer functions
of the proposed circuit. In consideration of the non-ideal behavior model of VDGA given
in Figure 3, the characteristic equation of the proposed filter configuration in Figure 2 can
be determined as follows:

[RRC(Cr#C] 5 | (R'Rei@magms +1)

D = ,
€)= 1RI(C, +-Cx) + Ror ] RI(C, +Cy) + Rt O

(26)

where R' =R//Rp/ /Ry and C' = C + Cz,. Choosing [R'(Cp + Cy) + Rz C'] >> [R'R C'(Cp +
Cy)], then Equation (26) can be approximated as:
D" (s) =s[R'(Cp+ Cx) + Ret-C'] + (R'Rey &magmp +1). (27)

As aresult, the modified w”p from Equation (27) may be written as:

O — R,R2+gmAgmB iv . )
7 R’ (Cp Ky Cx) - Rz+cl

(28)

The parasitic impedances of the VDGA are observed to have an effect on the character-
istic frequency w”p. If we select R << (Rp//Rx), Rz and C >> Czy, (Cp + Cy), then we can
suppose that R 2 R" and C = C/, respectively, as a result the effect of the VDGA parasitics
can be neglected. Additionally, this impact can also be mitigated by pre-distorting the
values of g4 and g,.p.
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Figure 3. Equivalent circuit of the VDGA including various parasitic elements.

5. Design and Simulation Verification

In this section, the PSPICE program is used to simulate the functionality of the pro-
posed filter configuration shown in Figure 2. The CMOS circuit of Figure 4 [28,29,31,32]
was used in simulation to implement the VDGA using 0.18-um TSMC CMOS technology
characteristics. The symmetrical DC supply voltages of £0.9 V were used. Table 3 lists the
transistor sizes utilized in the VDGA of Figure 4.

[¢———— Voltage Differencing Unit > ¢ Current-Controlled Voltage Amplifier (8= g, 4{gn;) ———— >
gnd IV 8wB 8mc

=V

Figure 4. CMOS circuit of the VDGA used in simulation.

Table 3. Transistor dimensions of VDGA in Figure 4.

Transistors W (um) L (um)
M-Mag 235 018
Mae-Myk 30 0.18
MMz 5 0.18
Mgr—Mog 5.5 0.18

Asa design example, the proposed filter was realized for a pole frequency of 1.59 MHz.
The designed component values for a given f, are R = 1 k), C=100pF and g,k = 1 mA/V
(Ipx = 80 wA). Figures 5 and 6 respectively show the simulated transient and frequency
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responses in VM and TAM, in comparison with the ideal responses. Similarly, the simulated
and ideal frequency characteristics for the CM and TIM filters are given in Figures 7 and 8,
respectively. In transient response, the filter was fed a sinusoidal input signal with a peak
amplitude of 50 mV at 1.59 MHz. The corresponding f, obtained from simulation results
and their percentage errors from the theoretical values are given in Table 4. The simulated
power dissipation of the circuit was determined to be 1.31 mW.
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Figure 5. Simulated time and frequency responses of the proposed VM filter: (a) LP; (b) HP; and (c) AP.



156

13 of 27

Sensors 2023, 23, 2759

Gain Phase
(dBS) (degree)

(A)
40

13
&
=& g 17
E|E L
@ |5 : / =
) T s
1 oo =
\ )
S
\\ 7
A 7 s
=2
7 7
& .4
7 B
A
&
5 3
- ~
rd
/ -
=}
g
1 S
f
=4
=
=
& 2 ] & 2
Z 2 =
< 8 2 g |
I { ) -_I. -_I.
g
T i >~
'\10 et
it et
al i vt =
T P o
N s S
> |
\.\.Vlnn.H-! =
§7 Tl
| E— PL Akl A=3
F & == —
R U
S fssseni
= ea il &
< S T
= — | e
el U %
~ (=3
S =
e e
- &
== S
\\\\\\\\\\ -
o
Saenl e
. z
=] =) = o°
= q T
(=3 < (=3 [=3
g i ¥

Voltage Current
(mV)
60

Frequency (Hz)

Time (us)

(a)

]
i)
Bhs:d
LS 7
E|2 /-
1E o | g
iNNNE g 18
1| &
| 1
y
7 =
=
F, S
=
=
i
4
/ z
8
i 3
=4
=
il
A Y
N
_~
(5
R g f=3 f= (=3 > cm
= Wo, 3 2 =
=3 1
<
R . . . .
§g7 g % g g
0] e | I
%
BT e - o
.« A
s ot it et B 2
= ~
I T
e SEE
< S
= 2
e —]m~he L
‘s o
& 'lvﬂ (-3
F.$ P o L
1Sy e
a2
— [~ =i
& =
........... !
I o .
S~ (=]
) W
T ll|llI
— ]
il ~
PO\ IR g =
I\l
Eo s =
MMG =) =] =) =5
A N N ~
8] = I Il
Wvb) (=3 (=3
=8 2 2 8
=] (m\ | I
>

Frequency (Hz)

Time (us)

(b)

)
o @
58
= 0
A

E
BBy
3
T~
£3
&)
S~
S
IE
=

o}
.‘w { \\
5 7
HH /
G| b 2
He 5 g
H 1
! {
: {
2
zE=]
12
e
=y A
" e
Wt g 3
Pl [
v
/ =
3
} - S
{ 3
T
|
i I}
3
E
=
< (=3 (=3 o <
0 N =3
4 [}
2 a 28 8 R
1 1 I I [}
2o
-t o
L5 S
< | i1
S i - N <
— 2 S
| >
P
A N
Pt |
¥ -
< e Y S
¢ SEE 3
% ] 5
— 2
W I ©
¥ L=t 7 [
s o [
2 |t
.\:\\1\.5:'.
< .
——— === 2
— -
& gl s I
S il et 8
NS [ =3
S
T ST
. /| &
T £ -
........ =
Vo "
B T )
> P, S oo
%\ f ¥
N S

Frequency (Hz)

Time (us)

(0

Figure 6. Simulated time and frequency responses of the proposed TAM filter: (a) LP; (b) HP; and (c) AP.
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Figure 7. Simulated frequency responses of the proposed CM filter.
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Figure 8. Simulated frequency responses of the proposed TIM filter.
Table 4. Simulated f, and percentage errors of the proposed filter in Figure 2.
VM TAM CM TIM
fp (MHz) Error (%) fp (MHz) Error (%) fp (MHz) Error (%) fp (MHz) Error (%)
LP 151 5.03 1.49 6.29 1.49 6.29 1.49 6.29
HP 1.50 5.66 1.49 6.29 1.50 5.66 145 8.81
AP 152 4.40 1.52 44 1.52 4.40 1.49 6.29

From Figures 5-9, it is evident that the simulation results and theoretical values are in
close agreement; however, there is a slight discrepancy at high frequencies due to the non-
availability and limited frequency region of CMOS VDGA in an integrated form [28]. Note
also that there is an external resistor R, as well as the parasitic resistances and capacitances
connected from terminals p and x to ground. They become effective when operating at
low frequencies. Therefore, the HP responses of the CM and TIM filters in Figures 7 and 8
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have non-ideal responses at low operating frequencies. This effect can be prevented by
employing a smaller external resistor or operating the filter at a higher frequency.

