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ABSTRACT

This thesis proposes the design and synthesis of a biquadratic filter using VDBA
(voltage differencing buffered amplifier) as an active element. The proposed circuit
can be classified into three modes of operation, i.e., voltage mode (VM) biquadratic
filtter, which was synthesized with two VDBAs and two capacitors; current mode (CM)
biquadratic filter, which was realized with two VDBAs, one resistor, and two
capacitors; and mixed mode biquadratic filter, which consists of two VDBAs, two
resistors, and two capacitors. The proposed circuit can realize all five standard
biquadratic filtering functions, namely, lowpass filter (LP), bandpass filter (BP),
highpass filter (HP), bandstop filter (BS), and allpass filter (AP). In addition, the
proposed mixed-mode biquadratic filter can operate in all four possible modes, such
as voltage mode, current mode, trans-admittance mode (TAM), and trans-impedance
mode (TIM). The realized natural angular frequency (@) and quality factor (Q) can be
adjusted electronically via the transconductance gain (gm) of the VDBAs. The
performance of the proposed circuit was confirmed by simulation results through the
PSPICE program using 0.18-pm CMOS technology from TSMC (Taiwan Semiconductor
Manufacturing Company) and also confirmed with experimental results using a
commercially available IC, namely, LT1228 from Linear Technology Company, in

order to assert the results with the theoretical predictions.
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1.1 anuduanuazarudifgvesdam

T ssufinIuNNseenLUULAL A LA IEINRTUSTINANAd YN ILa UL AN
(analog signal processing circuit) Inglan1z2935n5898 YY1 kauraen (analog filter
circuit) Wrandunumitddyedraunlumaluladaawssin (nteerated circuit, 1) d4lu
oRnTNUINATERNLUINRINTRNdyalnefEgUATaiNNaTY (passive element) U1
fifasifananeUsznis 01l sandeusuansfwesiidfy nsanveuvesdyyiad
funsendinn warsuavenasiioluyssgndldnulumaluladaeessm Wudu deiy
NATeTwILINILaiulunsesnuuuarduaTemnsesdaalasldaunsalien
9 (active element) ﬁﬁamiauﬂumsﬁwmqumwﬁﬂ 1 299508 UNeNd (operational
ampilifier) [1]-[7] 3935 OTA (operational transconductance amplifier) [8]-[34] ﬂﬁjmw’i
anenunszid (current conveyor) [351065) Wusiu 29asnsesdyqralagniauisdesen
undudiu Tneilinguszawndndonisusuussinanmlunisiaudiusieg TWasdy
suaniseenuuulfasesilassadneiliSevine Lidudou erfeuiivenasiesas uax
annsavhuneldszsuuseiuliidss (ow supply voltage) dwaliauddasigslvii
(low power consumption) HagaidnAae

Tul A.@. 1999 21335 CDBA (current differencing buffered amplifier) [66] lﬁgﬂ
thiaueduafausnlag C Acar uaz S. Ozosuz 2493 CDBA Ussnausienauisastesdiddy
d03d7U AB 29ATNAANNTILE (current differencing circuit) kaz299TMIULITIAU (voltage
follower) Tnga3a5 COBA Hqaiandifiuraulosgnansusznis 1wu wuusinning (wide
bandwidth) 81314944 (high slew rate) wazfilaseadnieluiilududon dawalisas
coBA Wudnuilsgunsaluoafinfiutaule Lazmuigdmiun1seeniuuasasUssaiana
dgaumaeudondngg unung [671-[75] oe19lsAn1ua1nnsAAnILOUITanyUIN9es
coBA fifosalunistounduresdygaussduainitewnpandididunediiunseua
sanstleudyandunafifuussiusiiuasdoserdugunsamnadvdunidmndm e
Viwthiasuussiulidunseuadeuiaedounnins COBA dwalvsasfioonuuuinisld
sugunsaimadvidusuuin Snivses COBA Ssliamnsnuiuuisnnanifivenaasig
FB19Bidnnselind (electronically tunable) v3aUsuussrnldlnonisivasudvesgunsal
WIFININA18UDN93T AoNlul A.A. 2008 D. Biolek wazanzlauauo199s VDBA
(voltage differencing buffered amplifier) [76] FulneiUasuiave91995 COBA wiuiiiu
19asean1enseualullnlasnanisusediu (voltage differencing circuit) é?fmszl,l,at,mﬁwmﬁ
Fumseituanunsausualdeisndidnmseindiiunseualudannnniewening 1999
VDBA fithussiudumn wagianszuaedinaiiiAndufiuaudga (high impedance) saumain
ussfumaRfAduiLauda (low impedance) ilimanzauienisUszendlianneas
Tulnuausasiy (voltage mode) agnsunn Bniiensas VDBA fllassad1ailiiaudie nevinsa



LAYARDIAIZS éhmmﬁﬁaﬁmu%’aﬁwmumméaLﬁuiumiijnqm VDBA sn@enuuuuay
FanaszmdunsasUssnanadynaueuzdoniniudugiu [77]183]

Mnwmraiinauludiedy nerdnusatuiifguszasiudnlunseenuuuuas
é’hmeﬁ'gqmmaqﬁmmmﬁﬁgﬂLLuumaaWﬂﬁ%’uLflul,wuiumamﬂﬁﬂ (biquadratic
function) #ifinsviaululnuauseiy muanseua (current mode) waglnsnnas (mixed
mode) uonaINlUNANITYINUTEIINITLA ST nunlassas e s luilunuunaiy
auWMMﬁQLmﬁwm (multiple input single output, MISO) ﬁﬁaﬁuWMMa’laLmﬁwm (single
input multiple output, SIMO) LLazwa’lﬁlﬁumea’lﬁlLa’lﬁwm (multiple input multiple
output, MIMO) 88 '3‘1/1mﬁwua’aﬁ’uﬁaﬁLﬁumsaaﬂLLUUN%ﬂi@ﬂé’ﬁgﬁgﬂmeULLaﬂﬁw
Tngli9as VDBA iugunsainendivdnsesandugunsaimainduiutes tielillasiaia
MFeuine medusuwasamasfmesdraglaazaaniiudnsiversaiaarui
(transconductance gain, gm) 993935 VDBA

1.2 AugarNIguazIngUsEaInvaInIsIdY

%mﬁwuﬁ‘aﬁ’uﬁﬁmauamiaaﬂLLUULLazé’qmiwﬁawiﬂiaaé’muzgmé’uﬁuam
(second order filter) n3oilsAtunvulumeasinivhaululuueussdu Inuanssus uag
Tnanas nedisoaubondil

1) 1993ns0sdnanasusuan sininussuiilassaiisuuuandunanilaeing Taold
1995 VDBA d1uugess sesufiudiiudsyyliihdiuausgesda [84]

2) 1993ns0sdususuaedlniansanilassafauuunilBunnamio g lng
14935 VDBA S1unusesdn fasumuseifisunininilsi wazduivuszaliliideiiey
N3130E 963 [85]

3) 2asnsesdynudusuassnuananfisilasanauunatsdunavaieieding lae
142995 VDBA shuiuaessia sesauiudasmuvunazsiafiulszglniegsazeania (86]

lngdnguszasdnaniun1sidefe N15eankuLaTnIadysIulngefegunsaiuan
7in uazgunsalmadid s ilelilasiairsvesisesitnaueiimuboude bidudeu
§ﬂﬁgﬁﬁi’1ﬂ’a’m5@muﬁﬁu%’la (natural angular frequency, wo) WarAIUTENBUAMAIN
(quality factor, Q) Tae3%asasaduLRIATldFI8IENsNBIEANseTnd Sausadudiu
HAFNSAI8N1591809N15911UVB 19950 UTUSUATY PSPICE aeldmalulaguuu CMOS
(complementary metal-oxide—semiconductor) ¥u19 0.18 um ¥83uTEn TSMC (Taiwan
Semiconductor Manufacturing Company) LLazmiﬁiawmaﬂéf’;EJN%ﬁﬂmula%ﬁ’]L%ﬂ'gﬂ
a3 LT1228 983U3um linear technology [87]

1.3 wannslvsiminausluinendinus
wdnnshmiiinausluinerinusaduilamnsauendutiterien Tnedseasiden
dawolud
1) M39enkUU99TnIasdyyIalruaLssfuLuUaLBunandaodnn Tagldiens
VDBA dmuuaesia desmiusuivlseqluind uiuaesia dsusianinnisldausadmiu



WUUWIE 'miﬁ?iﬁﬂLauammiaéﬁLﬂiwﬁﬂqﬁ%’uniaqé’ﬁgcgmmmgmléfmuﬁu’qﬁwﬁqﬁe‘e}’u
16w nsoarIuAmEs (lowpass filter, LP) n30aW1uwauA1ud (bandpass filter, BP)
ﬂiaqmummﬁqﬂ (highpass filter ,HP) qum‘ummﬁ (bandstop filter, BS) WaznIndeIu
yneadl (allpass fitter, AP) Tnglidnudesudsundasinseainawesens Amanufide
595977 uazfiUsznouamMAduaTEiTuIIn A sl Sualddaeisnanis
3dnvsefind Jsarnnishemueuddefiieitestunsdunszitansnsesdugialulvun
w396 [88]-[92] wuinnuIde [88], [90]-192] endugunsaluenfinvseaunsalniadnuinni
a0y Snvsasiivhiauelu [88], [901-192] liaansausualdeisnimsdidnmseiing
2) nsoRnLUUNAINTosdy A ulnuAnsELauUUniadunaameine laglieas
VDBA $1uauansi fdunudeifisunsndnisi wazdufuusegluiiviedisunsiad
$1andesin sasiiiuavsamsoduasziiliidunsesdayaaldasuiaindleduldun
NIBSHIANLDAN NIBBINUKAUAINE NTBIIUATINAGY MYARIUAIIA LAZNTOIIUYN

1%
Y

anud Tnglidndudeadisuntatdassaiieuenias snvisanuiiBausssuni wazin
Usgnaunmaiidauaeituainuasaninuiualddeinimiedidnnseinddndae
MnnsAneiidelueianuinssidaeszituly (931971 erdgunsaiueniiinnniy
il Tuvaudt 931, [97] ordvgUnsaivia@s wwlumsduaesiems

3) N1990NKUVINIINIBF U1l NNANANLUUNANEBUNANa181e 19N Lagldi9as
VDBA 31UIUABIR7 ﬁaiamﬁ’uﬁaﬁmmuuazﬁaLﬁuﬂizaﬂWﬂwaﬁmuaéNa3am§1’3 24357
mmuammmaqLﬂiﬂmﬁﬂﬂ%uﬂiaaawmml@mummﬁwuuﬂa ﬂiaamummam QERR
AULAUANA  NSBIRIUAINLAEY VgaLaUAA Waznsasuynaud Taglddududes
WasuLYA AT IA5I91993 aﬂmmmiammulmmumaimmﬂgummﬂmm TnNAL AU
(voltage mode, VM) Iusansgua (current mode, CM) TnuansIuLondnlenud
(transadmittance mode, TAM) ba g lniansI1UBUN wAUD (transimpedance mode, TIM)
Foilimngausenisusygndldauliegnmainvatguinninsasnsesdnn ndfiaiunse
vhowldifiesnuniondesnbiitedrinluseswdnvesdyyrudunaideutmm 52U
Guﬁ@mméfaqmimmé’zyigwmﬁé’amwﬁmasﬁg’sw'}ﬁwm PNMsnUMINIATeiiisidesiu
199InTRsd ey IlLANENNU1 [98]-[101] "Lu'mmsaﬁwmulé’muﬁgﬁiwmﬂﬁﬂami du
$7u39y [981-[100], [105) LlauasadFundausznouqainmdaszainainuiidayy
595U UBNMNLIUATE [10211106] Jududetodedyy udunaiuvdeinvieode
dyaaunuundumadmiunisdanseiagasiuuieileidu

nndssfusendinarludsuaansnaguldtmdnnstndluivednusatu iy
Tun1sdaasnzisasnsesdygradulnuntsesiu luuanssua wazluuanay Ineefe199s
VDBA $1unudessi uazgunsaimadlassiiedin vieteuninnddbluedn Amnsfinesi
Fuaseitunnnessanansausualdmeisnmsmdidanseiing Mnmmumueided
KusnnUITasitauslAne dnusidefunnnivanetsensdledieuiunuidelueie
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unfl 2 namBwmdnnsiiugIurenes VDBA iwﬁ’jﬂmimaauamamﬁamamwsﬁ’m
N1391899n139119UHUlUSEASH PSPICE Anelsmalulaguuu CMOS 0.18 um Lazn156e
2asneaednsilagldleddniaguives LT1228

wnil 3 nanfaniseenwuukazduATIZRINaInTasdya auaLssRulagldes
vDBA ugunsalueaiiivdndnnuassii desiumifiviszadiuiuaesih enuanddly
N159119119992995 lANEn s ALIUTSSE1UN1591889NM YU LAYNAN1SABNAADITSS
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100 kHz, 1 MHz, 10 MHz wag 100 MHz aigﬂié’ﬁqmiwﬁ 2.2 Fanansliiuiaan
§mﬂmusz?i7i%aLmﬁuéuwmama% VDBA ﬁmaqmﬂ

3U‘1/| 2.10 LLammamamaaﬂmamuauaqmammaﬁuaqmauwLmuemm 1 mﬁ%@ z (ry)

=

V8339393 VDBA "\]Wﬂﬂ’]if\]’]aEN'W‘UTW']EJ@JWLL@U%L@WG\WG\@JﬂWﬂiuu’]m 49.49 kQ %Qﬁﬂl’]éj un

Tuéummsﬂ‘vl 2.11 LLamwamimaamamauauaqmammmaqmamwLmuemmmwmﬁsﬂ’a wW

q

(rw) mummm‘u 26.38 Q maummma AU AUADNITADAALAN MU ALAL T IR U

M1319% 2.2 A1BURMAUTBUNATIVY p LAY n V933997 VDBA

Ad (Hz) rp (Q) ' (Q)
1k 29.02 G 36.59 G

10 k 291G 3.67G
100 k 290.9 M 366.79 M
1M 29.09 M 36.68 M
10M 291 M 3.67TM
100 M 291.04 k 366.78 k
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JUM 2.11 HANSTIARINANDUANBINIIALAYDIAIBUALAUBIDINANYT W (rw)

Ul 2.12 LARIHANNTIIABINANBUALD N IANNAVDIS ATV AIANIIYI999T
VDBA Jlouusan I iu@ailann 30 wA, 100 wA, 180 uA waz 320 uA lngsieaziden
yoanansiasaiisuiumlummguiaguldfmined 2.3

sUTl 2,13 uansnuandinisasiuusasulnn st z () Wida w () Tasain
nMsaemanslimiuiussiueinavenssinmulndifesiunalunimeuglidiu 300
mV Tuvnigiisui 2.14 Laniwanisdiassnaneuauomeasive nsasHuLsasy v, U
9 Vi Wa/v2) WudlebinAy 0.98 n3eAniTuaatianaaUsEanm 2% lutisannudll

LW 100 MHz

M19199 2.3 nseeataNdnilanse T Tuguin 2.12

gm (MA/V) . -
Is (1A) i g ANANNRANAA (%)
NAN1591809 NANIINE )
30 0.372 0.37 0.54
100 0.675 0.676 0.15
180 0.893 0.906 1.43
320 1.172 1.208 2.98
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1.2

i

0.8

Vil
o
o
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0.2 \ »y

0

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

UM 2.14 HANTISTIR0IHARBUAUBINIIAINDYBINITAE LTI V; LUEA vy

2.5 WNaANISNAADINIYIIATIIN

Turtadetinanifunisdaasnzsinsas VDBA Tnglfleddngaguiues LT1228 veauitm
linear technology [3] gih?i 215 uanstnsnsgvadlediuesd LT1228 lngUsenauniengy
2995808 idAaeII995 Ao 1995 OTA (operational transconductance amplifier) vistidi
Waguussudunatuuasluifunszuaiodnarusasugisaiam dosauiuieas
CFOA (current feedback operational amplifier) vmtiilunisdwuussduiinnaseudy
01NN Y942995 OTA luadaussduending lnoamnsoususnsuenouseiuldnuiy
fumuInaeuen JUR 2.16 uaasnsdaiasiziagas VOBA Taeldlediued LT1228 iy
wilsfh nsiaA1vesieas VOBA Mldlunisdenaasseialdidenltindesesadalaalalves
U3 Keysight 30 EDUX1002G Tngldundsanelnides +V = -V =5V

z|1 X
ni2 +V
pl3 0
-V |4 g

Qe

Uil 2.15 asnaqvedleddnioguiues LT1228



27

VDBA
hoopt Two i,
Voo i iIB +r— 0 Vy
: :
| |
! ] ! _
in | CFOA | i,
Vno—2 ! OTA ! >V,
n LT1228 Z

Ul 2.16 2935 VDBA fiduiasiziduannlefives LT1228 srurumded
gns1veeAnNd1vedlediues LT1228 dAviriv (3]
g, =101, (2.14)

WieBuduauantilunisisuveslediues LT1228 1ninsviauaenadedy
AANTRlUAILI9 9995V BANANNYBI995 VDBA TeilmstieunssiuBunmanumdend
3 p (vp) luweisitvs n sewflouns1as (vo = 0) wwam 50 mV(peak) finanadl 100 kHz uas
ls = 100 A %30 gn = 1 MANV. antiuldnsas CFOA (AD84G) [18] siasauiiufafumiuy
U0 1 kQ iilawdsunszuaorinaiiin z JHussaduiioTarmmuesussiuiinnasouds 2
(Vo) Banadwsilduansdagul 217 uenainiisuit 2.18 uansnaaLAveILsITUBUNATIYA N
(vn) Tuwauzditn p dawfiounsnad (vp = 0) WeuAuLssduewinaids z U 2.19 uanwa
MyiananeUaUsmIMILIvasSRTIvEAMNLtveslaBiues LT1228 1ilefen993 CFOA
(AD8A4) flsrufuddnuniuaun 1 kQ Weldsunszuaiits z vesasasiuiduusesy
ndundsainszualusa Is \uauaife 100 4A (gn = 1 MANV), 200 A (gn = 2
MA/V) kaz 300 1A (gn = 3 MAV) lngsigazidunvawansiniiguiualbunmeulasy
leifannsnadl 2.4 iilefuiuqmantfveslediued LT1228 Tudimvesaeas CFOA Favinanu
affoursasmuusaiy astlouussiudumanuuaumieudita 2 wuin 50 mV(peak) finanud
100 kHz nduiaussiuiondnndits w () wudussuiiialdidn w Samawhfuuseiu
it 7 3o Vw = Vz = 50 mV(peak) ﬁmamﬂugﬂﬁ 220