20
0
i | T L PRty RN U AP i i ;i RPN W s el PR 1
E
~ =20
>m o~ 4 bl 0 P e
Simulated Theory
440__
—— g, = 0.67mA/V
—— gy =125 mA/N | ==--
—— g, = 2200mA/V
—60 } : = . ] X i
1k 10k 100k 1M 10M 100M 1G

Frequency (Hz)
Figure 9. Tunability of f, of the proposed VM LP filter.

Next, the electronic controllability of the pole frequency f, for the proposed LP filter
in VM is demonstrated in Figure 9. The filter was designed to obtain Jfp=1MHz, 2 MHz,
and 3.18 MHz by simply controlling gz = 0.67 mA /V, 1.25 mA/V, and 2 mA/V. According
to the simulation results, the corresponding f, were recorded at 0.98 MHz, 2.03 MHz, and
3.35 MHz, which are in error by 2%, 1.5%, and 5.34%, respectively.

The proposed VM AP filter was also simulated with changes in ambient temperature
at0°C, 25 °C, 50 °C, 75 °C, and 100 °C. Figure 10 depicts the influence of temperature
variation on the gain and phase responses of the filter. Based on the findings, the variances
in gain and phase values for different temperatures are tabulated in Table 5, with theoretical
gain and phase values of 0 dBV and 90°, respectively. Furthermore, a Monte Carlo (MC)
statistical analysis of the VM AP filter at f, = 1.59 MHz was carried out with 5% tolerance
of gk and C. Figure 11 shows the MC simulation results of the filter’s gain and phase
responses for 200 random runs with Gaussian distribution. The standard deviations of gain
and phase were noted at £0.21 dBV and +2.18°, respectively.

Table 5. Gain and phase values of the proposed VM AP filter at f, for different temperatures.

Temperature
0°C 25 o 50 °C 755€ 100 °C
Gain (dBV) —0.06 —0.14 —-0.22 —032 —042

Phase (degree) 92.34 87.94 83.83 80.04 76.57
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Figure 10. Simulated frequency characteristics of the proposed VM AP filter at temperatures of 0 °C,
25°C,50°C, 75°C, and 100 °C.
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Figure 11. Monte-Carlo analysis results of the VM AP response at f, = 1.50 MHz.

6. Experiment-Based Validation

The proposed circuit in Figure 2 was also validated experimentally to confirm the
theoretical assumptions. The VDGA was implemented in practical measurements using
readily available IC-type LM13600 dual-OTAs [33], as shown schematically in Figure 12.
DC supply voltages of =5 V were used to bias the OTAs. For experimental verification, the
proposed filter circuit operating in all four modes was designed for the theoretical f;, of
234 kHz with R = 1k, C = 680 pF, and gy = 1 mA/V (Igr =50 pA). To obtain the current
signal measurements, voltage-to-current and current-to-voltage converter circuits with IC
CFOA AD844s and a converting resistor of 1 k() were utilized as described in [32].



Sensors 2023, 23, 2759

160

17 of 27

=
o]
[ ettt S B

Figure 12. VDGA realization in experimental measurements using off-the-shelf available IC-type
LM13600s.

Figures 1316 show the experimentally observed waveforms of transient and frequency
responses for each filter function in all four different modes. The input voltage (;,) and
the input current (i;,,) for transient measurements were adjusted to 20 mV (peak) and 20 nA
(peak), respectively, with a frequency of 234 kHz. Regarding all of the experimental results,
the measured f, for each filter and the corresponding percentage deviations are recorded in
Table 6. Figures 17-20 also show the measured frequency spectrums of the AP filter output
for each of the four modes. As a result of measurements, total harmonic distortion (THD)
values were determined to be 0.15%, 0.36%, 0.38%, and 0.25% for VM, TAM, CM, and TIM,
respectively.

The experimental results presented in Figures 13-16 reveal that, despite the measured
results being for signals in the kilohertz range, the proposed filter is capable of operating
satisfactorily at much higher frequencies. It is also noted that the experimentally observed
gain and phase responses are not ideal at high frequencies. Deviations in the gain and
phase frequency responses can be attributed to the parasitics of the IC LM13600 used to
implement the VDGA. More specifically, the 2 MHz gain bandwidth product of the IC
LM 13600 [33] would degrade the high operating frequency. If a dedicated CMOS VDGA
becomes available, this effect should no longer be an issue.

Table 6. Measured f, and percentage errors of the proposed filter in Figure 2.

VM TAM M TIM
fp (kHz) Error (%) fp (kHz) Error (%) fp (kHz) Error (%) fp (kHz) Error (%)
LP 228.04 2.54 231.31 1.14 240.59 2.81 231.12 123
HP 251.18 7.34 237.98 1.70 241.54 3.22 228.04 2.54
AP 231.31 1.14 230.74 £33 23772 1.58 237.31 141




161

Sensors 2023, 23,2759 18 of 27
Gain  Phase
X 10025, CNE7292165 Tus g 03 170035 2022 (dBY) (degree)
1 207 200
T i ‘;;ﬂgi‘ﬂ 0 100
/\ ™ A ™\ O ]
AN/ ALY JLALNY Jo = Gan=?] e
P T 3 > Fii
1YL ANV |/ fl="= g
\VAVECAWIRVAN ik ‘, 8 W
- o
- ‘ | —— Measured |
——— Theory i
i~ T ™ 100k M ToM
Frequency (Hz)
(2)
Gain  Phase
B0 G 07201 T fgts T 2022 (‘ﬂ;}’) (dfg ce)
sk E

\77< < Gain~ T N
N FN 8 o T

an 20 o T el =2

Y

L—
RIS

Ry

~40

b e 100k ™M 10M

Trequency (I17)

(b)

Gain  Phase
dBV) (degrec;
FOULX 10006, CNGT292155 Toe Ao 09 171427 2022 ) 10 ' 1; i
. ““h.
~
- oy
Vi
Fa B NN a1 A
4

@
=
Lo ]
]
—
//

// S T2

T
Nug0dt0 EZEM:

B
EH ]
¢

$

& =
[RIE0.0a%/ 7 0.0V

- p Susay 00V E
.l.llillll...hll Al N 25 | |
1 0

100k 1M 10M
Frequency (Hz)

(9
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Figure 14. Measured time and frequency responses of the proposed TAM filter: (a) LP; (b) I1P; and (c) AF.
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Figure 16. Measured time and frequency responses of the proposed TIM filter: (a) L.P; (b) HP; and (c) AP.
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Figure 20. Experimentally observed frequency spectrum of v,y of the AP filter in TIM.

7. Application to a Dual-Mode Quadrature Oscillator

As shown in Figure 21, the dual-mode quadrature oscillator (DM-QO), which provides
both voltage and current quadrature outputs (Up1, U2, i1 and 4,2), is derived from the
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proposed first-order voltage-mode AP filter. The first block is a VDGA-based dual-output
lossless integrator, and the second one is the proposed VM AP filter circuit in Figure 2. If
all the transconductances of both VDGAs are identical, such that g, = gy, and C=Cy = Cy,
then the oscillation condition (OC) and the oscillation frequency (f,) of the DM-QO are
derived as:

1
OC:gn =2 (29)
and P
_ 8m
fo= ok (30)
Additionally, the mathematical expressions for the voltages and currents at the quadra-
ture outputs are, respectively,

Vo2 = jklvﬂll (31)
and
iop = fkaiot, (32)

where ky = (271fC /g B) and ko = (271fC /). In accordance with Equations (31) and (32), the
output voltages and currents have a phase difference of 90° in their respective waveforms.
At the oscillation frequency (f = f;), both the coefficients k; and k; are made equal to unity.
As a result, the DM-QO in Figure 21 will produce output voltages and currents with equal
signal amplitudes that are in quadrature.

Proposed VM AP filter in Figure 2

[+ )

[0 A== 330 L 2 3
VDGA

@ W Cz ( 2% v OVs2
n N X ——_|__ ._H Z+ s Cx

L Cy —o V1

T

.»_l

Figure 21. Dual-mode quadrature oscillator implemented from the proposed VM AP filter circuit.

To demonstrate the performance of the DM-QO in Figure 21, the simulation was done
using the CMOS VDGA of Figure 4. The DM-QO was designed to oscillate at f, = 1.59 MHz.
The designed values of active and passive components were taken as: R=1k,C=C; =
Cp =100 pE and g, = g = 1 mA/V. The simulated transient waveforms of output voltages
and currents for the oscillator are depicted in Figure 22. The phase relationships of vy1-vo2
and iy1-ig2 were simulated to be 86.91° and 85.72°, which correspond to deviations of 3.43%
and 4.75%, respectively. The percentage THDs of the simulated waveforms of voltages
(Vo1 and vpp) and currents (i,1 and i) were found to be: 4.03%, 5.46%, 5.17%, and 5.41%,
respectively.
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Figure 22. Simulated output waveforms for the DM-QQO in Figure 21: (a) v51 and vgy; (b) ip1 and ;.

8. Conclusions

In this work, a single VDGA-based electronically tunable mixed-mode first-order
universal filter is proposed, employing only one capacitor and one grounded resistor. All
three general first-order filter functions—low pass, high pass, and all pass—can be realized
by the proposed circuit in each of the four operational modes—VM, TAM, CM, and TIM.
The pole frequency and the passband gain of the realized filter are capable of electronic
tuning through the adjustment of the transconductance gains of the VDGA. An analysis
of the non-ideal performance of the proposed circuit was examined, and the results were
also discussed in comparison to the ideal analysis. The practical viability of the circuit was
verified using both PSPICE simulation results and experimental measurements. Moreover,
the dual-mode quadrature oscillator that can provide both quadrature output voltages
and currents simultaneously was designed and simulated as an application example.
The design of higher-order mixed-mode universal filters and mixed-mode multiphase
sinusoidal oscillators will become the focus of future work.
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Floating Impedance Simulator Realization
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Abstract—This paper presents the floating impedance
function simulator wsing flipped voltage follower-based
differential voltage to current converter (DVTC) along with three
passive elements. With the proper selection of the three passive
components, the floating inductor, capacitor and frequency-
dependent negative resistor (FDNR) can be realized. The realized
equivalent impedance value of the proposed simulator can be
controlled conveniently by changing the passive element values.
A second-order bandstop filter and third-order lowpass filter are
designed using the proposed simulators as application examples.
To verity the workability of the proposed circuit, simulation
results are confirmed through PSPICE program using 0.25-um
CMOS process parameters from TSMC (Taiwan Semiconductor
Manufacturing Company).

Keywords—voltage to current convertor, flipped voltage
Jollower, floating impedance simulator, RLC filter, CDR filter

[. INTRODUCTION

Nowadays, passive elements i.e. resistor, inductor and
capacilor are the moslt important elecirical elements
necessarily used in the arca of analog signal processing
applications such as sinusoidal oscillator design [1], circuit
cancellation of unavoidable parasitic element values [2] and
aclive RLC [lter [3]. However, in integrated circuil
technology, the large-valued physical passive clements suffer
from large occupation of silicon chip area. From this reason,
various analog researchers are mainly focused on the
realization of an impedance simulator circuil using a modern
active building block to replace the bulky physical passive
elements.  Since the active building block has been
continuously enhanced for greater performance by the
following advantages namely, simple circuit layout, improved
linearity, higher frequency range with lower power dissipation
and higher slew rates. In analog signal processing
applications, it is well-known that the higher-order of
Butterworth filter design required a large number of passive
RLC elements, which the passive inductor spend a large chip
area. To avoid this drawback, the realization of frequency-
dependent negative resistor (FDNR) techniques employing a
transformation of RLC filter to CDR filter is proposed [4]. In
the literature, many impedance simulators have been
developed [5]-[11]. However, the works of |5]-|9] employ
three or more active elements to realize impedance
simulators.  Likewisc, the simulators in |6], |7[,[10]-[11]
requires [our or more passive elements. Other simulators [5],
|10]-| 11, their configurations are in ground topologies, which
are nol versalile and (lexible [or some applications [12]-[13].

The major purposc of this paper is to present a floating
impedance function simulator cmploying flipped voltage
follower-based differential voltage to current converter
(DVTC) together with three passive components. Depending
on the selection of passive elements, the proposed circuit can

978-1-7281-6486-1/20/831.00 ©2020 ICEL 345

simulate floating impedance function simulators i.c. inductor,
capacitance multiplier and FDNR. The simulator circuits do
not require any component matching conditions. Application
examples, the proposed floating inductance simulator and
floating capacitance multiplier circuit are used to synthesize
a second-order bandstop [ilter. Moreover, a third-order
lowpass [ilter has been synthesized by using a proposed
FDNR simulator. The proposed simulator and its [ilter
applications have been simulated through PSPICE program
using CMOS  0.25-ym  technology [rom Taiwan
Semiconductor Manufacturing Company, confirming the
theoretical finding.