M990 2.4 nsvereAIANdIveslediue LT1228 Wieaudsen Is lugun 2.19

Om (mA/V) . -
Is (1A) " - ANANRANATA (%)
NAN1TIN NAYIN9NE B
100 0.998 1 0.2
200 1.92 2 q
300 2.84 3 53
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METNUTUNUNAIDIMANNITYINIUNUIUVEII993 VDBA Trudanauaudfiiiedsas

VDBA fimsvheulsifiulunmeamudilunisgauni wenanidnanndaniseonuuuuas
FaA918912995 VOBA laeldimaluladuuu CMOS vu1a 0.18 4m ¥8IUsEN TSMC NS
NAFDUANITOULH199UD92995 VDBA louanliiuadsiaonan1391a09n15v9uku
TUswnsu PSPICE mm?lgqmsﬁiammaméhmwiaﬁamﬂla%ﬁﬂL%ﬁ]gﬂwa% LT1228 8n9e 21N
nsATIvAe UAMALTRAINUI9TS VDBA fifansieituluinendnusumiifianuaonades
wazilulumumdnnaslunieme el

2.7 18Na1591999UNN 2
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2999N 5098 Yy IuBUA AR InUALIIAULAETY2995 VDBA

3.1 na12dn
193N YU ULBATIN (active fitter) NdaAs1nTulagldgunsaiuaniiv

v v
aa o

(active element) fiflfnanmwlumsisugevainanssie Widraniunumddyesiein
Tun1seenuuy u,azaqmiwﬁaww3zuaamaﬁwmﬂmmw0LLauz§aﬂ (analog signal
processing) a'awaiﬁﬁfﬂ‘i%’mhmummjaLﬁu‘ﬁ%aaﬂLLUULLazé’qmmzﬁ’mﬁmaaé’mﬁgﬂm
wuukeniinty Tnsewiasasnsesduanalulndauseiy Weswinsesiderluwivenisiu
doyradunalaielaglidesiuaunsallunisuuasdyaiu saansat e adivn
wdnmeanluldeldazainuinadnsesiulvnnszua (1-{16] lnedinguszasdndniiioan
T9A08YDIINATARINIUITENBUNTT 219U andIuIuaUnsaluonin wasniadnasyinl
AnAundesiinonsUszgndlianulu1sassin (integrated circutt, IC) usidanslid
Usgansamlunsiaiuiias mdhaidnrnisuslnandslniisnadnge uiegslsiny
n3delu [4116], 9], [13)-[16] InTusiasenfegunsaluaniinannniiawdilunsdansisn
1937 Suneudde [1H3], [5H16) dn1sldanuaunsainiadiuinnitasssa vivliidia
ﬁﬂé’@l‘l/\lﬁwamﬁmﬁmﬁu warlduilurassinaan uenaniawidse [1-03], [51-09], [12)-
[14], [16] "L:ummmﬂsummmmuuﬁismm (natural angular frequency, o) WazA?
Usznoupauaam (quality factor, Q) A1e38n1sn1sBiannsaiind luniseenuuuunas
Fuasziisesnsesdygrnlnuausssudenssnuuulviidduiiua udiordwaiian ield
WLNZAULANTISADANELAA LU LUNALSIAY  WARINNISANYIUIRY (2], [4)-[5], [8]-[12], [14]-
[15] wuinsasnsesdyanaiiiaueiiddufiunudiodnngeddimangsonsldolulnue
WIIAY
ﬁqﬁuiuﬁwawﬁwuéumﬁﬁﬂmLauamiaaﬂLLUULLazﬁé’ﬂmeﬁamiﬂiaqé’m@wmﬁﬁ
Tassa$anvvamdunaniaednalnunuseiu Tagldaas VOBA iiugunsaluendiningn
Frunuaesia uasdfussqliihd gy idilassadeiGeude anns
i’]aumﬁu@uwmasmmmvamima‘l,ﬁ';waﬂiaqﬁiummﬁﬁ'}Lauammsmé’qmﬁ%ﬂqﬁsﬁu
ﬂiaaammmaumammmmuﬂwmmﬁmﬁuu lmm N589HIUANAA (lowpass, LP)
nseeIUKAUAILE (bandpass, BP) ﬂsaqmummam (highpass, HP) ‘wﬂmmumma
(bandstop, BS) LLﬁ”ﬂ‘iENN’IUV]ﬂﬂ’J']JJﬂ (allpass, AP) IWEJVLEHHLUUMENLUE}EJNLLUNIF]N?{S’N
UVDI99T mﬁqmjul,mmwmmmm mmmiw“wuuwu::mewmwumammmwmuwmm
mmuaummumimamammluiwmLLiamu uaﬂmﬂummmaLmymﬁmm LAz
Usgneunmuaniiduangituanissannsntivaldfeiinmmdidnnsednd Tasns
wU59MI1V818AIANNUIVDI299F VDBA @mamﬁ’mumsﬁwmmanwaﬂiaaﬁzyigwmﬁ
daue lauansliiiuasmsnanisitassnisvinaulagldlusunsy PSPICE nuldmalulad
WUU CMOS U1 0.18-um iauﬁgamwiamamé”;mﬂ%fﬁqsi’lula%ﬁ’n,%gﬂL‘ua% LT1228
ieuandliiiufanuantinisvihnurensasisenndeadulumunansuausimamgu]
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3.2 2993nsesdyansuRuaaduaussRuitaus

Ul 3.1 uanaaRInsesdyyasusuasuuuamBuaviuedna Inunus sy
thiaue [17] 29957iuniausyszneulufiensas VDBA S1uduaesis desudufuiuuse
Ifihd1uauansi 1eiinsgsineasineedunuaniiuediaas VDBA faauns (2.1) 9z
anunsamilsiduusaiuednalaingu [n1auwan 91

SZV3+S gmz V2+ gmlgmz Vl
C, CGC,

a

-

= 3.1
Vout D(S) ( )
\ile D(s):sz+s[gm2j+[gmlgm2J (3.2)
C, GG,
W p w oVout
VDBA VDBA

Cl CZ

il
Vl : ]

5UN 3.1 2993N T I U UAUABIMUUANUBUNANTIL T NA IMUALTIAUNLTLE LD

aunns (3.1) uay (3.2) wandlifiudnnesidiaueanusoduaszimduilaidunses
tanasusivasdldasuraniladdy Iiun deuifunsesunuis feitunsesiuuay
anud Tledtunsosiunuias fleddungaiauanad wagilsidunsesinuyneud ag
miﬁmumL'?iaul%aﬁagzgm@uwmﬁmalﬂﬁ
1. dlofvunli vin = Vi wag vz = va = 0 arldiledtunsasihuninudsmingu

LgmlngJ
cC
Tp=-sot iz 33)

oy, D(s)

A o 44 v v 1 a [
2. Weamuualn Vin = V2 bba® V1 = V3 =0 Az laantunsaaR UL UANINAY

&
C
Typ =t =\ 22 (3.0)

v, D(s)
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3. 1WeMvunAliA vin = Va3 way vi = v2 = 0 agldilaridunsesituanuigaindu

4. 1319/1NUAA Vin

V1= Vs lag V2 = 0 aglailanduneauauainufviniiu

S2+[gmlgm2j

Y/ CC

Tpe ==~ 172 7 (3.6)
55 il D(s)

5. 1Wefmuald vin = vi = —v2 = va 3gleifleidunsesiunnanudiviniu

. _S(%zj+(gglgmzj
Twe = o - e (3.7)

A D(s)

in

'
=

FINUI1NIMNAUD AN TFUATIBRHINTUNTDIF YU IUOUAUFBININIFIUATUII
nilandulaglisndudondasundalasead1aweens AeNdleusssuIf wazio
U5ENaUAMNIMTIHIATIZUTUINWITNUIRAURTAVNAY

ngCZ
WAy DR IS (3.9)
ngCl

TUADAIAINNATILNTITNVIR UaZAIUTENRUANATNTNALATILHTUIINIDTAINTA
USualameisnsmedidnnseiind Inen1sudsensivensa1niuii (gm) ¥992935 VDBA #a
Nuilalay/MIofnasnsiandluannis (3.8) uag (3.9)
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3.3 AUITIULYRINRINTRE AT UNUsa AL U NEua luneUfTR

e lsisnuauTRvesas VDBA lunsUfud viensdasas VDBA Snnsviaulsl
Julumunaaudflunisgaunid (non-ideal) Avaunis (2.2) wudilsddunssiuerdnalu
nsdlfviiy [nasuan $2]

S2(B, )V, + S(aZﬂléBngzsz +(a1a2ﬁlﬂzgm19mz jvl

CC
V' — 2 1~2
out D,(S) (310)
Dr(s):SZ+S(a2ﬂ29m2J_I_(alazﬂlﬁzgmlngJ (311)
2 ClCZ

aun1s (3.10) uag (3.11) wudniendunsesdyguduiuassiamilsiduresasiugy
1 3.1 TupsdliiiAvinnu

(alazﬂlﬁzgmlngJ
' CL
Ty = o e (3.12)
v, D'(s)
S(aﬁﬂgj
v/ C
BP v, D’(S)
T|.'|p _ V(’)ut L 32 (ﬁz) (3.14)
v, D'(s)

(ﬁz)(sz N 40, 519 Imo j

To = Var &6 (3.15)
V., D'(s)
(ﬂ ) §2_s %19 + 4,0, 5,91 Iz
A ’ C, CC,
oy T ="2= (3.16)

D'(s)

[
= 1

FIANAUDLTIUTITUIIA Uazdrusenaununnlunsditivindy
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a)o — \/ala2ﬂ1ﬁ2gmlgm2 (317)

C1C2

fa £.9..C
LL’ﬁZ Q = w (318)
a,3,91,C,
A1pula (sensitivity, S) ¥ @ war Q donisisauuigunsalueniivl uwavgunsal
Madn 995 @1U1503A5 12 lAeadl [18] [ANANUIN 93]

@, @, W, @, [08 o8 1
Sal > Saz - Sﬁl - Sﬁz = ng - ngz - E (319)

1
S =S S~ 3.20
(o = 5 (3.20)
Q__qQ Q Q d/~~I&D 1
SO& 7 _Saz Al 851 % _Sﬂz ~ ngl N _ngz :E (321)
Q Q 1
ey S, =—S¢, = ~ (3.22)

aunns (3.19) s (3.22) wansbiiunaeubiamuefiawalitiunis naalidnnsasnses
doyaundiauelugun 3.1 Tu Spuaudirianubvensdesuuaigunsaluendin uay
gunsalna@nlulasien
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3.4 NANTITINADINITNNIUYDINDT

AnaNTRNSYUYeIsasnTRsdyaasusuasdvtaussfuiausluzui 3.1 gn
wanslifiuasssnenan1snaensyinaurulusunsy PSPICE aeldmaluladuuu CMOS
YuA 0.18-um vesuTn TSMC Taeidonldlassairanieluvesias VDBA dauandlugud
2.6 F9ns1dau WIL (um/um) 105 udanesluisasuanidanisned 2.1 wazdenld
wasielEs ity 4V = -V = 0.75 V uay Ia = 15 HA

gﬂﬁ 3.2 §9 3.6 WAAINANTITTIADINAROUALDIVINIAINL ALY NAROUANDIVINIAIUDN
aﬂaiﬂsaqﬁmmwmﬁuﬁuaaqiwumLLsaéﬁ’qugUﬁ 3.1 Tnerwuals vin = 50 mV/(peak) fiaud
WU 1.52 MHz, lg1 = lg2 = 50 PA (gm= 0.48 MA/V) tag Ci = Cz = 50 pF n3iina
N391R0eHANDUALDINIIANARELS fo BAMARY 1.42 MHZ Tuvnigfidmamnguiuindu
152 MHz w3aiid1anufanainUssuia 6.58 % way Q winfu 1 Snsenudnieasd
Wnauadmasluiihgade (total power dissipation) i1y 0.36 mW

gﬂﬁ 3.7 udnananssraesmaisuidleuumaridsssunalagsuseneuamnmdl
mmﬁmamwsmaaﬁﬁyayﬂmﬁﬁnauaiugﬂﬁ 3.1 il wvualyl ler = lg2 = 50 PA (gn=
0.48 mA/V) st C = C1 = C2 Ju 1 nF, 100 pF way 20 pF nseiiAd fo 9%
HAINAY 71.12 KHz, 711.21 KHz wag 3.56 MHz laga1m1angufwindu 76.39 kHz,
763.94 kHz uag 382 MHz mudsy Tuvazil Q fidiasiviidu 15U 3.8 uansuanis
Frassnsvhauilisuiuaiuseneuaunmlnenudsssumatameiivindy 1 MHz e
MMUUALA Is2 = 50 A (gmz = 0.48 MA/V) LazA199AUTEAOUAINS aiﬂlé’éﬁ’amiwﬁ 3.1
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20
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3.5 Nﬂﬂ’]iﬂﬂﬁﬂ\‘lﬁ?ﬂ')\?ﬂiﬁ]‘%\i

uanmnmsmmaauqmﬁuﬁ’aﬂ15ﬁwmsuaqawansmﬁmmﬂmﬁﬁwLauaiugﬂﬁ 3.1
dheranssaesmavihelagldlsunsy PSPICE ud lushdeddaldhnismeaeunmaud®
nMehnurenasittauslngnisdensaswnlsasaserhuleddniogives LT1228 [19]
éﬁ“ﬂLLaﬂﬂugﬂﬁ 3.10 Iummzﬁgﬂﬁ 3.11 HAAININAIEI9DINTOIAYYIUTUAUADILUUAIN
SunanisendmalnuasasuuuLiusaiuidelflumadenaaes uananiiteidunses
shuvgﬂmmﬁsum’maiﬂiaaé’zy,apﬂmﬁﬂﬂLauaiugﬂﬁ 3.1 3ndudesenfuussiuBunauwuundy
et (~Vin) ﬁQSuﬁqaﬁﬁala%ﬁWLéagﬂLuaé LF356 [20] viaopauueudlunsdunsiziigasveny
dyeurauuunauia (inverting amplifier circuit) ﬂ"’aLLam‘LugUﬁ 3.12 iilesnledives
LF356 faeuuuaintunisyinaugamseindu 5 MHz 3umngausenisldausiuiuled
Was LT1228 1ns19asionsnugnsnssnuiiaiy

Vin = Vin =| == [Vin (3.23)
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JUN 3.12 1asveedyananuundunalagldoauueud

NIIFONAADIAIYIIITIIIVDINATNTDY ”mmwmiwumwﬁu‘tugﬂﬁ 3.11 1614 vin = 50
MV(peak) Gm = gni = Gmz = 1 MA/V (I = 100 PA) ag C1 = C = 100 pF Favilitlel
Auaudd fo = 1.59 MHz luvagil Q = 1 Snvivnsasvenedgygranvundumalagly
poUlendlugudl 3.12 1donld Ry = Re = 1 kQ 91nd1n13 (3.23) aglidnsvenousssu
windu -1 dmsumsdaesesifladdunsesiiugnanud §U7 3.13 9 3.17 uanwanis
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2993N309F U IMBUAUFB InUANIZIEalAgTY2995 VDBA

4.1 nandn

N1300NLUULAZALATIZRTNTasdy i uuueaiivluluuanszia (current mode
active filter) Ingldgunsaiuendin Iisuanuaulaaninidosuumnilesaindeiluibes
199 eriufivnsnsUTiRnuiinig (wide bandwidth) Wmamauauaqmammﬁqq (high
frequency response) @1usnrnauneliseiunssiulidess (low voltage operation)
AebiAnmaslnihgeydetias (low power consumption) [1] wenNTiNITINd e
29slulnumnszuaannsailaioninasiulnaussiu idesnnlidndudosodogunsal
dad definsanddastadiwenasnsesdyginainnuddeluefinnuiit 19350504
é’zyzymmmsaLLUamwmﬁwuaumaa%aéuwmLLaszMmlﬁﬁqulé’Lm wuuniladunands
meﬁwm (single-input single-output, SISO) LLUU%ﬁﬂauwmwmmmﬁwm (single-input
multiple-output, SIMO) LLUUﬁmaﬁuwmﬁﬁﬂLm(ﬁwm (multiple-input single-output, MISO)
LLazLLuwmaﬁuwwmmm(ﬁwm (multiple-input multiple-output, MIMO) Iae9asuas
Usginnduuvnslunsldaufiuandrsiueeni winfinrsanasasusznn SIMO Hundn
wuInsTssaniainsaeenuuuiardunssviilesdunsesdugnaldnatefleifundoui
TurasienlnglisulufenddsundadasEdineses fuunnsnumunuided
Aendestuniseenuuiuazduassisasnsasdyaalulnusnssualaefiansanilasadng
WUU SIMO [2)-[21] wudnasastu [3], [519], [12]1-[14], [18] endeaunsaiuaafinaiulu
wnnIansilunTELAsIineas lunasiingasty [2-03], 16], 91, [111, [16]-[17], [20]-[21]
Fuamgitulagldgunsainadnuinndtansa dedmanenisldeuiuiivuiass
(integrated circuit, IC) §ﬂﬁdeaiﬁLﬁmﬁwé’ﬂWﬁﬁqiyLﬁaﬁmmsﬁu asfivnauely [5-16),
[12], [20] aaﬂLL‘U‘UI@81%’@*0ﬂsaﬁiLLaﬂ‘ﬁWmﬂﬂ’jmﬁwﬁmﬁﬂﬁtﬁmmm%’u%’auﬁlumsé’ﬂLﬂiwﬁ
299395 uenaniasaslu [2103], [6], 191, 11, [17] Liaansaufumnufiayusssueia
(natural angular frequency, wo) kagfusenauAmAIN (quality factor, Q) AIBITNITNY
didnnsetind

AneriinusundseldinaueniseenuuukazdnAT1R1993NI0F I LU SIMO
Inuanszua lnelda99s VDBA Wugunsaluaniinndndiuiuaedsi Aasiuiudiiiuniume
Fleunsnass il wazduNuUszglnihdalisunsasuiuassdn 2993nTosdy e
fihauoausodunsziilaidunsesdyanasusuasddasunainilaidulnglisilusos
Wasuwladlaseainawenias Aaudiamsssaea LLazﬁanzﬂaU@mmwﬁﬁqLmﬂzﬁfﬁu
9112995831150U5UALAMeAsNTN1eBlannseding Inen1suUsensnve18A1ALLENUD
1995 VDBA @mamﬂmumiﬁwmmamwiﬂiaﬂé’zyigmﬁﬁﬂLauagﬂmwaauﬁ’wmama
1ae9n15vulagldlusinsy PSPICE anelawalulaguuy CMOS 9u1n 0.18-pm wag
naaeulnen1snennaswisasaswiuledived LT1228 iitedusunadnsilanous
Wisuisuiuaaaudalunimegeg)
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4.2 2ssnsesdygrasusuaasiruanssuaivlaue

gﬂﬁ 4.1 wans9aInseadyasufuasaLuunilsdunaauodyaluuanseuai
Yiaue [22] Tngnasiidiauedunszituainases VOBA stuaudesin dadumusediou
nsmdnilein uazdufuuszaliihdefiounsndassia edinseiinsmoauandives
1935 VDBA #saun1s (2.1) agladenduatalounsgia (current transfer function) 1infiu
[A1ANUIN 91]

iin
o—> n w ’ p z
VDBA li VDBA C
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O 1T 4 @ w ZTMHP
i,

l '
v v =

sUM 4.1 19snsesdyprududuasswuunisdunnaednainuanseuamiiaus

(_ 1 j(gmlgmzj
T i[_p_ gm2R1 C1CZ
LP

=P _ 4.1
i D(s) @0
i gmz C2
Tp =22 = 4.2
R0 D(s) (4.2
LLay T —iH—P— s (4.3)
: NN/ DYE) '

MINAMUAL R1 = L/gme Uae iss = ine — ip dxlaileAduanglounseuavesilenduvgauauy
ANUAVINAY

gmlgmzj

i i i 52+[ CC
| [
T —BS _HP P _ 172 4.4
=i i D(s) (@4
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5.1 na1min

2935n509& ey (filter circuit) Aprsasivihmiinfivdessudmaiadugasainudd
Foinsiuly tnsasdanIeanneudygialudianiudfilifents 19asnsesdyyin
anunsawuseanduasangulngllaun 2sasnsesdyqranuunadi (passive filter) Uaz1393
nNT0IdYeIULUULEATIN (active filter) lpelunstivessasnsesdygisluuuannngzefy
gunsniloA#in (active element) lun1sduasnzi19as 1wy 29359Ukoud (operational
ampilifier) [1] 239395 OTA (operational transconductance amplifier) [2] WAZIIITAIYNIU
nszua (current conveyor) [31-[5] 1Huiu dwaliisasnsesdygraiuuneaiiniddodinia
WATUUUN TN ﬁammmﬂ%’wmL%é’cyzyml,mﬁwmﬁgﬂamwauaﬂé’ annsausuAamd
\B93U5IUYR (natural angular frequency, o) kagiausenaunua N (quality factor, Q)
IWazanidudu 2993nsesdgraannsautmdamuniilunisviauldiuuuliun nses
HUARILT (lowpass, LP) N50IHIULAUAIIND (bandpass, BP) ﬂiaamummﬁga
(highpass, HP) qumummﬁ (bandstop, BS) LLazﬂﬁaqmunﬂmmﬁ (allpass, AP) Snvis
FaenamviavednuaufURnisladndvin Aelnuausediu (voltage mode, VM) nug
nsgd (current mode, CM) TsaNSILLEAARALAUG (trans-admittance mode, TAM) wag
Tnsans1uBufiuaud (trans-impedance mode, TIM) Tngagi3ena39snsesdyqindianunse
viaulddlnuaufiRnngin vesnsesdnyaalvuneay (mixed mode filter) n3oA023957
mmaa%’ué’agapm%uwm%ﬂiugﬂqusuaumé’uuaxﬂsma lngazdanTIsndnyIuedng
Juussiuua/mionseualiegndass FJumnzausonisuszendldsuldednanainvany
1nninsasnsesdygraiamisaviaulsifisdvant foinsfeadesanbiddeddalu
Seswiavesdyudunniiteudin syuTerfinpnufesnsvesdygadidanssiainda
BIANR FREANNATRIIREN1TUSEENAlT MUY INTO a1 dltaNay danaliinidy
Sruuinngdatiulunseenuuy wasdaueseiasnsesdyyralnuananiulagldgunsal
weniidinsnanmnune [6151] deaguldfamsei 5.1

'31/1UﬁﬁwuﬁuwﬁﬁwLauamiaaﬂLLUULLazé’ammﬁ’N%mmé’mmmé’ué'fuamuwLLaﬂ
finluanay (active mixed mode biquadratic filter) 2sasfitnaueduaszinulngldieas
VDBA Lﬂuaﬂﬂsail,l,aﬂﬁﬂ/\lwé’mﬁ”]muaaqﬁa RoTIAUMEIUNIY wazfAuUsEYlihduIu
g eazaefIviL ’mswmLauammaammulmmumeﬂwmﬂgummﬂmaammmmu
‘WQﬂﬂjuﬂsaaammnmaumuaaammmumﬁaﬂﬁnﬂmLm mmmummam ﬂimmmmumma
nIBeHANLDES VgALUANLA LAYNTOINIUNNAIILA uaﬂmﬂummmammmaamm
wagsrUsgnauaunmgiansaUsualameisnsmedidannsetind Tnedausenauamnin
szUSualaagadaseruiisununIadndnaig AuandRluni1sinuYe9Inged
Fuayrauiidiaue gnuansliliua3wingnan1591a89n139 U899 sinsldlusunsy
PSPICE nnalaimaluladuuy CMOS ¥u1a 0.18-um U83uIEN TSMC (Taiwan
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Semiconductor Manufacturing Company) S7U7IN15681A8890187393593 30 ulediues
LT1228 483U3®W Linear Technology Liiauandliiiiufisnaantifinisvineuvednsasd
donnaoadulumumdnnisnimgud

v

IWAINTDY iyﬁyﬂmLLUUﬁma@umemaLmﬁwm (multiple-input multiple-output,

5.2 2993N5098Y NS UAUARIANANFNNUNAUD
Gl
MIMO) TiaaNauId A2 U995 VDBA $1unuaadsa ssuviusaziiudssgluin

9E19ALARIAINANIGITUN 5.1 [52] 1iI8AAT181I995MI8AMANTFRYE92995 VDBA flaaunis
(2.1) aganusamilsiduaelounsdluuaufuinislanl [n1euuan a1l

TVO(TIM)

P W |—oVout

VDBA VDBA

iLF’%Rl

Y RS N\
: 1@1 inli C: R fliBP
v I Vs I -

\%1

UM 5.1 299305098y 10U UAUADIUUNANgBUNANA 8L AN A LUUANAN I LAUD

1) lunalsanu: Womuuald iin = 0 nsaldaslaflsidunsesdygmvianieglaans
AmunrauRouludmalul

[

(M) 1318 Vin = V1 8a% Vo = V3 = V4 = 0 agladlandunsassiuanunmieal

( gmlgmzj
S (5.1

=R N £

v,, D(s)

(%

(¥) 41D Vin = V2, Vi = V3 = V4 = 0 2l aHleantunsoasnuuaua1unnat

R0 s |

VOU'[ —

Togp =5 = (5.2)
Vi D(s)
(A) W19 Vin = V4 Uaw V1 = V2 = v3 = 0 3zlafleidunsesriuauiassiail
2
v s
T, =0t = (5.3)
Vi, D(s)
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'
[

(9) 180 Vin = V1 = Va Uag V2 = vz = 0 azldilandungaunuanunasl

SZ +(gmlgm2]
T — Vout — C1C2
VBS V. D(S)

in

(5.4)

(@) 18 Vin = V1 = V3 = V4, V2 = 0 L@z gme = LRz aglaflendunsasinunnainud

9t
52 _[ngJS_i_(gmlngj
v C L
Jo = ot — z e 5.5
VAP Vin D(S) ( )
hi) D(s)=32+s£ : ]{gmlgmzj (5.6)
RZCZ ClCZ
2) Tnunnseud: aafvualt vi = va = vs = va = 0 nsdlfiaglafledtunseadayayo
SR RRGIRG]
[_ 1 j(gmlgmz
i gmle ClCZ
PSR H (5.7)
ILP |in D(S)
i 3 R,C
i
Tgp=E =222 5.8
D\ /g 58)
[ s’
TG T, =-t= 5.9
S —D(%) 59

ilomvualy Ri = 1/gm wag ies = ivp — iLp axlaflanduaielounssuavesilesidungauau
ANNRINY

BS — = -_ = (5.10)
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o muali Ry = Ugme waz iap = inp — isp — ip 3zlalanduaislounseuavasiandu
nsoeUNNAUAWIAY

I EANC
TIAPZIA_PZIHP_IBP_ILP — 272 172 (5.11)

i i D(s)

£%

2) MUANTIULDANALAUD: LASAINUALA Vin = V3 LAY V1 = Vo = Va = iin = 0 NSolilay
Iadlandunsesdygraviingiegfil

YLP E: D(S) (512)
1
| (gmlngRz)[R C JS
Tep =20 = - (5.13)
v, D(s)
i ~0,,)S°
WAy . =VH_i: 2 ( D(Zs)) (5.14)

Wiamnualy Ry = g2 wae iss = ip — ine gldilenduaielauvasileddunenuwauaiiud

Wy
: : ; (1j|:82 +(gmlgm2 j:|
T lgs _Tp —Thp Rl C1C2

=55 — = 5.15
O A ~ D(s) 515)

in

Wonnuali Ry = 1/gm2 Rz = 1/gm1 Wae iap = ip + isp — inp 9glaenduanslouves
HendunsosunnauBwiiu

- - - - (1][52—5( 1 ]+(gmlgm2J:|
_lap_ liptlee —hp Rl R2C2 C1C2

_AP_ — =
TYAP = v V. D(S) (5.16)

n in
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4) WUANSUBNNWAUD: taanruald vi = V2 = v3 = v4 = 0 nsallazlaflendunses

NIUAIINDAT LAYNTBIHIULDUAIINDAIH

[ j(gmlgsz
\'
_Zom) _ L Oz (5.17)
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|
/ﬁ\
;_/

G 7mp = - = (5.18)
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aung (5.19) 9 (5.20) wandlifiuinAIn NG susTINTR wazAIUTENeUANAIN
fuargitunnsasamsnliualiseisnmedidnnseiind Inenisudssnsvengen
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ansaviueldedsdastlnglinsenuamiudidemsssumAkiusiinumiu Ry



A19199 5.1 msSeuiisuserinnsasnsesdyanalvuananlusfinuayisasniaus

v - Frugunsoiflilumsdunsgines TvuaUiansitanunsavianld ofaunIal | Usueldisne | . e | DFEdYRNBUNR
29950190/ Y o o USuen Q ladase ., “
ﬂﬁﬁﬁuﬁ 1A3985199992995 QUﬂiﬂjLLaﬂﬁW qUﬂiﬂjWﬂﬁ%W M oM TAM TIM W:ﬁ“UWLLﬁJﬁi Q’Jjﬂ’ﬁ%jﬂ ) N @ LLUUﬂﬁULWﬁIMSE)
LNYUNTIN 2NNIDUNA BUUADINT
[6/2003 MISO OTA=6 C=2 ynilaridi ynileridu -~ - 19 19 Taile ladle
[71/2003 MIMO DO-CCCIl = 4 C=2 LP, BP, HP LP, BP, HP- | LP, BP, HP, BS LP, BP, HP T T Ty ladly
[8/2004 MISO cal =5 R=7,C=2 ynilaidu nnilaidu vnilaidu ynilaidu Tally Taflay 1o Taflay
[91/2004 MISO D;il;l i’l R=8C=2 ynilaidu yndleid nnilaniduy nniandu Taile Tafla o 14
[10)/2005 SIMO CFOA = 4 7 Ag’ > naileidu nnflandu nnileridi nnileidu lails Tafle Tailw Tafle
switch =1 4 ' i
[111/2006 SIMO FTFN = 3 R=3C=2 LP, BP, HP LP, BP, HP BP, HP LP, BP Tadly ladly lally ladly
[12)/2006 MISO =3 stvifc’;:;’ ynilendu ynilend ynilandu ynilandu Taila Tall Taila Tall
[13)/2009 | SIMO/MISO FDCCIl = 1 R=3C=2 ynitaridu yniteridu BP, HP ynileidu Todly Tadly T ladly
[141/2009 SIMO MO-CCCll = 5 C=2 LP, BP, HP LP, BP, HP LP, BP, HP LP, BP, HP Ty Ty Ty Tulle
[15)/2009 SIMO DVCC = 3 \ ;A;’SC:GZ’ LP, BP, BS vnilaridu nilarid LP, BP 1o 1/l 19 1/l
[161/2009 MISO OTA=5 C=2 ynilaidu ynilanidu ynilaridu ynilaridu Iy Ty Ty 1y
[17)/2009 MISO MO-CCll = 3 R=3C=2 -~ ynilanidu - ynilaidu 1yl ladly lally ladly
OTA = 3,
[181/2010 MISO DO-OTA = 1, C=2 PNt nnAenTY Nnilandu ydleidu 12 1% Tafle 1%
MO-OTA = 1

[191/2010 | MISO/MIMO DO-CCCll = 2 R=2C=2 ynitaid ynileridu nnilaidu nnileridu Tully o o Tulle
[201/2010 SIMO CCCCTA =2 C=2 LP, BP ynileid ynileid LP, BP Talley 1oy Tailey laily
[211/2010 | MISO/MIMO SCFOA = 1 R=3C=2 yindleridu LP, BP, BS ~ -~ Taily Tailoy lally 9
[22)/2011 SIMO CCCCTA = 3 C=2 LP, BP, HP ynilariduy yniaridu LP, BP, HP Ty Ty lally ladly
[23)/2011 SIMO DDCC = 3 R=4,C=2 nnilandu ynilarid yindlarndu nnilandu Taily Tailey 1oy Tailey
[24]/2011 MISO MO-CCCCTA = 1 C=2 - ynilendu - nnilanidu o o Tl Tulle
[25)/2013 MIMO MO-CCCll = 4 C=2 ynilaridu ynilaidu ynilaidu nnilaridu Ty Ty Tl 19
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v SrueUnsaiildlumsdunseins Ivmmﬂﬁﬁamsﬁmmsaﬁwmﬂﬁ ofwaUnsal | USuenladie | L e |OAedyanaBunm
NITDNDY o . o e USuen Q ladase o -
e |lassadrsveaeas .4 .. nragviuu /WN1INN ‘ LUUNAULNENTD
Undaum gunsadilannil unTaWETN VM M TAM TIM = ¢ | as A ¢ NAT @o |
LNYUNININ DLANNIBUNE LUUABINN
[26)/2013 MISO/MIMO VDTA = 2 C=2 nnilendu & nndlandu - laflay Tai Tai Tails
FDCCIl = 1, . ¢ - ‘ . .
[271/2016 MIMO 0CC - 1 R=6,C=2 nafeidu nARIATY ARty nndlandu Taila Tadlw e Ta
[28)/2016 MIMO FDCCIl = 2 R=5C=2 yindlendu yniland ynileidu ynleridu Taila Tafley Talloy Tafla
[29)/2016 | MISO/MIMO MCCTA = 1 R=2C=2 ynilaidy nnilaidu ynilaridu nniaidu Tafla 1o 1o Tafla
DP-CCll = 6, F ; ; : :
[301/2016 MISO MOCCll = 2 R=4,C=2 ARt ARGy ey ynilandu 1« Tafle 1« 1
[311/2016 SIMO VDTA = 1 R=1,C=3 LP, BP, HP LP, BP, HP - v Taile T o Taila
DPCF = 5, R=4,C=2, v 1. s - , , , ,
[321/2016 SISO - nnilendi nnleid nalandu nnleidu Tafle o o Taila
VF =2 switch = 3 % . %
[331/2017 SIMO CCCCTA =3 C=2 ynitaridu yniteridu nnilanidu LP, BP, HP Ty T T ladly
[341/2017 SIMO VDTA = 3 C=2 LP, BP, HP s e I 1« 1« 12 laflo
OTA = 3, k. z , , o ,
[35]/2017 SIMO C=2 NANINYU NANSATY AN NN 1o T Tailw laflo
MO-OTA = 3 ! ' :
DVCC= 1, ) N ‘ , ,
[361/2017 SIMO R=4,C=2 2 nndlandu A nnilendu Tailo Taila o Taila
MO-CCll = 1 !
OTA =1, C=2 : ; ' '
[371/2017 SIMO \ - LP, BP, HP LP, BP, HP - Tai Tai Tai lafla
MO-OTA = 3 switch = 1
[38/2017 MISO DXCCDITA = 1 R=2C=2 ynitaridu yniteidu BP, HP yinilaridu Tully o Tl 19
[391/2017 MISO DO-CCCll = 2 R=1C=2 ynitaid ynileridu BP, HP nnilaridu Tully o ol 19
[401/2018 SIMO FDCCll = 2 R=4,C=2 nnilaridu ynileid ynileid vl Talley Tailey 1oy laily
[411/2018 MISO DVCC = 5 R=50C=2 yindleridu ynilerid ynilendu nnilaridu 1o Tailoy 1oy Tailey
[421/2018 SIMO VDGA = 2 C=3 LP, BP, HP LP, BP, HP L — Tafle T Tailay Taila
[43)/2019 SIMO VCll = 3, 1-CB = 1 R=3C=3 LP, BP, HP HP, BS, AP LP, BP, HP LP, BP, HP Taila Taila Tailay Taila
[441/2019 MISO VD-DXCC = 1 R=2C=2 ynilaridu ynilendu - - Tulley o o Ty
[45)/2020 MISO OTA =5 C=2 ynilaridu ynilaidu ynilaidu nnilanidu Ty Ty Ty Tulle
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v SrueUnsaiildlumsdunseins Ivmmﬂﬁﬁamsﬁmmsaﬁwmﬂﬁ ofwaUnsal | USuenladie | L e |OAedyanaBunm
NITDNDY o . o e USuen Q ladase o -
dia . [lAssadiwenas . . WIATHLUY /1IN ‘ wuUNaUWEnIo
Undaum gunsadilannil unTaWETN VM M TAM TIM = ¢ | as A < NAT @o |
Wigunse | Bldnnseiind WUV
[461/2020 | MISO/MIMO DDCC = 3 R=¢,C=2 ynilaridu il gy ynilanidu ynilanidu Ll laily Taile ladle
R=4,C=2, -~ ) ¢ ‘e " . . .
[471/2020 | SIMO/MISO EXCCTA = 2 il d ynilaridu v Nk ynilanidy nnilanidu lally Ty Ty Taile
switcn =
[481/2020 SIMO VDGA = 1 R=2,C=2 LP, BP, HP LP, BP, HP - : Taila 1o 1o Tally
[491/2020 MISO VD-DDCC = 2 R=3C=2 ynilarid - yniteridu - Ty T T ladly
[501/2021 | MISO/MIMO VD-EXCCI = 1 R=3C=2 ynilarid nnvlaigu ynitendu Nnileridu Tylle T T ladly
[511/2021 | MISO/MIMO EX-CCCll = 1 R=1C=2 st ynileridy ynileridu BP, HP Tully T T 19
29357 oY " A 1 . . .
MIMO VDBA = 2 R=2C=2 e nniland nnilarid LP, BP . o o Taila
UINAUD - d (BALIY VM)
Toed:

“ - 7 lalaunsaviield,  OTA: operational transconductance amplifier, DO-OTA: dual-output OTA,  MO-OTA: multiple-output OTA,
MO-CCCII: multiple-outputs current-controlled conveyor,
MO-CCII: multiple-output CCl,

DO-CCCII: dual-output second-generation current-controlled conveyor,
DO-CCII: dual-output CClI,
SCFOA: specific CFOA,

CClI: second-generation current conveyor,
CFOA: current feedback operational amplifier,

FTFN: four terminal floating nullor,

DVCC: differential voltage current conveyor,

DDCC: differential difference current conveyor,

VD-DDCC: voltage differencing DDCC,

CCCCTA: current controlled current conveyor transconductance amplifier,

VDTA: voltage differencing transconductance amplifier,

MCCTA: modified current conveyor transconductance amplifier,

DXCCDITA: dual X current conveyor differential input transconductance amplifier,

DP-CCII: digitally programmable current conveyor,

DPCF: digitally programmable current follower,

VDGA: voltage differencing gain amplifier,

VF: voltage follower,

VD-DXCC: voltage differencing dual X current conveyor,

VCII: second-generation voltage conveyor,

I-CB: inverting current buffer,

EXCCTA: extra X current conveyor transconductance amplifier,

VD-EXCCII: voltage differencing extra X CClI,

EX-CCCII: extra X CCClI

FDCCII: fully differential current conveyor,
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5.3 #u3TaUzYRLRINTd s uNudasnuanauTiiausluneUR R
Lﬁ@%meﬁ@mamﬁ’amamwsmaqé’aujzymé’uﬁuami‘vm@maaﬂugﬂﬁ 5.1 8nas g
1A manTR1092993 VOBA lumsufiidsannis (22) nuirilsidudrelounedinua
UfTRnmsiuAsuulasiiseasdendeluil [euan a2]
1) IuawsInu;

(alazﬁlﬂzgmlng]
v CC
Top =2 = = 521
VLP i D'(S) ( )
' (RZQmZ)LOEﬂéﬂZ}S
NN 22 (5.22)
VBP Vin D'(S) .
’ ﬂ )SZ
(A °”t:( z 5.23
VHP . D'(S) ( )
40, 9m9
52 + 1219 m1Im2
ey R Vg’—“ = (IBZ){ ( L H (5.24)
| VBS Vm D'(S) '
WINAMUALA oogmz = 1Rz 9lel
1 40, 49 9ms
ﬂ SZ_( ]S_'_L 17°2/719m1lIdm
(o4 V(,)_ut A ( 2) R2C:2 ClCZ (5 25)
VAP Vin - D!(S) :
o D'(s)=s’+s L)y 2% OmOne (5.26)
RZCZ C1(:2
2) TnuanSyua:
{_ 1 j{alazﬂlgmlgmzj
i’ CC
T :|-|__P: 2,0, R 1“2 (5.27)

D'(s)



Y3} T :i|'4_P _ 52
IHP iin D!(S)
mnmuualin Ry = 1oogmz agle
& {aﬁggj
T — Iéﬁ = e —1l - CC,
IBS by i\ D(s)

/ - ) = SZ—S[ al j_}r(alﬂlgmlgmzj

Haz T e e mlee The R,C, CC,
IAP I, s D'(S)

2) MUANISIULDNTALAUD:

( A ][alazﬂlgmgmz)
T3 Nhe if__p R, GG,
YLP D,(S)

1
(a1a2gmlgm2R2 )(chzj S

I’
T = tee
YBP V D!(S)
WAy Top = ke _—(—azgmz)sz

v,  D'(s)

in

mnAUUALA Ry = Laogme 9zld

(1J{Sz +(ala2ﬂlgmlgm2 ]}
i _ip-i (R ce,
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(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)
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WINMMUALA Ry = Llazgmz wae Rz = Longm Aamuy

[ 1 J{(“z)sz_s[ 1 J_’_((Zlazﬂlgmlng

i i =il —il R R,C, CC,

T e _le7lep Tl _ .
e = v D'(S) (5.36)

in in

4) TMUANITIUBUNLAUD:

L_ 1 j(alaZﬂlgmlng j
YA a,g CC
T/ — Yom) _ 2Ym2 12 (5.37)
ZLP iin D'(S)
1
R} —— |s
WAy 4 —h—(ﬂz i RZCZ] (5.38)
¢ ZBP im D(S) -

TIANMINUDTIUTTIUYIR UagAIUTENBUANAINYDINITNTOIT YY1 NUANEN NI4T

VDBA ﬁmiﬁwmhiLﬂuqmmaﬁmwhﬁ’u

4 B9 s
W, = [——===mEne
B \/ ce) (5.39)
C
. Q:Rz\/ala2ﬂlgmlgm2 2 (5.40)
1

A1Aula (sensitivity, S) ¥ @ war Q don1silsaiuurigunsalueniiv uavgunsal
WaRWlu995 @190 lAReT [53] [A1ARLIN 23]

1
SZ;O = S;)ZO = S;io = Sg:l = Sg::z :E , (541)
1
S¢ =S =-=, 5.42
c c, > (5.42)
2 =82 =52 =82 =§2 :% , (5.43)
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Q Q Q 1
Lay SRz =1, SCl =—SCz =—§ (5.44)

aun1s (5.41) fs (5.44) wanslimiuitAmanubivisuaivualdifunis nanfiensasnses
doyaanuanauniiaueluzun 5.1 dauaudiriaulwenisdesvumgunsalueaiin
wazgunsainadnlulsa s

54 Naﬂﬂiﬁ’]aﬂﬂﬂﬂiﬁﬂﬂqu%‘i)\ﬂﬁﬁli

ﬁa%’aﬁﬂﬁnﬁamﬁﬁi’ﬁaaamiﬁ’mwaamw5ﬂiaaéf’agfmmé’uﬁuaaﬂwmmauﬁﬁ%auaiu
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MNEAUNT (V1.6) wag (V1.7) WU Vas1 wae Vesz a¢ia1innu

21
V, — L +V
Gs1 4C,, (Wl / L’l) TH1
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(¥1.9)

(¥1.10)

(¥1.11)
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V., =V, (n1.5)
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WSIRUN TS QY VUIALENYDIITTANLTIAU

gm9Vg59 l lgmlovgslo
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JUN A2 29smuLssulagRTURNIENTIVEAWes My - Mig

MNERNAANTNRsIUSUR A2 lWensIudawmes Ms wag Mio aganinsnilgwisasauya
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JUN A6 19asaNyaremIdames Mu dmiunsiinseiAiAnud U AnNg

WATTlviun B v0139951uUN A6 lngldngues KCL agle
bout T ho1 + 9rmarVgsr1 = 0

WATIRAUNT (A3.4) Mengaslenu Aty

. Vv
out LN
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a1 A153ATENAMENURYDI99IN TS YU IUBUAUADILUUEINDUNANTY
¢ o a
A lnuauseaulugun 3.1

JU 91 WanaI99INTRNF YIS UAUADIMUUAINBUNANT WD 1ANA I NUAULTIAUT
dnauelugun 3.1 dmsumsiasgimilaidulseiuendng lnelisieasidundiail

w p w oVout
VDBA . VDBA

p © . — » @ I22
it I
Tcl cle'cz

Vi Vo V3

5UN 41 2vsnsesdayanaduduasdvunussiundiauslugui 3.1

[

ANUANIUSTEVINUTIRUAUNTEUAYD93T VDBA HpnuasdRsail

i,=i,=0 (11.1)
I gm(vp —vn) (31.2)
Loy v, =V, (11.3)

I9TATIENNIVI 2z V893993 VDBA 7l 1 tngenfiengnszuanasvanil (Kirchhoff’'s current
law, KCL) agla
1, =iy (11.4)

WuAENNTS (41.2) adlu (91.4) wazfiansamenguadleniy (ohm’s law) fatiuy

Om (Vpl _an) =sC, (Vzl _Vz) (§1.5)
Om (Vl —Vout ) = SCl (Vzl _Vz) (91.6)
w50 vV, = I (4 ~Vou )+ G4 (V2) (11.7)

sC,
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i, =, (91.8)
unueauns (41.2) adlu (11.8) uarfinsandonguederiudiy
Oz (sz _Vnz) =sC, (sz _Vs) (41.9)
Uz (Vur —Vou ) =SC, (V,, —V3) (41.10)
uwnuAaung (41.3) adlu (91.10) agld

Om2 (Vzl_vout)ZSCZ (sz_vs) (91.11)

WNUANENNIS (A1.7) adh (11.11) agla

oL {[ Oy (V= Vour ) +5C, (VZ)il_Vout} = SC, (V,, —Vy) (41.12)

sC,
NAUNIT (11.3) uae (11.12) wanansavilanduisadueiinnlamintu
SZV3+S % v, + M A
CZ CICZ

out — (41.13)
SZ +5 ng + gmlgmz
C, C.C,

31NaUN15 (11.13) A1UIT0NATIENMIAIAIINDLTIYUSISUIR wazdrUsenauamnInle
WA

v

w,=2rf, = |—2=0= (91.14)

LAy Q=

(11.15)
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aun1s (91.14) way (11.15) wansliiuineasnsosdypususvassdunnussiuiniiausly
JUT 91 @wnsadsuamsdimesniglunsasiieiSnisndidnnseindiiudnsivenean
ANUIVI99T VDBA 7 1 uay/wsosian 2

2 MTIATINRUENURY9RsTUNIUGUR
ludetind1fansiseinuantiveeasnesdyaa s uduaodlnuaussnui

o

= a

awelunalinlavenfonuaudiveisns VOBA lumuin Failsivazidundiail

i) =i, =0 (12.1)
I, = agm(vp —vn) (32.2)
WAz Vi =V, (12.3)

T v
Y

WI9AATIEYNTI Z YB3995 VDBA ¢l 1 lngedengves KCL azla
B = (12.4)

WUAELNTT (12.2) aslu (12.4) legfiarsansauiunguaslanunsiu

49 (Vpl _an) =sC, (Vzl _Vz) (12.5)

A0 (Vo = Vo ) =SC, (v —Vs) (32.6)

w39 V, = %00 (% _\s/(ét )5C, (v,) (42.7)
1

4
9

AR z 1992995 VDBA #afl 2 Tnsendenguas KCL axlsl
22 =z (12.8)
unueauns (12.2) adlu (12.8) uarerdonguesleviudiy

@Gy (Vor =V ) =5C, (Vyp =V ) (42.9)

2 (Vg —Vour ) = 5C, (V,, —V3) (92.10)
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0z (BN, = Vo ) = SC, (V,, —Vy) (12.11)
9INE@UNTT (32.11) 92lAA1 vz Wiy

v, = (aZﬂlng)Vzl _(azgmz)vout +(SC2)V3 (12.12)

sC,

ALY w VDI VDBA $i71 2 ARedunng (92.3) Wuin
Vout T VWZ 7 ﬁzvzz (\‘1213)

WAUANENANT (92.12) adlu (92.13) 2zl

Vo = A, [(aZﬂlng)Vzl _(a2gm2)vout +(SC2)V3} (32.14)
sC,
WNuAENANS (32.7) adluaunng (12.14) fasi Vou Windu
0 9m (V; = Vo ) +SCp (V
(a2ﬂlgm2)|: ; l( : SCt) l( 2)}_(azgm2)vout +(SC2)V3
Vout o :82 : (Q2.15)

sC,

_ (azﬂlﬁz Om2 )I:algml (Vl ~Vout ) +5C, (VZ )] @, 9m2
out — 2 A Vout +(ﬂ2)V3
s°C,C, sC,

(42.16)

v (“ %Pz, 4%y i Iz j (B, +(oczﬂlﬂzgmz Jvz ( 0,0, 3.3,0,10,r5 Jvl

sC, s°C,C, sC, s°C,C,
(32.17)
nspuaNns (12.17) mey s?°CiCo Feaunadadu
B (Szclczﬂz )Vs + (sclazﬂlﬂzng )Vz + (alazﬂlﬂzgmlg m2 )Vl (12.18)
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52C1C2 +8C,a, 3,91, + 4% 5,911 9m2
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IN1IMITAUNTT (92.18) o8 S2C1C MaipwiazaunuIanduusaiuednalun1aujusa
(V)0 davindu

a a,a
Sz(ﬂz)v3+s(2ﬁlcﬂ;gszV2 +( 1 Zﬂcl:'lgé?mlngJ\/l
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a)o N \/alGZﬂlﬁzgmlng (\‘1220)
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% change in X (ijxm%

X

loefl X Aeasdusznavluinsiudsuudas uaz y AeRuauURveIasniiansanenul
AON1TUABULUAITRIAT X 11NERI1AIUVDINTTUABULUANAT Y fBAT X A6 1IDilAT
Wesnimilsagnanefvasiiadesamnd Wedwmuald S! unueaulivesnuaudd y

fanNsiUAsUKUAIA1IAUSENDU X AeluaNuIsaleuasuieaunis (93.1) tatuawiniu
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J . A YA oyly AR 6(In y) :EQ (43.2)
1 (Ax) oxIx o(Inx) y ox

X

HITATIEINANAIUDIT LTI TUYAYEeRasTuIUN 91 Tagenduaunis (13.2) wuh
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i ] 1
a(alazﬂlﬂzgmlng Jz
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1
2 1
Sa = “ - -(“Zﬂlgzgmlgmzj .(%j(al)_z (13.6)
4% 12 9mi 2 | L2
L C.C, ]
o ¥ o 1
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Tneldismetuniauslugmuazle

1
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S e 3.9
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ANAKUIN T
N153ATILNAMANTAVDIIIINTDITYYIUTUAUHDS
wuUneBunAaaIRwAluaansELalusUN 4.1



141
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i,=i,=0 (1.1)
i, =g, (v, ~v,) (21.2)
ey LimEsi) (31.3)

1HI9AATIEYNYT Z ¥832993 VDBA 99 1 Ingondengnssuainasyanil (Kirchhoff’s current
law, KCL) azlol

1=y (31.4)
unuAnaNms (91.2) adlu (91.4) uasRansandenguastovia (ohm’s law) faty
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IagUaunIs (31.6) lAAIYBY Vo Uae Vzo WU
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(31.12)

(31.13)
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(31.15)



143

. . V.
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(31.28)

(31.30)

dnglounseuavesilendungauauaudiviniy



145

52_[_ 1 J[gmlngJ
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SloTiAseiivd z vo913as VDBA #adi 1 Tnsendunnues KCL agls
I, £ (32.4)
unuAaNNTs (92.2) adhy (22.4) kegnSeaiviiangimenguedeviunuiy
a9, (vpl —an) =5C,(v,) (32.5)
319 Vn1 = V22 W8 Vg1 = 0 agldauns (22.5) nlwiffu
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Jaguauns (32.6) alar1U0e Va1 Wag vz 69l
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AATIAINUA A faenguee KCL azla
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ABSTRACT

Keywords:
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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 |
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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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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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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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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
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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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This article proposes a compact and simple design of electronically adjustable voltage-mode
biquadratic filter using findamental active cell implemented on a single integrated circuit
(IC) package as LT1228. The proposed circuit having triple inputs and single output (TISO)
employs namely one resistor and two capacitors as the passive components. All the five
possible bigquadratic filtering responses, namely low-pass (LP), band-pass (BP), high-pass
(HP), band-stop (BS) and all-pass (AP), are realized by the appropriate selection of the
relevant input signals. The pole angular frequency and the quality factor of the proposed
TISO filter are electronically tunable through the bias current of the IC chip LT1228. Non-
ideal effects and sensitivity performance are carried out. The theoretical results are
satisfactorily validated by both PSPICE simulation results and experimental measurements

using commercially available LT1228.

1. Introduction

Over the decade, analog filters always play a role in many
important analog signal processing  applications, i.e.
communication systems, measuwrement and instrumentation
systems, etc. Nowadays, the realization of an active analog filter
using versatile active building blocks has been focused by many
researchers due to many advantage features, such as simple
circuitry, high linearity, and wide dynamic range. In the literature,
many modern active electronic elements have been utilized in
analog active filter design, such as current conveyor (CC) [1-7],
differential difference cumrent conveyor (DDCC) [8-12],
differential voltage current conveyor (DVCC) [13-16], fully
differential second-generation current conveyor (FDCCII) [17],
current differencing buffered amplifier (CDBA) [18-20], current
feedback operational amplifier (CFOA) [21-27], current follower
transconductance amplifier (CFTA) [28-29], operational
transconductance amplifier (OTA) [30-34], voltage differencing
buffered amplifier (VDBA) [35-36], voltage differencing
inverting buffered amplifier (VDIBA) [37], fully balanced voltage
differencing buffered amplifier (FB-VDBA) [38], voltage
differencing transconductance amplifier (VDTA) [39-41], and
voltage differencing gain amplifier (VDGA) [42-44]. However,
so many of them require at least two or more active elements for

“Corresponding Author: Worapong Tangstirat, Email: worapong ta@kmitl.ac.th
This paper is an extended version from the proceedings of 2020 8th International
Electrical Engineering Congress (EECON) [45]

Www.astesj.com

https://dx.doi.org/10.25046/aj0601125

their realizations [1-5, 7, 8, 10, 11, 13, 18-27, 30-39, 41, 43, 44].
Moreover, the voltage-mode filters presented in [1-17, 19-29, 38,
42] need a large number of passive resistors, while the articles in
[1, 4, 16, 22] also contain three passive capacitors. It is also to be
emphasized that the realizations of [1-27] suffer from the lack of
electronic tuning capability of their important parameters. Even
though some similar works were developed by based on various
active building blocks in either bipolar junction transistor or (BJT)
or complementary metal oxide semiconductor (CMOS)
technologies, they are not commercially available chips and
reachable in general. Besides, the performances of the research
developments in [1-4, 7-20, 22, 24, 25, 28-37, 39-44] have been
demonstrated through only simulation results.

In this communication, an electronically tunable voltage-mode
biquadratic filter with three input and one output terminals (TISO)
consisting of only single active IC package LT1228, one resistor
and two capacitors is introduced. The proposed TISO filter can
realize the five standard biquadratic filtering responses, namely
low-pass (LP), band-pass (BP), high-pass (HP), band-stop (BS)
and all-pass (AP), all at a single output terminal without modifying
a circuit structure. It also provides an electronic adjustability of its
pole angular frequency (@,) and quality factor (Q) via the external
bias current of the LT1228 IC chip. The theoretical propositions
are confirmed by PSPICE simulations with LT1228’s model
parameters, and the simulated results corroborate the theory. In
addition, all conclusions discussed in this work are also verified by
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the measurement results of an experimentally test circuit with a
single IC package LT1228, and the experimental findings are
found to be in agreement with the theoretical values.