II. DIFFERENTIAL VOLTAGL 1O CURRENT CONVERTER
{(DVTC) AND PROPOSED IMPEDANCE SIMULATOR CIRCUIT
Fig.1 shows the CMOS implementation and the circuit
symbol of the differential voltage to current converter
(DVTC). The circuit mainly consists of [lipped voltage
follower with level shifter (M,;,-My, and M;,-Ms,) [14]
together with current mirrors (Mg-Mg, Mo-My and M;-M)5).

M, L‘ |

r

v

&"‘_‘I M,
{|<J M

ALl
o4

(a)

fow-
=k
DVTC

bour—

n

v, l_ l

op
Z,
(b)
Fig.1. Ditferential voltage to current converter (DVTC).
(a) CMOS implementation  (b) circuit symbol

Von

In the case of the transistors Ms, : Ma,, My : Mg, My, ¢
My, M), : M, is mirrored with a 1 : 2 curreni ratio. The
output currents are found to be:

horized licensed use limited to: King Mongkuts Institute of Technology Ladkrabang provided by UniNet. Downloaded on December 24,2020 at 09:09:26 UTC from IEEE Xplore. Restrictions app
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4 lmlf = 0

out—

0

The proposed floating impedance simulator circuit is
shown in Fig.2, which consists of two DVTCs ol Fig.1 and
three external passive elements. Deriving the conliguration
ol the circuil in Fig.2 using eq.(1), the equivalent impedance
(Z.) is found 1o be:

7 MV WY

eq . .
i i,

ZZ,
Zf‘

2)

From eq.(2), by appropriately selecting the passive
components, the floating inductor, capacitance multiplier and
FDNR can be realized as [ollows:

1) With Z, = R, Z, = R, and Z; = 1/sC;, the [loaling
inductor is established as

Z(,q :st =$SRR,C, , 3)

where the simulated equivalent inductance is obtained as
Lé.q = R|R2C'3.

2) With Zl = l/.“cl, ZZ = R2 and Z; — R;, the ﬂ03t1ng
capacitance multiplier is established as

P I B ) @
¢ sC,,  SCR,

where the simulated equivalent capacitance is obtained as
Ceqg= C(R3/Ry).
3) With Z, = 1/sCy, Z> = 1/sC; and Z; = R;, the floating
EDNR is cstablished as
1 1
G WAT A
) TC O

@

)

where the simulated equivalent D-element is obtained as
Da, o C1C3R3.

The sensitivities performance of the equivalent
impedance values are found to be:
it S \
S,\,"jkzﬁ :S(‘,,R;, = 15 (6)
O
and R = -1 (7)

From abovc cxpressions, it can be inspected that all the
equivalent values ol the component sensitivities are within
unity in magnitude.

il
e
"
1))
v
“f

[

7

7
Iig.2. Proposed floating impedance simulator circuit.

[1I. SIMULATIONS AND DISCUSSIONS

To prove the performance of the proposed floating
impedance simulator circuit in Fig.2. The TSMC 0.25-tm
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CMOS tcchnology rcal process paramcter was simulated
through PSPICE program with the supply voltages of
+0.75 V and the bias current /3 = 50 2A. I[n simulation, the
aspect ratios of the transistors are taken as listed in Table I.

TABLE TRANSISTOR ASPHECT RATIOS FOR 111 DVTC IN F1G. 1.
Transistors W (um)/L (zom)
Mip-Myp, $i09%
My-Ma, , My 251025
Msi , Mz 1.14/0.25
Mq , Mg, Mo 3.75/0.25
Mz, Myq 1.66/0.25

The simulated frequency responses for the proposed
circuit with the following component values: R; = 1 k€2, R, =
0.5 k& and C; = 0.5 nF, yiclding the floating inductance
simulator with L., = 0.25 mH, is shown in Fig.3. Fig.4
shows the simulated time domain responses for an input
voltage (v;,) of 20 mV (peak) at /= 100 kHz and an input
current (i) of the inductance simulator circuit. As it can be
measured from the result that there is an approximately
88.99° phase dillerence between v,, and i, which is very
close to the theoretical result equal to 90°. Moreover, the
lotal power dissipation of the proposed induclor is
approximately found to be 124 mW. It is credible to
demonstrate that the simulated frequency responses agree
very well with the theoretical results within the frequency
range of about 10 kHz to 1| MHz. The floating inductance
simulator can be varied by changing the value of C; for three
different values, i.e. 1 nF, 4 nF and 10 nF. As a result, the
L,, value was also changed to be .5 mll, 2 mII and 5 mlI,
respectively. The results arc shown in Fig.5.
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I'ig.3. Simulation results for the floating inductance simulator in 1ig.2.
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Fig.4. Simulated time responses of the inductance simulator in Fig.2.
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Fig.5. Simulated frequency responses of the inductance simulator in Fig.2

with changing 5.
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Fig.6. Simulation results for the tloating capacitance multiplier in Fig.2.

By sclecting the passive clements in Fig.2 with C, = 0.5
nF, R, =2 k€ and R; = 0.5 kQ, the frequency responscs of
the capacitance multiplier with C,, = 250 pF is shown in
Fig.6. Furthcrmorc, Fig.7 shows the time domain rcsponscs
of the proposed capacitance multiplicr that is simulatcd with
vi, =20 mV (peak) at /=100 kHz. The phase shitt between
vip and #;, of about —84.56° can be observed which is in close
agreement with the theoretical result of the capacitor equal to
=90°,

To demonstrate the tuning of the proposed capacitance
multiplier circuit, the R; value is varied as: 100 €2, 500 Q, 2
kQ, 10 kQ by keeping R, o be conslant at 0.5 kQ. With
these component choices, the [ollowing simulated
capacitance multipliers are found to be 0.1 nF, 0.5 nF, 2 nF
and 10 nF, respectively simulated frequency responses of the
capacitance multiplier in Fig.2 with changing R; are shown
in Fig.8.