2. Description of IC Package LT1228

Our design utilizes only one active cell of a commercially
available IC LT1228 from Linear Technology Company [46]. An
active cell LT1228 is internally a combination of an operational
transconductance amplifier (OTA) and a cument feedback
operational amplifier (CFA) in 8-pin IC package, as demonstrated
in Figure 1. This device has three high impedance input terminals
(p, n, and z), and one low impedance output terminal (o). It
provides the output current i- at intermediate terminal z which is
the difference of two input voltages v, and v, (v — v») multiplied
by transconductance gain (gn). An external impedance Z: is
connected to the terminal z, and the potential v- developed across
Z- will transfer to the output voltage v, at the terminal o by the
CFA. Its ideal terminal characteristics can be described as:

i, 0 0 0 0ff»,
L, |0 0 0 0w, | 6))
i_ - 8n —&m 0 0f A
v, O 0 W~

Thanks to the LT1228 manufacturing, the gy-value can be
altered to the desired value through the external DC bias current Iz
by the following relation: [46]

g, =107, (@)
2 E N EGain
a[2] AN (7] v+
» 3] 6] o
ap’
(a)
IF ia
Vy ouEE > 57> o
Po———p o ———oV
i LT1228 i
Vno——— n Z ———oV:
(b)
Y AL
Vp O—E_O ——0 Y,
10 é i
> z
Voo . mg > 0 V.
" = (V)
(O]

Figure 1: IC device LT1228.
(a) active elements in LT1228  (b) schematic representation
(c) equivalent circuit.

3. Proposed TISO Biquadratic Filter

The realization of an electronically tunable TISO voltage-mode
biquadratic filter is given in Figure 2. The proposed TISO filter is

Wwww.astesj.com

implemented with a single LT1228 together with one resistor and
two capacitors. A straightforward analysis of the proposed TISO
filter reveals the following output voltage function:

SRGCV, +5CYs + g 3

Pl =TSR

where the denominator D(s) is found to be:
D(s) =s’RC,C, +sC,+g,, - (C)

From an inspection of Equations (3)-(4), it appears the five
standard biquadratic filter functions can be obtained all at the
terminal v, of the proposed circuit by the following conditions.

(1) The LP response is obtained by setting v, = v; (input voltage
signal) and v» = v3 =0 (grounded).

(ii)) The BP response is obtained by setting vy, =v>and vi =v3 =
(iii) The HP response is obtained by setting v, =v3 and vi =v» =
(iv) The BS response is obtained by setting vy =v1 = vz and v» =

0.

(v) The AP response is obtained by setting vy, = vi =—w =va.

Ry (&)
vjo——— p o F—ovs
LT1228
Cy
"30——[”]‘——— z n Vout

Figure 2: Proposed electronically tunable TISO biquad implementation
employing single LT1228.

Therefore, the proposed TISO filter of Figure 2 does not
require any element matching conditions or equality constraints for
the desired filter function realizations. In all types, the important
characteristics a,, and Q are respectively found as:

o, =2rf,= Ba ., (%)
R1C1C]
and 0= &.RC, )

In case of practical design, if C = C1 = (>, then the a» and O
simplify to:

Q)

and 0=\[g,& - ®

In view of the above expressions, the parameters @, and Q of
the proposed TISO filter can be altered electronically by means of
gn-value. According to Equation (2), the gy variation can be
obtained by an adjustment of the bias current. Also note that since
the major contribution of this work is to design a compact and
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minimum configuration voltage-mode TISO filter with electronic

tunability, an orthogonal control of @, or Q is not expected. 7 | |
4. Non-Ideal Analysis and Sensitivity Performance -, Vi s Vour 7+ =
. iy P N 72 W1 PR AN IR Y2
In consideration of the non-ideal behavior, the terminal g ! \ / /‘ | \ L \ ! /' | \
behaviors of LT1228 can be rewritten as: b of “‘. \L7 i \ 3 / \ \ \
g A RAVNIIRYEE
I, 0 0 0 0f|v, ) B VN V] '.\ \/ \
i 0 0 0 0w, ©) A/ L\ A AN
i| |ag, -og, 0 Of]v, 0
5 10 15 20 25
v, 0 0 B 0|1 Time (us)
(a)
where o= (1 — &) and = (1 — &), where |gm| << 1and |§|<<1 Giiti Dhiae
are the transconductance inaccuracy and the voltage transfer error, (dB) (degree)
respectively. Taking this effect into account, the characteristics @, S il Sy S
— t

and Q given in Equations (5) and (6) are modified to: AT i

, = f% > (10) 304 90 \ L ’“?%uj}" i
RGOS -60{ -135 A N /
and 0= ’aﬂng,Cz g (11) -0 -180 mn_msew IS "
G apl s Hm 1

. f = . \ 1k 10k 100k M 10M  100M
In this case, all sensitivity coefficients of @, and O with respect Frequency (Hz)
to the active and passive components are derived and found to be ®

as follows:
Figure 3: Ideal and simulated LP characteristics

S:‘ =S;’° =S: :l - (12) (a) time-domain responses  (b) frequency responses
a )\
o =g ga=ll (13) o
R TPGITRG =5 ] 5SI/\_.J N N
1 7 R
S2=50=50 =50 =52 =< 14) — = L FL, \ /1A
d 72 | RS AR Y]
; 2 Nyt ] iR
and sg=1. (15) 1Y \ \V
Itis clear from Equations (12)-(15) that the absolute values of ! W (ﬂs)” » 5
the a- and O-sensitivities are all equal to 0.5. These values ensure (a)
that the sensitivity performance of the circuit is to be of low value. :
Gain  Phase
(dB) (degree)
5. Simulation Results 20120 K] e
In this section, the proposed circuit and its filtering responses 01 45 Ny ﬁfm}
are simulated and discussed through the PSPICE simulation g \ > FH Gai
program.  For ideal simulation, the LT1228 macro-model 301 04 P
parameters obtained from Linear Technology Company and DC I~
supply voltages of £5V were employed. To demonstrate the 604 -45 Phase \
functionality of the proposed filter, the circuit is designed for fo = <
159.15 kHz and O = 1. In this case, the various component values 00 00
have been set as /= 100 pA for gn=1mA/V, Ri=1kQand C; 1 10k ;io:umcv (111_\;2) 1M 10
= ( =1 nF. The simulation results for all filter responses are ® ’

shown in Figures 3-7, which demonstrates very close agreement
with the theoretical responses. For time-domain responses, a 159-
kHz sine-wave input voltage with 50 mV peak amplitude was
applied to the filter. The simulation results show that the error in
fo-value was found to be less than 1%.

Figure 4: Ideal and simulated BP characteristics
(a) time-domain responses  (b) frequency responses
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70 70 .
) vm| /\ P Vour '\’4’\‘ /\ I~ - \ lm\' L V‘.’:ti : _
s ) X A I o AWTA A BV AN AN
ol NATTIA Y TARTT IR VAVIRN R IRYINIE
g 1 T T H v T v . ! 1 \ 4 \ ' )
SN L ANATEND TR ) AN IR
ALY PR\ RLY BAIRY) 5 oA
g VAR VIR £ vl N TR AL R
" / : 2 ! .C 7 3 v v 0
T U AT\ T 35 A\ IR WA
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(a) Ti
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04 135 s
. \ 1 90 ===~ Ideal
-304 90 {—Gaing [T Phase \
/ o of -180
604 45 Gam
9 \\ 14 270 Phase
by N
1k 10k 100k M 1M 100M g Il i
Frequency (Hz) N o B> 10k 100k M 10M  100M
Frequency (Hz)

(b)
Figure 5: Ideal and simulated HP characteristics

r : ®)
(a) time-doniainesponses 77(b) frequericy responses Figure 7: Ideal and simulated AP characteristics

(a) time-domain responses  (b) frequency responses

70
B Vi ! L . Furthermore, the electronic tuning of gain characteristic for BP
| IR AN £ AN ilter concerning /3 is observed. The related gain expressions o
MR \ i : filter Iy is observed. The related p f
= ; ot \ i AT the proposed BP filter, as shown in Figure 8, are plotted for Iz= 50
& ! \ ! 1 Y 1L , an , which resulted in g, = 0.5 1 R
- N O A A A T e A, 200 d 500 hich resulted 0.5 mA/V, 2
> <A Al " : ; ;
&0 : i X v ; v I , an , respectively. From Figure 8, the simulation
2% 7 TR ; \ mA/V, and 5 mA/V, respectively. F Figure 8, the lati
° T H AR z conditions, and corresponding theoretical and simulated f, an
: 7 ; 7 ; dit d ponding theoretical and simulated do
35 o - e \— are summarized in Table 1.
} - ‘ = 30 [T T TTTT
. ’ 10T' ( )15 ? i ]I} HSW: m :de 1’ ‘
ime (us P~ N =50 1. S
% 0 l ?
(a) = AT A TR
; g ) ]
Gain Phase 8 Go » AT -m"\k L
(dB) (degree) B0T=T1IH ;= 500 uA x
307 100 & s ™~ i
LT T = o T 15 =200 pa M
Gair m\ = -60 L
of 50 i l I
bkt 90 l” m
- q L] 1k 10k 100k 1M 10M 100M
N Phase 41 Frequency (Hz)
R Figure 8: Ideal and simulated frequency responses of the proposed BP filter
-60 -50 Bula with an adjustment of Z.
==~ Ldeal IHH ”JJ 6. Experimental Results
904 -100
1k 10k 100k ™M 10M 100M : ; -
) To further validate the practical workability of the TISO
Frequency (Hz) p
® biquadratic filter in Figure 2, the prototype circuit built with
readi i 22 i i
e 6l ey B haso g readily available IC element LTl.:._S and discrete passive
(a) time-domain responses  (b) frequency responses elemepts were used to execute expelu_nenta]ly laboratory tests.
The circuit was measured using Keysight EDUX1002G digital

storage oscilloscope. All of the measured results were performed
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Table 1: f, and O adjustment of the proposed filter by varying /3

fo (kHz) . : 0
Iz (uA) Zn (MA/V) R (kQ) C (nF) [ P aEl % f, deviation
50 05 1 1 0.7 11143 11254 0.99
100 1 1 1 1 157.70 159.15 0.91
200 2 1 1 14 22284 22508 0.99
500 5 1 1 22 35237 355.88 0.99
at symmetrical supply voltages of +5V, and Iz =100 uA (gn=1 Frequency Respense Araysic
mA/V), R1=1kQ, and C;= G =1 nF. This results inf, = 159.15 i Po 55 Fr oy
kHz and O = 1. To observed transient response, the measurement 204 T a T a
was carried out with a 159-kHz sine-wave signal input of 50 mV ’E, < /T | E
peak amplitude. The experimental results for the transient and -0 — L o
frequency responses as well as the associated frequency 8 = R i é
spectrums are displayed in Figures 9-13. Also from Figures 9(c)- o 2 [ i e
13(c), the measured results of the percentage total harmonic @ | ] 5 \ o
distortion (%THD) of the v, for each filtering responses are 20 I‘i e 150
noted in Table 2. It can be concluded that the measured results B R e Am et
are close to the theoretical analysis, and also verify the ‘ Frequency (B2 |- . u) s 5 cn sun
functionality of the proposed circuit.
Table 2: Total harmonic distortions of v,,, in Figure 2. ®)
—[ 1 2 1
- THD (%) .—'.*w_
! F—b A W § e et
LP 067 | 1 | s
'L I 1 ! 100MS3/
BP | 447 AANAY I g
SARISIANE : % : lo o2 ™
w0 | T T
QIR AL B VN
AP 0.32 § ,’ »'% ! ‘ S“’l'ljl ( 1!
! F
o +—4
Another set of measurements have been carried out to examine | h 4
the electronic adjustability of the proposed TISO filter. BP filter Frequency (kHz) Gain (dB)
response is used for illustrative purposes. Figure 14 illustrates the 8 ;f;; 3: ‘Sz
measured BP frequency responses for various bias current /5. The O 58 bos 75
gn-values of the considered filter have been set as 0.5 mA/V, 2 @ 4m 76250

mA/V, and 5 mA/V, for Iz = 50 pA, 200 pA, and 500 pA,
respectively. As follows from Equations (5) and (6), the f, values
have been obtained as 112.54 kHz, 225.08 kHz, and 355.88 kHz,
while the Q values have been obtained as 0.7, 1.4, and 2.2,
respectively.
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Figure 9: Experimental results of the proposed LP filter.
(a) time-domain responses  (b) frequency responses
(c) frequency spectrum
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7. Conclusions

This contribution describes the practical implementation of an
electronically tunable voltage-mode biquadratic filter with triple
input terminals and single output terminal. The proposed filter
employs only a single commercially available IC LT1228
together with one resistor and two capacitors. The filter can
realize all five standard biquadratic filtering functions all at a
single output terminal by an appropriate input signal selection.
The characteristics of @, and O can be controlled electronically
and linearly in an electronic manner via the external bias current.
Simulation results obtained from the PSPICE macro-model of the
LT1228 by Linear Technology as well as constructed in prototype
hardware using commercially available IC LT1228 are performed
to confirm the properties of the proposed circuit.
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Abstract: A practical-realization of a tunable floating capacitance multiplier using commercially available integrated circuits, namely
LT1228 is proposed. The synthetic capacitor utilizes only-two IC LT1228s along with two passive components (one resistor and one
capacitor). The capacitance multiplication factor is electronically. controllable through the transconductance gain of the LT1228. The
effects of non-ideal transfer gains and parasitic elements.of the LT1228 on the circuit performance have been evaluated in detail. The
applicability of the proposed floating. capacitance multiplier as.a second-order band-pass filter is also.presented. The claimed theory is
verified by several PSPICE simulations and experimental test results.

Keywords: capacitance multiplier; impedance simulation circuit; commercially available integrated circuit; electronically tunable

Prakticna uporaba mnoZzilnika plavajoce
kapacitivnosti's komercialnim 1€ LT1228s

Izvlecek: Predstavijena je prakticna uporaba nastavijivega mnozilnika plavajoée kapacitivnosti z uporabo komercialnega integriranega
vezja LT1228. Sinteticen kondenzator uporablja le dva IC LT1228in dva pasivna elementa (upor in kendenzator). Faktor mnoZenja

je elektronsko nastavljiv:s transkonduktancnim ojacenjem LT1228. Natancno so opredeljeni prenosi neidealnih ojacenj parazitnih
elementov. Uporabnost mnozilnika je prikazana na pasovnem filtru drugegareda. Teorija je verificirana v PSPICE simulatorju in z
eksperimentalnimi'testi.

Kljucne besede: kapacitetni mnozinik; impedancno simuladijsko vezje; komercialno integrirano vezje; elektronska nastavljivost

* Corresponding Author’s e-mail: drworapong@gmail.com

1 Introduction

careful observation of the topologies reported in these

It is well known that the capacitance multiplier is a references reveals that they still suffer from one or
significant electronic block in the fabrication of high more of the following restrictions:

capacitance values in integrated circuit (IC) technol- 1. They contain three or more active components
ogy [1]-[2]. This is due to the large-value capacitors re- [51-[6], [10], [12], which enlarge the area on the
quiring a large silicon area on the IC chip. To overcome chip, and relatively high power dissipation.

this limiting problem, the capacitance multiplier circuit 2. They need to employ more than two passive
which performs the multiplication of small capacitance components [7], [9]-[10].

values can be very useful [3]-[4]. Therefore, the design 3. They are unavailable in commercial IC form [6]-
of capacitance multiplier circuits becomes an essen- [9], [11]-(12], which cannot be practically imple-
tial research issue in the area of analog ICs. Over the mented using already existing readily available
years, there are various floating capacitance multiplier ICs.

circuits reported by several researchers employing nu- 4. They lack the electronic adjustability for the ca-
merous versatile active elements [5]-[13]. However, pacitance multiplying factor [7], [9]-[10]. The in-

85
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ternal tuning feature would be desirable for mod-
ern mixed-signal systems.

5. They use different types of active components for
their implementations [5], [12]-[13].

The attention aim of this work is, therefore, to design
a floating and tunable capacitance multiplier using
already existing commercially available ICs, namely
LT1228 [14]. The LT1228 structure internally consists of
an operational transconductance amplifier (OTA) and
a current feedback operational amplifier (CFOA) in the
same IC package. Thus, it may be noted that LT1228
has now become a popular commercial IC for design-
ing several types of analog signal processing circuits
and applications [15]-[20]. Two LT1228s and two passive
components, i.e. one resistor and one capacitor, are em-
ployed in this design. The capacitance scaling factor of
the simulated circuit can be altered through the tunable
transconductance gains of the LT1228s and/or the resis-
tor in the circuit. A careful non-ideality analysis for the
proposed capacitance multiplier circuit is investigated
in detail. The second-order RLC band-pass filter imple-
mented with the proposed tunable active capacitance
simulator is given as an application. To verify the work-
ability of the proposed circuit, it has been simulated in
the PSPICE program using macro-model of IC LT1228,
and also experimentally tested in a laboratory using
commercially available IC namely LT1228s.

2 Cireuit description

2.1 Commercially available 1GLT1228

The LT1228 is a commercially available IC manufactured
by Linear Technology Corporation [14]. The LT1228 in-
ternal circuit, which has the properties of both the op-
erational transconductance amplifier (OTA) and the cur-
rent feedback operational amplifier (CFOA), is shown
in Fig.1(a). The OTA provides an electronic gain control
with a differential voltage-to-current converter, whose
transconductance gain (g, ) depends on an external bias
current, while the CFOA is implemented to drive load
low-impedance loads with excellent linearity at high fre-
quencies. The circuit representation block of the LT1228
and its equivalent circuit are given in Fig.1(b) and 1(c), re-
spectively. Inideal operation, the function of the LT1228
can be described by the following matrix relation:

i, 0 0 0 0 O0fv,
i 0 0 0 0 Ofv,
i=|lg, —g, 0 0 O0fv, 1)
v, 0 0 1 0 0fi
v, 0 0 0 R, Ofi

86

In equation (1), R, is the transresistance gain of the
LT1228, which is ideally considered to be infinite. The
g,,-parameter of this IC can be adaptable electronically
with the help of the external bias current/, and the ex-
pression is given by:

g, =101, (2)

@ \J

ZIZ 8| X
nlz / &

. CFoA| 7
p[3 6] o

v/[a 5] I
(b)
\’
iy i,
Vpo—— p 0 :ova
i LT1228 .
=T 2 ==
Vpo——— n 7 X Vx
j
V:

(©

Figure 1: Commercially available IC LT1228: (a) pack-
age information; (b) electrical symbol; (c) equivalent
circuit

2.2 Proposed floating capacitance multiplier design

The schematic diagram of the proposed floating ca-
pacitance multiplier circuit is given in Fig.2(a). It is com-
posed of only two LT1228s, one resistor, and one capac-
itor. The equivalent circuit for the proposed capacitor
implementation of Fig.2(a) is shown in Fig.2(b). Assum-
ing that the matching conditionofg =g _ =g,  issat
isfied, routing circuit analysis shows that the equivalent
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input impedance looking between ports v, and v, of
the proposed circuit in Fig.2(a) can be obtained as:

z,=du-(ih | (Bow) L1 4
Ly L 5] SC(-q S(gm RC, )

It is obvious that the proposed circuit of Fig.2(a) im-
plements a floating tunable lossless capacitance with
equivalent capacitance being given by:

¢, =(g,R)C=KC “)

where K = g R, represents the capacitance multiplica-
tion factor. The relation in (4) reveals that the capaci-
tance magnification with a large multiplication factor
is easily feasible by appropriate choosing g, and/or R,.
Also from equation (2), the electronic tuning capabil-
ity of the proposed design is evident through the bias
currents of the LT1228s. It should be further noted here
that two transconductance gains for this implementa-
tion need to be equal. This can be done easily by using
simple current mirror to supply equal external bias cur-
rents to the two LT1228s.

(a) 2",
I’m I!“
o p n o v‘.-Lv
LTI1228 #1 LT1228 #2
£ 5 n P > X
o NI 1 R
v V)
I -
(b) i C i
Ly Gl 420
+ O Al < i
Vi Va
“o T s

Figure 2: Proposed floating capacitance multiplier im-
plementation: (a) circuit diagram; (b) ideal equivalent
impedance

2.3 Non-ideality performance analysts
Consider the non-ideal transfer gains of the LT1228, the

characteristic of the LT1228 given in equation (1) can
be re-described by the following matrix equation:

i, 0 0 0 0 O0fv,
i 0 0 0 0 O0fvw,
i og, —og, 0 0 O0fv, (5)
v, 0 0 L0 0fi,
v, 0 0 0 R, 0]i

In above equation, o.= (1 - sgm) andB=(1- € ), where
le,,| << 1and e, |<<1 arethe transconductance track-
ing error and the voltage transfer error, respectively.
Therefore, an analysis of the simulator given Fig.2(a)
with the consideration of these parasitic gains gives
the following expression for the equivalent input im-
pedance looking into port 1 and ground as:

Zoi=— = - : )
iy, SCuql s(gm]RICI)(alﬂ])

It is obvious that the parasitic gains o, and B, directly
deviate the value of the working capacitance C,. To
compensate for this, it can be governed by tuning the
appropriate value for the g, R, product. On the other
hand, the non-ideal equivalent impedance looking into
port 2 and ground can be approximately found as:

1

7 1
w=0
SC‘,,I 2 +[ R;x ] @)

1
F S(Rlclﬂz )(ngaZ )+(ﬂz = 1)(gmzaz )

’ Vs
Zeq2 Bl
L

From equation (7), due to the LT1228 non-ideal gains,
there is an extra undesired parallel resistance (R ) ap-
pearing in parallel with the non-ideal equivalent ca-
pacitance. The non-ideal equivalent circuit for this
case can then be represented as in Fig.3, where C, =
(RCB)G,,0,)and R =1/(B,-1)(g,,0.). Since a typical
value of R is of the order of hundreds of k2, the para-
sitic elements C_, and R introduce an extra pole at
low frequency, which restricts the operating frequency
range of the circuit. This effect on the frequency re-
sponse of Z_, will be shown in the following section.

’
Ceq?.
n .
] 1
’ <—
—— 0+
R

V]:0 b 4

Zqu

i—e
o

Figure 3: Non-ideal equivalent inputimpedance Z, ..

In practice, if the parasitic impedances at the corre-
sponding LT1228 terminals are taken into account, then
the practical circuit model of the LT1228 can be drawn
in Fig.4. At terminals p, n and z, there are the parasitic
resistances R, R, and R appearing respectively in par-
allel with the parasitic capacitances C, C , and C.. Their
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impedance values are theoretically equal to infinity. On
the other hand, the parasitic resistance R appearsin se-
ries at terminal x. By considering v, =0, theimpedance
of the designed capacitor with the consideration of the
parasitic element effects can be given by:

qul—l.}’- = ln = 1
U1 SC“I]
o8RG __ e _( g ] ®)
o i Ra
R

OL1

where R, R ., R, and C (i = 1, 2) are the parasitic ele-
ments R, R, R, and C_of the i-th LT1228, respectively.
For practical realization, R, and R  are typically very
large, yielding R, >> R_'and R >> 1. Therefore, an
equivalent capacitance C \=(g,,RC, -C,)is obtained
from equation (8). It is fur?her mentioned that there is
not any additional parasitic pole and zero due to the

parasitic elements, and the operating frequency limita-

tion can be expressed as: f<min [1/2n(g R .C, - C ).
) — ey % %P, "TherT |
|/ T |
| RP Gy 7 |
I - T I
o —4:;—{ >—o—o 0
p \ P Ideal Ror )
i |
; . LT1228 ‘ R i
no—ogl— n Z' N A O X,
I I
R (2
== n |
L= I Ré L :
I 2l 0 |
Y — — T | e L |
o
z

Figure 4: Practical LT1228 model with parasitic ele-
ments.

By defining v, = 0 and conducting relevantanalyses, we
can obtain the following expression for the non-ideal
impedance seen between terminal 2 and ground as:

Z,= 2 = L = 1
e i! vy=0 SCexll

s gmRC 54 &2 1 ©)

) 1+ R\: 1+ Rl)l.: Rl
R{)LZ er

where R, =R //R /IR, and C,=C +C +C,. Inequa-
tion (9), the negative terms exhibit non-ideal behavior
of the proposed capacitance simulator by introducing
a parallel resistive effect. Since R, ,>>R and R',>>1,
then equation (9) reduces to

88

Vi =
w=5er
o g,,RC _Cz’ (10)
1+ Ry
R

OL2

The consideration of the above effect implies that in
the frequency range of f<min [1/2n(g_R C,-C)], and
the inequality g _R,C, << C,, the simulator operates

practically as an expected ideal capacitance multiplier.

3-Computer simulation validation

To verify our proposed design, the circuit in Fig.2(a) has
been simulated in PSPICE program using the macro-
model parameters for the LT1228 provided by Linear
Technology Corporation [14], with DC supply voltages
of £5V. In simulations, the component values are taken
as: R, =1kQ, C,=50pFand/, =/, =1, =200 pA. From
equation (2), the transconductance gains are calculat-
edas: g, =9,,=9,,=2mA/N. Also, from the relation
in (4), the capacitance multiplication factor, and the
simulated equivalent capacitance are calculated as: K=
2 and C_ = 0.1 nF, respectively. The simulation results
for input signals v,,and i, of the proposed capacitance
multiplier are given in Fig.5, when a 1-MHz sinusoidal
signal of an amplitude 50 mV (peak) was applied as
an input signal. The phase difference between v,, and
i, was observed to be 86.77 leading, as against the
theoretical value of 90°. The corresponding frequency
responses are also given in Fig.6. The total power con-
sumption is measured to be 0.12W when v, and v, are
kept grounded.

Vid Iy
(mV) (pA)
704

N L T =
W SNALENA T T AR T
04 0 i i
I W Y Y]

20 25 3.0 35 4.0 45 50 55 6.0
Time (ps)

Figure 5: Simulation results for v,, and i, of the pro-
posed floating capacitance multiplier circuit in Fig.2(a).

In order to evaluate the impact of the unwanted para-
sitic resistance R, the frequency responses of the non-
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ideal equivalent impedance Z, , (Z_, = v,/i,) when v,
=0 are depicted in Fig.7. It is observed that, at low fre-
quency range between 1 kHz and 20 kHz, R, mainly
causes drop of the magnitude response of the Z_,
and also some deviates in phase response as depicteeé.
However, some circuit techniques which reduce the
parasitic impedance effects can be applied in the pro-
posed capacitance multiplier circuit to improve the fre-
quency performance [21]-[23].

Zy| [ Zy
@ (dogee)
100M 180

1M 90

10k 0

Frequency (Hz)

Figure 6: Expected and simulated frequency responses
of the proposed floating capacitance multiplier circuit
in Fig.2(a).

Bl Yoz
@ (degiee)
100M 2 Hi B bt
M 180>
i
10k 90
100
1
V"
el I H i
10m -15 i
1k 10k 100k M 10M 100M

Frequency (Hz)

Figure 7: Frequency responses of the non-ideal equiv-
alentinput impedance Z, , in Fig 3.

The adjustability of the proposed capacitance multi-
plier circuit is assessed by tuning the capacitance mul-
tiplication factor (K= g, R,), and also shown in Fig.8.
Variations of C  against g, and R, are demonstrated
as examples. The C_ tuning with g _ (varied from 0.1
mA/V to 10 mA/V) while keeping R, constant at 20 kQ
is shown in Fig.8(a), whereas the results in Fig.8(b) are
obtained by setting g_fixed at 10 mA/V and varying R,
from 0.5 kQ to 20 kQ. It is evident from the results that
the simulated capacitance value C, can enhance up to
approximately 200 times with the maximum errorin all
cases less than 10%.

Fig.9 shows the temperature analysis results of the pro-
posed capacitance multiplier circuit in Fig.2(a), where
the ambient temperature is changed from 0°Cto 100°C
in the step of 20°C. From Fig.9, the simulation results
demonstrate that the magnitude response has deviat-
ed with a variation of -8% ~ +22% over the temperature
range of 0'C to 100°C.

21
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180 —Slmululcd{ s ¢, = 1 nF
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Figure 8: Variation of C_ with the multiplication factor
(K=g,R):(@)g, =01mA/Nto 10 mA/NV ([, =10 uA to
1000 pA) and R, =20 k2; (b) g, = 10mA/V (I, = 1000 uA)
and R, =0.5kQ to 20 kQ
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Figure 9: Temperature analysis results of the proposed
floating capacitance multiplier circuit in Fig.2(a).

4 Experimental Evaluation

In the experimental evaluation, the availability of the
proposed floating capacitance multiplier circuit in
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Fig.2(a) has been verified in the laboratory using off-
shelf IC's LT1228 [14] under +5V supply voltages. All
experimental measurements were performed through
Keysight EDU-X 1002G oscilloscope and HP4395A im-
pedance analyzer. To perform the experimental test,
the components used have been: g =2 mA/V (/,= 200
UA),R, =1kQ,and C, = 50 pF, yielding C_ = 0.1 nF.
Fig.10 shows the measured input waveforms v, and i,
of the proposed circuit in Fig.2(a), when the input sig-
nal is 100 mV peak-to-peak at 1 MHz. The phase shift
between v, and i, obtained from this experiment is
measured as 86.8". The corresponding frequency re-
sponses of the equivalent input impedance Z_are also
represented in Fig.11. It appears from Figs.10 and 11
that the proposed circuit behaves as a lossless capaci-
tor as expected.

DU 10025, CN57290155 Frilow 131454292020
1 2]

L

: A
t Vid i hcquintion.
Pveraging 512
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Channels” .=
1001

1.00:1

Figure 10: Measured time-domain behavior of the pro-
posed floating capacitance multiplier circuit in Fig.2(a).

So as to survey the electronic tunability of the capaci-
tance multiplier circuit, the measured magnitude and
phase responses with three different values of g_ (i.e.
g,,=0.5mA/,3mA/V,and 5mA/V) are shown in Fig.12.
These results were obtained by taking R, = 1kQ and C,
=50 pF. This tuning process leads to obtain K = 0.5, 3
and 5 (Ceq = 25 pF, 0.15 nF, and 0.25 nF), respectively.

On the other hand, the magnitude-frequency respons-
esof Z, for different values of R, are depicted in Fig.13.
In Fig.13, settingg = 1mA/Vand C, = 50 pF, and differ-
ent values for R, as 5 kQ, 10 kQand 20 k<, results in the
theoretical equivalent capacitances of C_ =0.25 nF, 0.5
nF, and 1 nF, respectively.

5 lllustrative application

In this section, illustrative applicability of the proposed
floating capacitance multiplier given in Fig.2(a) has
been considered. It may be utilized in the implementa-
tion of the second-order RLC voltage-mode band-pass
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Figure 11: Measured frequency behavior of the pro-
posed floating capacitance multiplier circuit in Fig.2(a).
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(BP) filter as shown in Fig.14. The transfer function of
thefilter can be given by:

Vouls) _ Ly an
V. (s
0 (8) ENESS .

Ly LBPCu/

The center frequency (o) and the quality factor (Q) are
respectively expressed below:

1
w, =27, = ——— (12)
LBPqu
and
1 L
Q = — | (=B (13)
RBP Ceq

As an example for the circuit simulation, the following
passive and active components were chosen as: R, =
33KkQ, L,,=1mH,and Ceq= 0.1nF (g, =2mA/N,R =1
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kQ,and C, =50 pF). The ideal and simulated frequency
responses of the filter in Fig.14 are exhibited in Fig.15,
in which the calculated and simulated values of f, are
found to be 503 kHz and 509 kHz, respectively. The
simulated frequency characteristics are in good agree-
ment with the predicted responses, thereby confirm-
ing the practical utility of the proposed capacitance
multiplier circuit. The corresponding frequency spec-
trum of the output voltage (v,,) of the BP filter is also
recorded in Fig.16, where the total harmonic distortion
(THD) values observed is well within 1.17%.

Floating capacitance multiplier
circuit in Fig.2(a)

ol
! Vout

(R

Rgp

Figure 14: Second-order RLC voltage-mode BP filter
implemented with Ceq from Fig.2(a).
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Finally, in order to inspect random deviations of the
BP filter center frequency due to the process and mis-
match variations, Monte-Carlo analysis simulation
has been evaluated with the same given parameters
that resulted in the frequency characteristic of Fig.15.
The simulations were performed 200 times with a 5%
Gaussian deviation of relevant g , R, and C,. The his-
togram of the center frequency is shown in Fig.17. Ac-
cording to statistical analysis results, the mean value is
at 522 kHz with a standard deviation of 9.4 kHz, cor-
responding to 1.8% deviation from the nominal value.
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6 Conclusive Discussion

This work is an attempt to present a practical realiza-
tion of the tunable floating capacitance multiplier cir-
cuit using a commercially available ICLT1228. The syn-
thetic capacitance simulator is constructed with two
LT1228s, one resistor, and one capacitor. The electronic
tuning feature of the simulated floating capacitor can
be achieved by means of external bias currents of the
IC LT1228s. The communication further discusses a
second-order RLC voltage-mode band-pass filter to
validate the applicability of the proposed capacitor
simulation. PSPICE simulation and experimental re-
sults of the commercially available IC LT1228 are also
included to demonstrate the convincing characteristics
of the proposed circuit and its practical significance.

sample = 200
_______ mean = $22.374kHz. |
median = §22.573 kHz

\ minimum = 501 672 kHz
X maximum = 545,092 kHz
sigma = 9415 kHz

Number of Occurrences

a
500 505 510 515 520 5284 5530 535 540 545 550
£ (kTz)

Figure 17: Monte-Carlo analysis results showing the

deviation in the standard deviations of the BP filter
center frequency.
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Abstract: This paper proposes the design of a mixed-mode universal biquad configuration, which
realizes generic filter functions in all four possible modes, namely voltage mode (VM), current
mode (CM), transadmittance mode (TAM), and transimpedance mode (TIM). The filter architecture
employs two voltage differencing buffered amplifiers (VDBAs), two resistors and two capacitors, and
can provide lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS), and allpass (AP) biquadratic
filtering responses without any circuit alteration. All passive elements used are grounded, except
VM. The circuit not only allows for the electronic tuning of the natural angular frequency (w,), but
also achieves orthogonal tunability of the quality factor (Q). It also provides the feature of availability
of output voltage at the low-output impedance terminal in VM and TIM, and does not require
inverting-type or double-type input signals to realize all the responses. Moreover, in all modes of
operation, the high-Q filter can be easily obtained by adjusting a single resistance value. Influences
of the VDBA nonidealities and parasitic elements are also discussed in detail. PSPICE simulations
with TSMC 0.18-m CMOS process parameters and experimental testing results with commercially
available IC LT1228s have been used to validate the theoretical predictions.

Keywords: active filter; mixed mode; universal biquadratic filter; voltage differencing buffered
amplifier (VDBA)

1. Introduction

The design and synthesis of active frequency-selective filters have a very significant
role in the areas of continuous-time signal processing, instrumentation and measurement
applications, and wireless communication. In recent years, the design of general mixed-mode
universal biquadratic filters with input voltages and/or currents and output voltages and/or
currents has received a lot of attention from researchers. Considering the nature of input
and output signals, the filters can be classified into four possible modes, i.e., voltage mode
(VM), current mode (CM), transadmittance mode (TAM), and transimpedance mode (TIM).
The VM and CM operations perform frequency filtering behavior on voltage and current
signals, respectively. The TAM and TIM operations can be used as bridges for connecting a
VM filter to any of the CM circuits and vice versa. Accordingly, the mixed-mode universal
filters that provide all generic filtering responses in all four modes increase the versatility and
flexibility of practical filtering applications and requirements. Consequently, these filters are
worthy of investigation and research. Therefore, in the recent past, several structures realizing
mixed-mode universal biquadratic filters with a variety of high-performance active elements
have appeared in the literature [1-46]. Table 1 presents a comparative study of earlier-reported
mixed-mode universal filters based on various types of high-performance active components.