In addition, to the proposed impedance simulator in
Fig2, the floating FNDR with D, = 025 fFs is
accomplished with C, = 0.5 nF, C; = 0.5 nF and R; = 1 kQ.
Fig.9 shows the simulation results for the floating FDNR
simulator in Fig.2.
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Fig.7. Simulated time responses of the capacitance multiplier in Fig.2.
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Fig.8. Simulated frequency responses of the capacitance multiplier in Fig.2
with changing &.
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I'ig.9. Simulation results for the floating 'DNR simulator in Iig.2.
IV. ApPLICATION EXAMPLLS

To demonstratc some  application cxamples of the
proposcd floating impedance simulator circuit in Fig.2, the
second-order bandstop filter in Fig.10 and third-order
lowpass filter in Fig.12(a) have been designed and simulated.
The natural angular frequency (w,) and quality factor (Q) of
the bandstop filter of Fig.10 are given by:

w,=2nf = Lﬂqu s ®)
o
and O=Ry -2 - C))

SO

+ y =+
Vin C.qsimulator Ry Vout
of [ig.2
&5 o
1

Fig.10. Bandstop filter with the proposed /.., and_CN simulators of Fig.2.

Fig.11 shows the [requency responses ol the bandstop
filter with Rgg = 158 Q, L., = 0.25 mH and C,, = 10 nF,
resulting in f, = 100 kllzand 0= 1.

In Fig.12, the rcalization of the third-order RLC lowpass
filter can be transformed to the CDR |4], | 12|, where the D-
element in Fig.12(b) is realized by using the proposed FDNR
of Fig.2. In simulations, the frequency response of the
proposed filter £, = 100 kHz is displayed in Fig.13 by
applying the components of the RLC filter as: Ry= R, = 1.59
kQ, L, = L; = 253 mH and C; = 2 nF. With magnitude
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scaling factor (£,,) of 1.59 x 10° and frequency scaling factor V. CONCLUSIONS
(k) 0of 628.32 x 10°, the CDR filter has also been derived as:
(:s = (:j =1 1’)F, Rl(new) = R}(new) =1.59 kO and qul[new) =
3.187 fFs (€ =1 nF, C; =1 nF and R; = 3.187 k).

This paper has been presented the [loating impedance
simulator circuit using [lipped voltage [ollower-based
dillerential vollage to current converter (DVTC) together
with three passive elements. The proposed circuit can realize

C:g" 'l’hf‘” three impedance function simulators. The equivalent values
(30) (‘Tﬁ’fﬂ of the proposed circuit can be tuned conveniently by
13 changing the values of the passive elements. The usefulness
1KY of the proposed circuit and its second-order bandstop filter
o 2 and third-order lowpass filter applications arc verified
Gain h \_ through PSPICE program with TSMC 0.25um CMOS
309 0 S M technology, demonstrating a well agrecement with the
\\ theorctical analysis.
604 50 2
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Fig.11. Simulation results for the second-order bandstop filter in Fig. 10.
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Abstract— In this study, a grounded impedance
simulator employing differential voltage to current
converter (DVTC) as an active element is presented.
The proposed circuit consists of two DVTCs along with
three passive elements. By properly selecting the three
passive elements, the series RL and RC impedance can
be simulated. The simulated equivalent resistance,
inductance and capacitance values can be accessed by
selecting the values of the passive elements. To confirm
the workability of the proposed simulator, simulation
results in comparison with the theoretical finding have
been presented. Second-order current mode lowpass-
and highpass- filters are performed as application
examples to prove the performance of the proposed
simulator.

Keywords— impedance simulator, flipped voltage
Jfollower, voltage to current convertor, current mode filter

I INTRODUCTION

It is well known that the passive components such
as inductor, capacitor and resistor are indispensably
used in the active network design and synthesis. Due
to various limitations of passive elements, this is not
suitable for fabrication in integrated circuit (IC)
technology. The active element has Dbeen
continuously developed for higher workability by
regarding these advantages i.e. simple circuitry, high
linearity, low voltage and power consumption. Also,
it has many interesting features that can be applied in
an active filter, sinusoidal oscillator and parasitic
element cancellations [1]. - For these reasons, many
previous articles have a target to design an impedance
simulator which 1s realized by numerous active
element [2]-[8]. However, in the literature, the works
in [2]-[6] require a large number of active elements.
Likewise, in [3]-[5], [7]-[8], these realizations need
four or more passive elements. In 2005, the flipped
voltage follower (FVF) was first introduced [9]. This
cell was an enhanced buffer circuit which mainly used
for IC design with low voltage and power operation,
wider bandwidth and high slew rate. The basic FVF
has a problem with the small input/output swing.
However, this problem has been improved by adding
the DC level shifter which this cell is called flipped
voltage follower with level shifter (LSFVF) [10].

In this study, a grounded impedance simulator is
discussed. The proposed simulator requires two
differential voltage to current converters (DVTCs)
based on the flipped voltage follower with level shifter
and three passive components. By properly selection
of the passive elements, the proposed simulator can
realize grounded series RL/RC simulator.  The
realized equivalent elements can be controlled by

adjusting the values of passive RC components. The
proposed simulator circuit has been simulated through
PSPICE simulation using 0.25-ym CMOS technology
from TSMC. As application examples, 2™ order
current mode lowpass- and highpass- filters as
application examples have also been designed and
simulated.

IT. CIRCUIT DESCRIPTION

A. Differential Voltage to Curvent Converter

(DVTC)

Fig.1 shows the circuit diagram and the circuit
symbol of the DVTC cell [11]. The scheme consists
of a flipped voltage follower with level shifter
(LSFVF) (M;,~M,, and M;—Ms,,) along with current
mirrors (M(rMs, Mg*Mm and MH*Mu). By Settl]’]g
the channel width (W) of Msy/M,,, M7/Ms, Mie/Mo,
M;p/My; with a ratio of 0.5, the output currents (ou+,
is.) which were flow through the current output
terminal of the DVTC can be given by:

1’},0—[7\-\ outr

+pP—=0
DVTC [

P —
——0

y,0— n
Vap ‘ll Von

A
(b)
Fig.1. Differential voltage to current converter (DVTC).
(a) CMOS realization  (b) circuit symbol

B. Proposed Series RL/RC Impedance Simulator

Fig.2 shows the proposed grounded impedance
simulator, which contains only two DVTCs together
with three passive elements. An analysis of the
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proposed circuit using (1), the equivalent input
impedance (Z;,) is expressed as:

Z7
Z :V_i:ZZ+Zeq:ZZ+—IZZ @

n
lm 3

From the above equation, by the appropriate
selection of the passive elements Z;, 7, and Z;, the
grounded series RL/RC simulator can be realized as
the following conditions:

1) If Zl = Rl, Zz = R2 and Z3 = 1/SC3, then the
series RL simulator is achieved with

Z, =R, #5L, = RytsRRICy ()

2) If Zl = I/SCI, Zz = R2 and Zg = Rg, then the
series RC simulator is achieved with

R,
SC\Ry

Zm :R€q+F:R2+

et

@

From (3)-(4), the simulated equivalent resistance
(R.;), inductance (L.,) and capacitance (C,,) are
respectively obtained as:

PICEY &)
s 53, i Te B (6)
and G ARV R, ) / @)

It can be noted that the proposed circuit does not
need passive element matching provisos.  The
equivalent values (R.,, L., and C,;) of the simulated
elements can be regulated conveniently by adjusting
the values of the passive elements.

Z;

)
Fig.2. Proposed grounded impedance simulator circuit.
(a) circuit diagram  (b) equivalent circuit

C. Non-ldeal Analysis

In consideration of the non-ideal parameter of the
DVTC, the output currents (i and i,,) of the
DVTC can be re-expressed as:

(), -v,)
B 7

x

: ®

out+
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B Otn(s)(vl7 7vn)
- Z

X

and 3 ©

ot —

where o,(s) and o(s) are the frequency-dependent
non-ideal transconductance gains of the DVTC.
Using a single-pole-model approximation [12]-[13],
these gains can be expressed as:

24
——E 10
G Py (o
d L T 1
- =i a) .

where @, and @, are pole frequency which mainly
depend on the actual implementation of the DVTC. In
an ideal case, the values of @, and @, are assumed to
be infinite. In case of the frequencies less than @, and
@, 1t can be approximated as: o,(s) = o, = (1 + g,)
and op(s) =, = (1 + &), where g, (|g| <<1) and &,
(l&| << 1) are the transconductance errors.

Re-analysis the proposed simulator in Fig.2 using
the DVTC non-idealities given in (8)-(9), the non-
ideal input impedance at low and midband frequencies
can be found as:

Zr = i_'_ lez .
1 oy~ Z

on2

(12)

o

onl~"on2

where the modified R’.,, L', and C",, are equal to:

R;Q = RZ / aon2 2 (13)
L;Q . (R1R2C3 ) / (aonlaonz ) > (14)
e € (G d)/R,]| . (15

The relative sensitivities of the equivalent values
with respect to the change in the active and passive
component values can be derived as:

Sl 5 -1, (16)

o _
SRi FaG _S%mﬂmz =1, an
Sg{Rz ot o2 = AS;}Z =1 . (18)

All of which indicate that the proposed simulator
has low active and passive sensitivities performance
or equal to one in magnitude.

III. SIMULATION VERIFICATION

The performance of the proposed RL/RC
impedance simulator in Fig.2(a) has been simulated
and compared with the theory through PSPICE
simulation using TSMC 0.25-um CMOS real process
parameter. In the simulation, the supply voltages and
biasing currents are applied as, respectively: +V =
0.75 V and Iz = 50 uA. The aspect ratio (W/L) of all
MOS transistors were set as: 2.5 um/0.25 ym for My,-
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Mw, Mm—Mq,n, M“, 1.14 ‘le/O.ZS Hm for Msﬂ, Mlz,
3.75 ym/0.25 pum for Mg, Mg , My and 1.66 xm/0.25
pm for M5, M.

The proposed grounded impedance simulator in
Fig.2 was simulated with the following component
values as: Ry =500 Q, R, =2 kQ and C; =100 pF. As
a result, a grounded series RL simulator with R, = 2
kQ and L., = 100 z4H is simulated. The simulation
results are given in Fig.3, which shows that it operates
pretty well up to the frequency of about 100 MHz.
Fig.4 also shows the time domain responses for a
sinusoidal input voltage (v;,) of 20 mV (pecak) at /=35
MIlz which Icads an input current (im) by
approximatcly 60.96° which is in close agrecment
with the theorctical analysis cqual to 57.46°. To show
the tunability fcaturcs, the frequency responses of the
proposed series RL simulator has been simulated with
three different values of Ry, i.e. 500 Q, 2 kQ and 5
kQ, while setting R, = 1 kQ and C; = 100 pF. In this
setting, the L., value has been changing through 50
A1, 200 g1 and 500 1 while R,, value is set to be

constant at 1 k€. The simulation results are shown in
Fig.5.
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10k 0
1k =50 1Z:d =5
'
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1k 10k 100k M 10M 100M 1G

Lrequency (11z)
Fig.3. Simulation [requency response ol the grounded series RL
simulator.
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Fig.4. Time-domain responses for series RL simulator.

The grounded series RC simulator with R,, = 1 k&2
and C,, = 50 pF has been simulated as shown in Fig.6.
These results are obtained for C; = 100 pF, R, = 1 kQ
and Ry = 500 Q. The simulation results of time
domain responses with 20 mV(pcak) of v, at /=5
MHz is shown in Fig.7. The phase shift between v;,
and i, is approximately found to be —28.1°, where the
theoretical value is equal to —32.48°. Moreover, Fig.8
shows the frequency responses of a series RC
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simulator for tuning R; value (R; =2 k€, 5 kQ and 10
k), yielding C,, = 200 pF, 500 pF and 1 nF,
respectively.

10M
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o
1k S
L “ Ry =500 0
Ll N
100 +
Tk 10k 100k ™M 10M 100M 1G

Frequency (117)
Fig.5. Frequency responses for series RI. simulator with varving
three values of R).
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Fig.6. Simulation frequency response of the grounded series RC
simulator.
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IV. APPLICATION [EXAMPLES

In this section, application examples for the
proposed grounded impedance simulator of Fig.2 are
discussed.  Fig.9 shows the current-mode RLC
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lowpass filter in which the passive series RL branch is
replaced by the proposed series RL impedance
simulator in Fig.2. The natural angular frequency (c,)
and quality factor (Q) of the lowpass filter in Fig.9 are
given by, respectively: @, = ]/(Lb,,,CLp)""2 and Q =
(]/Req)(Lf,(,/CLp)"'z. Fig.10 shows the frequency
responses of the lowpass filter with R, = 1 k€, L., =
100 z¢H (R) = R, =1 kQ and C; = 100 pF) and C;p =
100 pF, resulling in £, = 1.59 MHz and O = 1.

Crp

fin T

L'ig9. Current-mode l:wpuss filter using the pmpos?.:d series RL
impedance simulator in Fig.2.
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Fig.10. Frequency responses ol the lowpass lilter in Fig.9.

To verify the proposed series RC simulator, the
current-mode highpass filter as shown in Fig.11 is also
discussed by choosing the element values as: R, = 1
kQ, C,y =50 pF (C, = 100 pF, R, = 1 kQ and R; = 500
Q) and Lgp = 200 p#H. With these designed values,
the filter with the following characteristics are
realized: fo= (1/2m)/(LyyCeq)'* = 1.59 MHz and Q =
(VR NLyp/Cop)'® = 2. The resultant characteristics
are shown in Fig.12.