Appl. Sci. 2021, 11, 9606. https: / /doi.org /10.3390 /app11209606
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A deep investigation of the available literature reveals that several exemplary filter topolo-
gies introduced in [1,12,16,19,21,26,29,31,32,37,39,43,44] do not provide the different filtering
responses in all four modes of operation. In [1-7,9-13,17,18,20,25,27-30,32,36,38,40,41], they
require more than two active components for the design. The use of more active components
results in higher power dissipation and a large chip area. Additionally, a multitude of the
previously discussed mixed-mode filters [3-8,10,12,16,18,22,23,25,27,31,35,36,38,41,42,44,45]
employ an excessive number (at least five) of passive components. It has been observed
that the realizations of [3-8,12,14-16,18,21-24,26,27,31,33-35,37-39,41-43 45,46] still used some
floating passive components, which is unfavorable from integrated circuit (IC) implementation
viewpoint. To obtain various filtering responses or to change the operating mode, the designs
in [5,7,27,3242] need structural modification with a programmable switching technique. This
technique needs to employ some external switches, which practically lead to increasing switch-
ing noise. The filter structures given in [3-8,10,12,16,18,22,23,25,31,35,36,38,41] do not provide
the feature of inbuilt tunability of filter parameters. Furthermore, the important filter parame-
ters, i.e., natural angular frequency (w,) and quality factor (Q), for the circuits [1,5-7,12,13,15-
17,19,20,23,30,33,34,37,38,41] are interactive. Although the circuits of [4,13,22,25,27,30-32,38]
allow the realization of different functions of the universal filter with the same topology, they
employ two different types of active components, which are not modular, and increase the
complexity of the resulting circuit. In other works [8,16,19,24,26,33,39,43,45,46], some mixed-
mode universal filters based on a single active element were previously reported. However, the
active devices used for these realizations are complex active components, resulting in a com-
plicated internal structure [8,24,33,39,43,45,46]. Furthermore, the single active element-based
filter circuits [16,26,39,43] function only in dual modes of operation. Therefore, it should be
concluded that the filter structures presented in [1-46] suffer from one or more of the following
disadvantages: (i) inability to realize various filtering responses in all four possible modes;
(ii) use of a greater number of active components; (iii) use of an excessive number of passive
components; (iv) use of ungrounded passive elements; (v) need of some external switches; (vi)
lack of built-in tuning capability; (vii) inability to control w, and Q independently; (viii) use of
a complex active building block; (ix) need for inverting-type or double-type input signals.

Due to its simple structure, versatility, and CMOS integrability, the voltage differ-
encing buffered amplifier (VDBA) is an alternative and suitable active building block for
biquad filter solutions [47]. Interestingly, the internal circuit architecture of the VDBA
block consists of an operational transconductance amplifier (OTA) and a voltage follower
(VF) [48,49]. This simple circuitry implementation leads to low power consumption and
small chip area requirements. Therefore, in this work we adopt the advantages provided
by the VDBA device to design a mixed-mode universal biquad filter. The designed filter
topology possesses the following salient properties: (i) use of a reasonable number of active
and passive elements (i.e., two VDBAs, two resistors, and two capacitors); (ii) capabil-
ity of realizing universal biquadratic filter functions in all four modes; (iii) employment
of all grounded passive elements, except for VM; (iv) exhibits inbuilt tuning capability;
(v) noninteractive control of Q; (vi) low-outputimpedance for VM and TIM operations. The
functionality of the circuit has been evaluated through simulation results based upon TSMC
0.18-ym 1P6M CMOS technology parameters, and furthermore through the experimental
measurements of the commercially available integrated circuit (IC), LT1228. Additionally,
all properties of the proposed mixed-mode filter are mentioned and compared with the
previous related works in Table 1. Furthermore, Table 2 presents a comprehensive com-
parison illustrating the superiority of the proposed mixed-mode universal filter over the
earlier reported relevant VDBA-based biquad configurations [50-58]. As can be observed,
no earlier VDBA-based filter realization can be operated in all four modes of operation.
The passive components used for their realizations are all floating. Although the works
proposed in [54,56] use a single VDBA as an active element, they suffer from operating in
only a single mode and using at least four floating passive components.
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The paper is organized as follows, Section 2 describes the VDBA. The proposed
mixed-mode universal filter is proposed in Section 3. The non-ideal gain effect, sensi-
tivity performance, and parasitic impedance effect are investigated in Sections 4 and
5, respectively. The simulation results are given in Section 6, while the practical circuit
implementation and the experimental results are presented in Section 7. Finally, the paper
is concluded in Section 8.

2. VDBA Description

The electrical symbol of the VDBA is shown in Figure 1. The defining characteristic of
the VDBA can be described by the following matrix equation:

,’ ip “ " 0 0 00 } " vp "

in 0 0 00 Uy

iz - a&gm  —A&m 00 v ¢’ @
bow] - L0 o] L]

where gy, is the transconductance gain of the VDBA. The transconductance g, as usual, can

be tuned by a bias current or voltage, thereby imparting tunability to the structure. Further,

« and f are the non-ideal transconductance gain and nonideal voltage gain, respectively.

These non-ideal gains can be defined as a = (1 + &) and p = (1 + €p), in which the tracking

errors are identified as ¢y | << 1 and | & | << 1. Accordingly, the values of « and p are
ideally equal to unity.

¢ i
14 w
Yy oo <Y p W —oVy
i VDBA i
n z
Vn o———— ' n Zl =—t=—+2ol Vs

Figure 1. Electrical symbol of the VDBA.

As mentioned above, the VDBA block comprises two essential circuit blocks: an OTA
and a VF [47,48]. The simple CMOS implementation of the VDBA used in this work is
shown in Figure 2, in which the OTA consists of transistors Mj-Mg; and it is followed by a
VEF formed by transistors M;—M4. A pair of diode-connected PMOS active load (M3-My) is
driven by a source couple pair (M;-M>). The transconductance gain (g;) of the OTA stage
can be externally tuned by the bias current (Ip), as described by the following expression:

W
Sm = Ky (T) Ig, (2

where K;; = 1,,C,y is the transconductance parameter, and (W/L) is the ratio of the width-
to-length of the transistors M1 and M. Note from Equation (2) that the transconductance
gm is electronically adjustable utilizing Ip.

Further, the voltage drop across the grounded impedance at terminal z (v;) is then
conveyed to the w terminal with a unity voltage gain by the VF. Thus, the negative-feedback
loop established by M7-My; provides a very low output impedance at the w terminal. For
the simulation purpose, the TSMC 0.18-ym level 7 CMOS model parameter has been
employed, where the transistor aspect ratios are given in Table 3.
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Figure 2. Possible CMOS realization of the VDBA.

Table 3. Transistors’ aspect ratios in Figure 2.

Transistors W(pm)/L(pm)
M;-My, Ms, M7-Mg, Myo-Mis 24/0.18
M3, Mg, My 5/0.18
My, My 5.2/0.18
Mg 3.25/0.18
Mn 10/0.18

3. Proposed Mixed-Mode Universal Biquad Filter

The proposed configuration, which is realized by two VDBAs, two resistors, and two
capacitors, is shown in Figure 3. It is important to note that, in this realization, the resistors
R; and R; are permanently grounded. From the proposed circuit in Figure 3, the universal
biquadratic filter operated in all four possible modes is available as follows.

i Va(TIM)
m
iy i

vDBA [ |

0 _-]-Ta im»l% G Ry iliﬁp

Vi V2 V3

p W ——oVour

I—AA—4
=
-
o8
>
N

Figure 3. Proposed mixed-mode biquadratic filter using VDBAs.

> For VM operation: Assuming ideal VDBA (i.e., « =B =1) and setting i;,, = 0, the general
voltage biquadratic transfer functions of this MISO filter can be obtained as follows.

o With v, = v (input voltage) and v = v3 = v4 = 0 (grounded), then the LP response

is realized as:
81111%'"2
_ Dout ( 16 )

Tipivmy = = D) (3)

Uin
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o Withv;, =0y, v1 =v3 =v4=0, and g2 = 1/R2, then the BP response is realized

as:
g(mz
S
Vout ( z)

Vi D(s) *

Tp(vm) =

“
o  Withv;, = vy, and v; = vy = v3 =0, then the HP response is realized as:

Uout _ S

Tupiwvmy = = D) 5)

Uin

e  Withv;, = v; = vy, and vy = v3 = 0, then the BS response is realized as:

2 & &m2
Vout ik ( GG )

Tpsivmy = % D) (6)
o With v, = vy = v3 =10y, v =0, and g2 = 1/Ry, then the AP response is realized
as:
2 8m2 &1 &m
T Do S NE)s+ (%882) @)
AP(vM) T T D(s) -
where
D(s) ="+ ( stcz) ¥ ( 3——2@?) . ®

Under appropriate conditions, the proposed circuit realizes all five generic bi-
quadratic filter responses at vy, which are taken from the w-terminal of VDBA2.
Thus, the voltage output of the circuit has a very low output impedance, which
is suitable for VM cascadability. Moreover, in this MISO configuration, there
is no requirement for negative and double input voltage signals to realize the
desired filter responses.

For CM operation: If vy = v, =v3 =24 = 0 (grounded), the CM biquad transfer functions
for this SIMO filter, attained from the circuit analysis of Figure 3, are given by

A _ 8m1&m2
Lp Ho( G )

Tipemy = = = Sy ©)

Lin

& Jfs)
Tepcmy = 2r 4 Dz(;) ; (10)

Tin

and .
igp S
'y = = —, 11

HP(CM) » PIO) 11)
where H is the passband gain equal to 1/g,2R;. Additionally, for Ry =1/gu2, the
BS current response can be realized by connecting the appropriate output currents
as ipg = igp —igp. In the same way, the AP response can also be obtained by the
interconnection of LP, BP, and HP responses as iap = igp —ipp —iLp.
For TAM operation: With v, = v3 and v1 = v; = v4 = 0, then we obtain the TAM filter
functions as follows:

T B -ILP_ Hl(&n:énzvz) (12)
Ldam): = Uin N D(S) !

B _ i _ ~to(nis) (13)
BP(TAM) D(S) ’

Tin
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in —stz

T, . g 14)

HP(TAM) = 3 - D(s) (

s ; 2 nil
T, _ (ILP—IHP) _ Hz(s + 16 z) 15
BS(TAM) = T = D(s) / (15)
and
. 5 s G S

T _ (itp+ipp —igp) HZ(S Rt Rlclcz) 16
AP(TAM) — Uin B D(s) ’ (e)

Equations (12)—(16) represent the TAM filter functions of the LP, BP, HP, BS, and
AP responses with controllable passband gains, respectively. Gain constants can be
defined as Hy = 1/R; and Hy = gmp». It should also be noted from Equations (15) and
(16) that a simple component matching condition (Ry = 1/gyu) is required in the case
of BS and AP filter realizations.

> For TIM operation: With all input voltages kept grounded (v; = v3 = v3 = v4 = 0),
the configuration in Figure 3 now works in TIM. For this operation, the circuit will
realize only two LP and BP biquad filter functions without the requirement of any
component matching constraints. The TIM transfer functions related to the outputs
vout and Vo(7yp) Of the circuit are given by

(1 L 8m2
%o(TIM) (FE>( -z)

Teprivy = A D) 2 17)
and
£ Vout _ H3(R;cz> (18)
By = T D
where Hz = R;.

In all the above working modes, the important filter characteristics w, and Q according

to Equation (8) are found as:
- o Sm18m2
Wo= 27 fo) = ,/——CICZ ; 19)

Q=R [gml%uZCZ' (0)
1

Inspection of Equations (19) and (20) reveals that the characteristic frequency w, can
be tuned electronically through the transconductance g, (i = 1, 2) of the corresponding
VDBA. Moreover, the filter parameter Q is independently controllable by the R>. Hence,
the high-Q filter could be conveniently obtained by simply adjusting a single resistance R,.

and

4. Analysis of the Non-Ideal Gain Effect and Sensitivity Performance

Considering only the influence of the non-ideal gains (« =p # 1), the characteristics
wo and Q of the proposed filter will be modified as:

_|maefigmgm
Wo = 7C1C2 ’ (21)
Q =Ry /0»'1“2,3138:;18":2(:2' 22)

where a; and B; (i = 1, 2) are the parameters a and p of the i-th VDBA, respectively.

and
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The sensitivity analysis of w, and Q with respect to active and passive components is
also carried out, and the calculation results are obtained as:

Ser = Su = Spl = Sph = Sgms = % 23)
S¢p =S¢ = —él (24)
R = —af -8l ~5 25)
and
9=, 58 = 58 - . 6)

It can be easily deduced that all the sensitivity coefficients of w, and Q are not greater
than one in all four modes of operation.

5. Analysis of the Parasitic Impedance Effect

In this section, the effect of various parasitic impedances of the employed VDBA on
the performance of the proposed mixed-mode universal filter in Figure 3 is to be analyzed.
In practice, the non-ideal VDBA model with its various terminal parasitics is represented
in Figure 4. It appears that the finite parasitic resistances and capacitances at the p, n, and z
terminals are in the form [R,/ /(1 /st)], [Ri//(1/5Cy)], and [R.//(1/5C)], respectively,
while the low-value serial resistance (Ry,) appears at the w terminal. Ideally, these parasitic
values are assumed to be R, =R, =R; =00, Ry, =0,and C;, = C, = C, =0. Under the effect
of these parasitics, the non-ideal denominator of all transfer functions in all four working
modes becomes:

Dn(s) 2(52 R3R:1 €'1C'y +5Ra C'y1+s R C’2+1) (5R101C;72+1) + &m1&m2 R'3R:1, (27)

where R'; =Ry // Rsp // R, C'1 = Cp + Cz1, and C'y = Cp + Czp + Cyyy. Equation (27)
illustrates that the order of the filter function is modified due to the parasitic pole Wit/
(Le., Wpapsite =1 /Rw1Cy2). However, this effect can be diminished if the proposed circuit is
designed to operate at a useful frequency much less than Wpapasite OF under the following
condition: w << 0.1 Wpgrasite- As the term (sRq1Cp + 1) is made close to unity, Equation (27)
can be further simplified to

o 1
Dy(s) = 8§24 ( ! + ! )S + (gmlgmz Rk ) 3 (28)

R>C,  RnCh C'i€ls

2

C

=

-
'
'
'
'
'
|
'
'
'
'
'

s L
b [

£2 Ideal :

VDBA

n : n' Z’ : Z
'R, c R. c |
%f I I

Figure 4. Non-ideal equivalent circuit of the VDBA.

From Dj(s), the expressions for w, and Q in the presence of parasitic impedances are

thus obtained as:
1
Sm18&m2 + RLR.
w, = ﬁ —oo, 221 (29)
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Q= R'3R,; C'y (gmlgmz &= T’;Rj) Ch 30)
RnCh1+ R2C ch ’

Therefore, it may be concluded that the parasitic effects on the w, and Q would be
alleviated if the following designs must be satisfied:

maximum (R1, Rp) << parasitic resistances (Ry1, Rp2, R:2), (31)

and
minimum (Cy, C;) >> parasitic capacitances (Cyq, Cz1, Cz2). (32)

6. Simulation Results

The functionality of the proposed mixed-mode universal filter in Figure 3 was val-
idated by the PSPICE circuit simulation program. The VDBA was modeled using the
CMOS structure mentioned in Figure 2 with £V = 0.75 V and I4 = 15 pA. In all simula-
tions, the capacitor values were chosen with C; = C; = 50 pF. The circuit was designed
for f, = w,/2m = 1.52 MHz and Q = 1; the active and passive components were chosen as:
Sm1 =gm2 =048 mA/V (Ip1 =1Ip2 = 50 uA), and R1 = Ry = 2 k(). Figures 5 and 6 illustrate
the ideal and simulated LP, BP, HP, BS, and AP frequency responses for VM and TAM
(i.e., when the input is voltage), respectively. Figure 7 shows the ideal and simulated LP,
BP, and HP gain responses for CM and LP and BP in TIM (i.e., when the input is current).
The simulated f; of the BP filter was measured as 1.44 MHz, which is an error of 5.26%
concerning its theoretical value. The simulation results of Figure 6 also show that the
passband gain Hj of the LP response for TAM is obtained as —66 dBS, which depends on
Hi =201logyo (1/Ry). Similarly, the passband gains H> for BP, HP, BS, and AP responses are
the same as the gain H, of the LP filter because of H, = 20 log1g (§m2) due to gma = 1/R;.

To examine the transient behavior of the proposed filter, the LP, BP, and HP responses
were carried out for the VM operation. The sinusoidal input voltage of 50 mV (peak) ata
frequency of 1.52 MHz was applied and the corresponding output current waveforms are
given in Figure 8. As can be monitored, the phase differences between the input and LP,
BP, and HP outputs are found to be —92.73°, 5.45°, and 87.29°, which are consistent with
ideal values equal to —90” 0?, and 90°, respectively. The percentages of the total harmonic
distortion (THD) for the three filter outputs are 0.22% for LP, 1.12% for BP, and 0.64% for
HP. In addition, the THD variations of the LP, BP, and HP output voltages on the input
signal amplitudes are also shown in Figure 9. It is shown that when the applied input
signal amplitude increases by 100 mV (peak), the THD values are within 2.2%. Through
the simulation results, the circuit has a total power consumption of 0.373 mW.

As indicated in Equations (19) and (20), the parameters w, and Q of the proposed
filter can be set orthogonally. Figure 10 shows the Q-factor adjustability of the BP responses
in VM for various values of R;. In this case, the Q-factors are set as 0.5, 2.4, 9.5, and 95.5
with the R value of 1k(), 5k(), 20 k), and 200 k(), respectively. The results demonstrate
that the high-Q tuning can be achieved by adjusting R, without influencing f,. Figure 11
represents the VM gain responses of the BP filter for three different values of Ig and Rj.
The BP filter is designed for f, = 1.12 MHz, 2.15 MHz, and 3.72 MHz, while keeping Q
fixed at 9.5. Table 4 gives the component values used in Figure 11 and the corresponding
calculated and simulated f,.
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Table 4. Details of component settings used to obtain a specified f, in Figure 11.

Ip =Ip1 =1Ip2 &m = &m1 = &m2 R, fo (MHz) Deviation
WA (mA/V) (k) Ideal Value  Simulated Value i fo.(%)
30 0.37 257 112 1.09 2.67
100 0.67 14 215 224 418
300 1LAF 8.12 3.72 3.52 5.38

Gain  Phase
30

(dBV) (degree)
30 100 .
; 0 50
A Y 1
g
B S
& -30 0 il
5) N
s 1N
60 =50 \
“‘ | —o— Gain
5, i ! T L ot "‘lé —s— Phase
ik 10k 100k M 10M 100M 1G —901 ~100 ] WS i i
Frequency (Hz) 1k 10k 100k M 10M 100M 1G
Frequency (Hz)
@l (b)

Gain  Phase
(dBV) (degree)
40 O

—e— Gain
20 90 —¥— Phase |}
07 —=180
204 =270
401 -360
60 =450, — :
Tk 10k 100k ™M 10M 100M 1G
Frequency (Hz)
()

Figure 5. Ideal (dashed line) and simulated (solid line) frequency responses for VM: (a) LP, BP and HP; (b) BS; (c) AP.
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—a— HP B
_lSO - \! Y
1k 10k 100k IM 10M 100M 1G
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Figure 6. Ideal (dashed line) and simulated (solid line) frequency responses for TAM: (a) LP, BP and
HP; (b) BS; (c) AP
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Figure 7. Ideal (dashed line) and simulated (solid line) frequency responses for CM and TIM: (a) LP,
BP, HP in CM; (b) LP and BP in TIM.
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Figure 8. Transient analysis responses of the proposed filter in VM.
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Figure 9. THD variations of the LP, BP, and HP output waveforms in VM.
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Figure 10. Simulated BP gain responses in VM for variation in Q with f, = 1.52 MHz.
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Figure 11. Simulated BP gain responses in VM for variation in f, with Q =9.5.
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To study the effect of temperature variations, the proposed filter was analyzed under
various ambient temperatures. Figure 12 demonstrates the simulated frequency responses
of the AP filter in VM for different temperatures (0 °C, 20 °C, 50 °C, 75 °C, and 100 °C).
At the natural angular frequency f, = 1.52 MHz, the simulation results show that the gain
and phase responses lie within the range of —1.3 dBV to 2.7 dBV, and -184° to —228°,
respectively. This variation does not have a strong effect on the gain and phase responses
of the circuit. The noise behavior of the proposed filter versus the frequency has also been
evaluated, as shown in Figure 13. The output voltage noises of the BP filter at the frequency
of 1.52 MHz were found to be 20.50 nV/Hz!/2 for VM and TIM operations, while the
output current noises for CM and TAM were 8.45 pA /Hz!/2.