Serics RC impedance
simulator of Fig.2

i Lup

Fig.11. Cutrent-mode Eighpass. filter using the propo;d series RC
impedance simulator in Fig.2.
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Fig.12. Frequency responses of the highpass filter in Fig. 11,
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V. CONCLUSIONS

This work presents a grounded impedance
simulator cmploying two diffcrential voltage to
current converters (DVTCs) as an active clement, to
operates at low voltage and achieves low power
dissipation, and three passive elements. The proposed
circuit can realize series RL simulator and series RC
simulator by properly selecting the passive elements.
The realized equivalent values can be controlled by
changing the passive element values. The workability
and its application examples have been verilied
through the PSPICE simulation.
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On The Realization of Grounded RL/RC Parallel
Type Simulator
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Abstract—An actively grounded RL/RC parallel type
impedance simulator is presented. It contains two differential
voltage to current converters (DVTCs) as an active element
and three passive elements, and can simulate RL or RC
parallel-type impedance by the proper selection of the external
passive elements. The effect of the DVTC non-idealities on the
realized simulator is also analyzed mathematically. The
usability of the propesed circuit has been shown on the
realizations of active second-order voltage mode highpass- and
lowpass- filter.  PSPICE simulation using TSMC 0.25-um
CMOS technology is performed to demonstrate the behavior of
the proposed simulator circuit and its filter applications.

Keywords—voltage to  current  convertor,
simatlator, flipped voltage follower, voltage mode filter

impedance

I INTRODUCTION

The RL and RC circuits are the most circuit parts in
many clectrical engineering applications such as active filter
design. oscillator design. and parasitic element cancellations.
Even so. the physical inductor and large-valued passive
capacitor are unsuitable for integrated circuit (IC) fabrication
point of view and also take up quite a lot of space of silicon
chip area. Considering these facts. the demands for the
inductance and capacitance simulator circuit are the
important issue foradvent IC design. From the literature, the
design of immittance function simulator seems to be an
interesting concept because its proposed circuit can realize
different types of simulators by selecting the passive
components without modifying its circuit structure [1]-[5].
This concept makes the circuit more flexible and casy (o
apply in many applications. The realization of immittance
function simulators have been synthesized using a different
kind of active element i.e. operational amplifier (OA) [1]-[2].
second-generation current conveyor  (CCII) [3]. third-
generation current conveyor (CCIIT) [4] and current feedback
operational amplifier (CFOA) [5]. Inspection of the previous
works exposes that some of them suffer from the following
drawbacks. the articles in [1]-[3]. [5] require at least four to
seven passive elements in its realization. In [2]. [5] uses high
supply voltages in its operation which resulting to consume a
lot of power dissipation. These drawbacks of the previous
article adversely affect the fabrication technology and its
applications. In 2005, the useful cell called the flipped
voltage follower (FVF) was first introduced which was used
to establish low voltage. low power in analog and mixed-
signal circuits [6].

This work deals with the active simulation of a grounded
parallel RL/RC impedance based on the recently designed
active element cell. the so-called differential voltage to
current converter (DVTC) [7]. The DVTC cell is designed by
based on flipped voltage follower with level shifter (LSFVF)
to maintain low-power consumption and low-voltage
operation. The proposed impedance simulator consisting of

978-1-6654-4122-3/21/$31.00 ©2021 IEEE
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two DVTCs and three passive elements can realize parallel
RL or RC impedance by choosing the proper passive
clements. As application examples. second-order voltage
mode highpass- and lowpass- filter are designed using the
proposed simulator. The circuit realizations are verified
through the computer simulations using TSMC 0.25-um
CMOS real process parameters.

II. THE CONCEPT OF DIFFERENTIAL VOLTAGE TO CURRENT
CONVERTER (DVTC)

Fig.1 shows the circunit symbol of the differential voltage
to current converter (DVTC) and its CMOS implementation
[7]. This device consists of a group of transistors M;,-My,
and M,-Ms, as a flipped voltage follower with level shifter
(LSFVF) and a group of transistors Ms-Ms. Mo-Mj and M; -
M- as current mirrors. The ratio of channel width (/7)) for
transistors Ms,: Mo, M7:Me, Mig:Ms, Mi2:My; used in this
paper have been set as 1:2. vielding the output currents of the
DVTC as:

;AR n )

& = Lou 3% 7

I1. PROPOSED PARALLEL TYPE RL/RC IMPEDANCE
SIMULATOR

Fig.2. the proposed grounded impedance simulator which
consists of two DVTCs and three passive elements is shown.
Straightforward analysis of the proposed circuit with (1). the
input admittance (1;,) can be expressed as:

Wi 1 z
me— = —
>l B Z ZZ

in eq

2

By inspection of (2). the grounded parallel RL or RC
simulator can be realized by the following conditions:

1) Zy = Ry. Za = R> and Z3 = 1/sC5, the parallel RL
impedance simulator is realized with the equvalent
resistance and inductance equal to

R,=R and L =RRC, . 3)

2) If Zy = Ry, Z> = 1/sC> and Z3 = Rs, the parallel RC
impedance simulator is realized with the equvalent
resistance and capacitance equal to

R,=R and C, ={&JC, - (C)]
eq R 2
1
Equations (3)-(4) imply that the proposed circuit can be
performed the grounded RL- and RC- parallel type
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impedance depending on the selection of the relevant
impedances Zi, Z- and Zs.

\‘/, o—

v,o—— n
1

o
-
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\IE}
v
(b)

Fig.1. Differential voltage to current converter (DVTC).
(a) circuit symbol  (b) iniermal CMOS siruciure

(b)
Fig.2. Proposed grounded parallel RIL/RC simulator circuit.

(a) circuit diagram  (b) equivalent circuit

1V. NON-IDEAL PERFORMANCE AND SENSITIVITY ANALYSES

Under the non-ideal operation. the output currents of the
DVTC device given in (1) can be rewritten as:

_a6)(,-v)

out )
Z,
a 8 st
and ;)(7__) @

26

184

where ,(s) and a.(s) are (he frequency-dependent non-ideal
transconductance gains of the DVTC device. Based on the
single-pole-model approximation [8]-[9]. a(s) and &.(s) in
(3)-(6) can be expressed as:

(44
a’l,(.s') = ops‘ > (7)
l+—
(l)P
and o, (5) = Fon . (8)
I

(]

where @, and @, arc pole [requency which mainly depend on
the actual implementation of the DVTC. Their valucs arc
considered (o be infinite in an ideal casc. Al the operating
frequencics less than &, and @,. the valucs of a,(s) and au(s)
can be estimalted as: a(s) = a6, = (1 + &) and a(s) = & =
(1 + &). where g (g << 1) and & (|&] << 1) are the
transconductance eIrors.

By considering the non-ideal parameters of the DVTC,
the non-ideal input admittance at low and medimn
(requencics can be given by:

Z.

X2t

rr_ Py
I’ :_l]_+

n 7[ Z1 Zz

(24

opl

9

1t is clearly indicated from (9) that the non-ideal R'.,. L',y
and ', in this case are:

e 1 (10)
! |
;SRR T
aoplanﬂ‘}.
and S (M;P_R‘]( (12)
~ 1 ;

To further cvaluale (he performance of the proposcd
grounded impedance simulator, (he sensitivitics of non-idcal
cquivalent values i.e. R'q Loy and (s, with respect to active
and passive components can be calculated as:

(13)
414 N
Salkc = ; (14
and e — g% o (15)

Ry R

All of the sensitivity values obtained from (13)-(13) are
not higher (han unity in magnitude which can be concluded
that the proposcd simulator exhibit low aclive and passive
sensitivity performances.

V. SIMULATION RESULTS

The proposcd grounded impedance simulator circuil in
Fig.2 has been demonstrated and correlated with the ideal
results through PSPICE software. The imternal CMOS
structurc of the DVTC in Fig, 1(b) was simulatcd with TSMC
0.25-zzm CMOS paramcters. The aspect ratios of B77 in gan/
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um were furnished as: 2.5/0.25 for Myp-Map. Min-Man, My,
1.14/0.25 for Ms,. Mis, 3.75/0.25 for Ms. Ms. My and
1.66/0.25 for M>, Myo. The supply voltages (V) and biasing
current (/) used in the simulation were 0.75 V and 50 @A,
respectively.

Fig.3(a) show frequency responses of the proposed
grounded parallel RL simulator in Fig.2 with R., = 1 kQ and
Leg = 100 gH. To achieve the above equivalent values. the
passive components in Fig.2 were selected as: R} = R> = 1
kQ and (3 = 100 pF. Fig.3(b) shows time domain responses
for a sinusoidal input voltage (vi,) of 40 mV peak to peak at /*
= 1 MHz and an input current (i;») of the proposed RL
simulator. The resulting waveforms clearly indicated that the
voltage vi, leads the current i, by 58.83° where the
theoretical result equal to 57.86°.
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45  HABS NN NN T 4
Time (us)

(b)
Fig 3. Simulation results of the proposed grounded parallel RL simulator,
(a) frequency responses (h) time domain responses

Fig4 shows the feature of adjusting the cquivalent
inductance value by changing three different values of R
The passive components. in this case. were taken as: R,
kQ, (53 = 100 pF while R; is varying through 500 Q, 2 kQ
and 5 kQ. yielding L., = 50" #H. 200 #H and 500 zH,
respectively and R., was set to be constant at 1 kQ.

The grounded parallel RC simulator in Fig:2 was
simulated with R, = 500 Q. (> = 100 pF and Rz = 1 kQ.
According to (4). the realized R., and C., are achieved as:
500 Q and 0.2 nF. respectively as shown in Fig.5(a).
Fig.5(b) shows the simulated input voltage and current
waveforms of the RC simulator in Fig.2 when applying a
sinusoidal input voltage (vi;) of 40 mV peak to peak at a
frequency of 1 MHz. The current waveform was leading the
voltage waveform by 28.91° while the theoretical value is
equal to 32.14°.

In order to show the tunability of the equivalent
capacitance value. the passive R; have been varying into

27
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three different values i.e. 250 Q. 2 kQ and 5 kQ. while R,
and (> were set to be constant at, respectively, 500 Q and
100 pF. Resulting to R.y = 500 © and C., equal to 50 pF. 0.4

nF and | nF.
10k - N
1 1
Ry=5kQ | | |11l
1k 2 = -
! HiL
al ) Dl
= 100 Pl .
S LA T T I
: ‘,/j/, ™Ry =2kQ M7 ‘
10 /\ o |
<1 LN R=05kalll | | LHI imulated |
HIl | ====Tdeal
10k 100k M 10M 100M 1G

Frequency (Hz)

Fig4. Frequeney responses for parallel RL simulator with different values
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Fig.5. Simulation results of the proposed grounded parallel RC simulator.

(a) frequency responses

(b) time domain responses
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Fig.6. Frequency responses for parallel RC simulator with different values

of Rs.
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V1. APPLICATION TO FILTER REALIZATIONS

To confirm (he workability of the proposed grounded
parallel RL simulator in Fig2, the voltage mode highpass
filter in Fig.7 was designed and simulated with the following
component values: Car = 1 1F, Ko = 1 k€ and 7., = 100 uH
(R = R>=1kQ and 3 = 100 pF). In this purposc, the
natural frequency £, = 121(L.,Cip)'? = 500 kHz, while the
quality factor O = Rey(Crip/le,)* = 3.16 as shown in Fig.8.

Crr RL-Simulator

Vour

]

Tig.7.  Vollage mode highpass filler using ihe proposed parallel RL
simulator in Tig.2.
e A — 4180
[/l
S
0 ' 135)
= i 2
a0) 7]
<) ! a
4 i 90 o
£ it o
e A e
~
MN 53
-80 + o
—— Simulated { 1)
[ | =-~= Tdeal 1‘ Wl
<120 4 1 LS L0
10Kk 100k IM 10M 100M

Frequency (Hz)

Fig.8. Frequency responses for the voltage mode highpass filter in Fig.7.

Lip

RC-Simulator

Tig9. Vollage mode lowpass [ilter using the proposed parallel RC simulator
in Fig.2.
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The voltage mode lowpass filter in Fig.9 was designed
and simmlated by replacing the passive RC components with
the proposed parallel RC simulator in Fig2,  The
components in Fig.9 were chosen as: 7rp = 051 mH, R, =
0.5 kQ and C,, = 0.2 nF (£ =500 Q. (5= 100 pF and R; =1
kQ). By these component values, the £, = 1/2x(7..0(,,)' = and
Q = Re(Coy/Trp)'? can be obtained as 300 kHz and 0.3,
respectively as plotted in Fig. 10.

VIL CONCLUSIONS

Tn this study. the grounded parallel type RL/RC simulator
was presented. The circuit consists of two differential
voltage to cument comverters (DVTCs) as an  active
compornent {ogether with three passive components.  The
rcalized cquivalent valucs can be controlled by changing the
values of passive elements. The proposed simulator exhibit
low active and passive sensitivities. To demonstrate the
performance of (he proposed circuit, sceond order voltage
mode highpass- and lowpass- [ilicr were designed and
sinmlated through the PSPICE computer software which the
results are corresponding and close to theoretical results.
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