Gain  Phase
(dBV) (degree)
204 0
lOl =90
04 -180
=104 ~270
=201 ~360
=304 _-<450. i i BT 1 deid ;
1k 10k 100k M 10M 100M 1G
Frequency (Hz)

Figure 12. Simulated AP frequency responses for various temperatures (0 °C, 20 °C, 50 °C, 75 °C
and 100 °C).

257

8]

|4
=1
x

-

=

w

N

Output voltage noise (nV/Hz'?)
Output current noise (pA/Hz'"?)

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

Figure 13. Output voltage and current noises for the BP filters in VM, TIM and CM, TAM.

The Monte Carlo statistical analysis of the proposed filter is next performed to perceive
the effects of the passive component deviations on the filter performance. Statistical
analysis with 5% random deviation in both resistor and capacitor values was performed
simultaneously for 200 samples. The results for LP, BP, and HP responses in VM operation
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are achieved as in Figure 14. Additionally, the corresponding histogram demonstrating the
fo variations in BP output is shown in Figure 15. According to the statistical results, the
mean, median, and standard deviation were, respectively 1.50134 MHz, 1.49936 MHz, and
53.2151 kHz, which implies that the proposed filter exhibits a reasonable sensitivity figure
to the passive component tolerances. This further validates the robustness of the design.
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Figure 14. Monte Carlo statistical analysis results for LP, BF, and HP responses in VM.
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Figure 15. Histogram of f, distribution of the BP filter in VM.

7. Experimental Results

The features of the proposed mixed-mode universal filter configuration in Figure 3
were also verified by laboratory experiments using a commercially available IC LT1228
from Linear Technology [59]. Figure 16 shows the PCB realized for measurement purposes.
The supply voltage used was £5 V. The experimental setup of the proposed mixed-mode
universal filter utilizing the PCB board in Figure 16 is also shown in Figure 17. In CM and
TIM measurements, an additional AD844 and a conversion resistor Rc were employed to
perform the voltage-to-current conversion (V-to-I), where R¢ = 1 k(). On the other hand,
to obtain CM and TAM filter results, two AD844s and a resistor Rc were employed as a
current-to-voltage converter (I-to-V). The passive and active components were selected
as Ry =Ry =1k, C; = C, =100 pF, and g1 = gmz =1 mA/V (Igy = Ipp = 100 A, where
8&mi = 10 Ip;). As a consequence, the theoretical filter parameters for this design were
fo =159 MHz and Q = 1. Figure 18 shows the experimental measurements in the time
domain of the input and output responses in VM operation, for a 50 mV (peak) sinusoidal
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input voltage (v;,) at 1.59 MHz. The corresponding spectral analyses of the v,,; were also
measured, and the results are provided in Figure 19. The measured results indicate that the
THD figures for the LP, BP, HP, BS, and AP output responses were found to be 1.23%, 2.05%,
1.78%, 0.87%, and 2.04%, respectively. Hence, they have no significant distortion that
can be observed in our frequency range of interest. The experimental results of Figure 19
also show that the spurious-free dynamic range (SFDR) for the cases of LP, BP, HP, BS,
and AP were determined to be 40.70 dBc, 34.60 dBc, 38.07 dBc, 44.82 dBc, and 34.66 dBc,
respectively.

V-to-d 3 .
.......... .°........_, PCB of the proposad mixed-mode universal filter (Figure 16)

ADS44 |
v ¥
9 i l Vo T0 1)
n
n W P W f——0 Vo

Re VDBA n l( VDBA

2 T i
Cz_ilm- Ry ;Ellﬂr g

where

i = Vil Re:
Vo) = itpRe
Vogtr) = iapRc

' o VB!
Vosry = igpRe o)

Figure 17. Experimental setup for measuring the CM, TAM, and TIM filter results.

Furthermore, the ideal and experimental results of the frequency-domain responses
obtained from the VM, CM, TAM, and TIM filters are given in Figures 20-23, respec-
tively. The results of Figures 20-23 show that a good agreement between experimental
measurements and theoretical predictions can be observed, as desired. Additionally, the
experimental THD variations of the BP output in all modes of operation are plotted for
various input signal amplitudes at f = 1.59 MHz, as given in Figure 24.
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Figure 24. Measured THD values of the BP outputs for various sinusoidal input signals at a frequency
of 1.59 MHz.

8. Conclusions

In this work, a mixed-mode universal filter configuration has been proposed based on
only two VDBAs, two grounded resistors, and two capacitors. The proposed circuit is capa-
ble of realizing all five biquadratic filtering functions in VM, CM, and TAM operation. In
TIM operation, the circuit can realize LP and BP responses. The circuit satisfies the major ad-
vantages simultaneously such as (i) employment of grounded passive components, except
for VM operation; (ii) having electronic tunability for w,; (iii) independent controllability of
its quality factor; (iv) unemploying inverting-type or double-type input signals; (v) having
low output impedance for VM and TIM operations; (vi) low active and passive sensitivity
features. The high-Q filter can be easily achieved through a single resistance adjustment.
The mathematical analyses such as non-ideal gains, sensitivity performance and parasitic
analysis along with the numerical simulation results and experimental measurement results
are shown, in order to strengthen the design idea.
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Symbols
The following symbols are used in this manuscript:
& non-ideal transconductance gain
B non-ideal voltage gain
£« tracking error of transconductance gain
€ tracking error of voltage gain

transconductance parameter of the transistor

Hn mobility of the carriers

Cox gate-oxide capacitance per unit area
W effective channel width

L effective channel length

Q Ohm

dBV voltage decibel

dBA ampere decibel

dBS siemens decibel

dBQ Ohm decibel

dBc decibels relative to the carrier

V/HzY2  the unit of a noise voltage
A/HZ! /2 the unit of a noise current
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This paper describes the practical realization of electronically
adjustable voltage-mode universal filter with three inputs and
single output (TISO) using the commercially available integrated
circuit  (IC)-based voltage differencing buffered amplifiers
(VDBAs). The realization is resistor-less and contains only two
VDBAs and two capacitors. The described filter structure can
realize all the five standard biquadratic filter fimctions firom the
same configuration without needing any component matching
criterions. 1t also exhibits low-output impedance, which enables
Jfor easy cascading in voltage-mode operation. Owing to practical
VDBA realization, the filter circuit can be easily made
electronically tunable with orthogonal w,Q tuning. The effects of

the VDBA non-idealities on the filter performance have been
analvzed in detail. To prove the theoretical finding, the
performance of the studied circuit was also experimentally
measured using the operational transconductance amplifier
CA3080 and the operational amplifier LF356 ICs.

1 Introduction

In the area of analog signal processing and circuit design, considerable amount of literature has been paid
to the implementation of the active filters using a variety of analog active building blocks (ABBs). In 2008,
among various types of analog ABBs, the voltage differencing buffered amplifier (VDBA) and its applications
for signal generations were introduced [1-6]. The VDBA belongs to a group of modern ABBs so-called voltage
differencing units (VDUs), and it is a voltage counterpart of the conventional cuirent differencing buffered
amplifier (CDBA) [7]. In the VDBA, the differential input voltage, rather than current as in CDBA, is
converted to the current flowing through the terminal z by the transconductance gain. The voltage across the
terminal z is then transferred to the voltage at the terminal w. Since the VDBA is composed of a
transconductance amplifier followed by the voltage buffered amplifier, this active element is quite suitable for
applications in voltage-mode filters with electronically adjustable property. From considerable literature
survey, it is found that several specific realizations of active filter using the VDBAs as ABBs have been
reported [8-11]. The circuit of [8] uses only two VDBA components and two floating capacitors to implement
voltage-mode universal biquad filter configuration with the three inputs and single output (TISO). Other TISO
voltage-mode filter in [9] needs a floating resistor for its realization. In [10], n®order transfer function
synthesizers can realize only general n™-order allpole lowpass voltage responses. As also reported in [11], it is
focused on the signal-flow-graph synthesis of general n®-order voltage transfer functions using the VDBAs.
However, all the above mentioned solutions utilize the VDBA element based on different technologies like
CMOS or BiCMOS, which are not commercially available and accessible in general. Therefore the behavior
of the previously developed circuits has been only evaluated by computer simulation results. Also, as noted in
[12], the employment of commercially available ICs is of practical advantage for such designs.

" Corresponding author
E-mail address: worapong.ta@kmitl.ac.th



248

N. Roongmuanpha, T. Pukkalanun, W. Tangsrirat: Practical realization of electronically... 77

This communication deals with the practical TISO voltage-mode universal biquadratic filter realization
using recently popularized VDBA elements. The design shows a simple realization for VDBA using
commercially available chips. The realized TISO filter requires only two VDBAs and two capacitors and
generates all the five standard second-order filter signals namely, lowpass (LP), bandpass (BP), highpass (HP),
band stop (BS) and allpass (AP) with no need to impose component choice. The natural angular frequency
(w,) and the quality factor (Q) of the proposed TISO filter can be tuned electronically and orthogonally. As
desired, the output voltage is obtained at the low-impedance-output terminal, which results in cascadability.
The practical consideration due to the non-idealities of the VDBAs has been discussed. To examine the
experimental measurements, the filter is realized with commercially available active devices operational
transconductance amplifier (OTA) CA3080 and JFET input operational amplifier (Op-Amp) LF356.

2 Description of the VDBA and its practical realization

The symbolic notation of the VDBA is illustrated in Figure 1, where p and n are differential voltage input
terminals, z is the cuirent output terminal and w behaves as the voltage tracking terminal. Using the standard
notation, the ideal terminal characteristics for the VDBA can be expressed by the following matrix expression:

i, 0,/ 0 1, 0-0][V,
iy [0 000k, -
i &n~=8m | 00, (1"
sl |\ 0" 7¥0 + RGOl flwim

where g, is an effective small-signal transconductance gain of the VDBA. In general, the transconductance
gn can be tuned by extemally supplied DC current providing the possibility of electronic tuning of the VDBA-
based circuit’s parameters. In the above expression, the differential input voltage applied across the p and n
terminals (v - v») is converted as a small-signal output current i. to the high-impedance terminal z. Here, a
voltage drop at this z-terminal (1:) is then transferred to the output voltage vy, via a buffered voltage amplifier
with unity amplification gain.

[} Iy
> P W 3
30 P W ——OVw
i VDBA i
n z
Vn o—— n Z oM

Figure 1. Electrical symbol of the VDBA.

Although the VDBA element is not commercially available as off-the-shelf ICs yet, nevertheless, it can be
realized by using other commercially available IC components such as OTA and OA. Figure 2 represents the
conception of the VDBA element for practical purposes constructed from commercially available IC devices.
In this construction, there is OTA CA3080 by Intersil [13] and Op-Amp LF356 by Texas Instruments [14].
Thanks to the manufactured OTA, an electronic controllability of the transconductance g, is easily possible,
in which its value is in linear dependence on the external DC biasing current /z. In this case, the value of g
is determined by:

B4, 2073, (2)
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Figure 2. Practical VDBA realization with commercially available CA3080 and LF356 type ICs.

3 Practical TISO electronically adjustable universal filter realization

The realization of an electronically adjustable universal filter with the three input and single output
terminals is shown in Figure 3, which consists of the two VDBAs and two floating capacitors C; and C». Since
the circuit uses only two capacitors as passive components, it is resistorless structure. Through nodal voltage
analysis, the output voltage for this TISO filter can be expressed mathematically as:

s2C1C2V3 +5C18oVs + €&
D(s)

Vou(s )= (3)

where D(5)=5"C,C, +5C,&,r + 8182 4)

and g, (i = 1, 2) is the transconductance gain associated with the i-th VDBA.

From the above relations. it can be concluded that

(1)if 72 = V3 =0 (grounded) and ¥ = input signal voltage, then the lowpass filter (LP) is realized with Vou/ V1
(2)if V1= V3= 0 and V> = input signal voltage, then the bandpass filter (BP) is realized with Vo./V>;

(3)if 71 =V>=0 and V3 = input signal voltage, then the highpass filter (HP) is realized with Vou/V3;

(4)if 72 =0 and V3, = V1 = V3 = input signal voltage, then the bandstop filter (BS) is realized with Vou/Viu;
(5)if Vin= V1= -V> = V3, then the allpass filter (AP) is realized with Voud Vin.

Therefore, all the five generic biquadratic filtering functions can be obtained at the ¥, output terminal of
the proposed filter in Figure 3. Owing to the output terminal ¥, is directly taken from the terminal w of the
second VDBA, the proposed filter exhibits the advantageous feature of low output impedance. Note also that
there is no any matching component choice for each filter realization.

Vho——— p z
Cy
vio—]|

Vso—llcll— z )

e

Figure 3. Proposed electronically tunable universal filter.

—0V it

According to eq. (3) and (4), the natural angular frequency (@,), and the quality factor (Q) of the filter are
obtained as, respectively:

w, =27y(;, = Em&m2 (5)
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and 0= ’ &mCy
N &G (6)
From the above expressions, they reveal that the w,—~value can be adjusted without disturbing the O—value
by setting the ratio of (gmi/gm2) or (C»/Cy) invariant. Similarly, the parameter O can also be tuned independently

from the parameter @, by keeping the product of (gmigm2) or (C1C>) invariant. Therefore, the mentioned TISO
configuration of Figure 3 has orthogonal controllability for the important filter parameters @, and Q.

4 Non-ideality effect and circuit sensitivity analysis

For the practical consideration, the effects of the VDBA non idealities are to be considered. In case of the
non-ideal VDBA, its terminal characteristics given in eq. (1) can be rewritten as:

0 0

» 00| v,

i, 0 0 001,

i > lod ~ | v Q)
Zz g"l ag"‘ 0 0 1 F4

Yy 0 0 B 0|,

where &= (1 - &) and = (1 - &). Here, |&m| << 1 denotes the transconductance inaccuracy factor, and |& |
<< 1 represents the voltage tracking error from z to w terminal, respectively. The effects of the mentioned non-
ideal transfer gains of the VDBA modify the denominator D(s) of eq. (4) to

D(s)=s'C,C, + SC8 0y + 408,188 ®)

where ¢; and £, refer to the non-ideal parameters oz and /£ of the i-th VDBA. In this case, the @, and Q of the

filter are now altered to
b = 40 513 €& m2
g CCy )
558>
and = (g ien 10
" 8,,C G0

The influence of variations in active and passive component values on the filter parameters @, and Q can be
determined by considering relative sensitivity coefficients, which are obtained to be as follows:

0, _ g% Lg% _ g0 _ g0 g0, = 11
Sal _Saz ——Sﬁl _Sﬁz _ngl _ng: =05 (1D
S =S¢ =5 (12)
0. 00 .00 00 .. ¢0: == 00 13
§2= 80 =Sl =50 = 58 =03 13)
o Q0
and g =—5¢,=-05 (14)

It can be easily verified from eq. (11)-(14) that all the above relative @, and Q sensitivities are independent
of the various circuit elements and equal to 0.5 in magnitude. Also note that, for the absolutely stable circuit,
the sensitivity values of all @, and Q will be no more than unity.
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S Experimental verification of the filter realization and discussions

In this section, the behavior of the filter realization given in Figure 3 has been tested by experimental
measurements using Agilent U803 1A triple output DC power supply, and KEYSIGHT EDUX1002G digital
oscilloscope. For practical implementation of the VDBA shown in Figure 2, the readily available OTA CA3080
and Op-Amp LF356 chips with 5V DC supply voltages have been employed. In all measurements, the
capacitor values were taken as: C; =C;=1nF.

0 1008, CHET2521 5 ity 03 S22432013 = : = % === = = S
- Frequency fesponse Analysis

| ! il ; 5 + M:‘ i o Gain, Phase us. Frequenay .
M0 LN e e o
A ! A | [T Ty 0 N AN
[P TN = - -
r/"' ,.x_f_../_,\ R t. A\ ) 20 3] e e 1
\ |/ A N YAANA N ‘\7/ ) Y S Nl S e ‘f“""—i' _ &0
. T o

50— L

. B |
VRV SN {1

L b &
| ! T 10k 100k oM
M(m w : -1.28dE, -B6 91° @ 48.26kH:

() ®

[ &
@
WisaN
N
Frequeney (Hz) | Gain(dB)
(o) 50 -31.250
o) 100 -79.375
® 150 -61.875
@ 250 -84.375

©
Figure 4. Experimental verification results of the LP filter in Figure 3. (a) time-domain responses (b)
measured gain and phase firequency responses (c) frequency spectrum.

As an example to design the filter with the following important characteristics: f, = 50 kHz and Q = 1, the
experimental component values were set to be: gm = gme = 0.31 mA/V (I =Ip = 15.5 pA). In time-domain
measurements, a 50-mV peak sinusoidal input voltage at the operating frequency of 50 kHz was applied to the
filter. The results of the experimental verification for LP, BP, HP, BS and AP filters are respectively depicted
in Figure 4-8. From these results, the errors in f, were measured to be less than 4.82%, and the measured total
harmonic distortion (THD) of each filter response is summarized in Table 1. It is, therefore, appeared that the
experimental results are found to be agreed with the theoretical values, and they verify the functionality of the
realized VDBA-based multifunction filter configuration.
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Figure 5. Experimental verification results of the BP filter in Figure 3. (a) time-domain responses (b)
measured gain and phase frequency responses (c) frequency spectrum.

Fraquenay Response Anaiysis

Gain, Phasa vs. Fracuency

12 b
ot = 1 by l;D

i
0 =
-0 LTL : T I 120
/T G ZON Tl :
20— b A &F i 100
a0 | I \‘! a0
0 I | 60
50 | PR 'ﬂl’h& 0
4 I i .
vl Tl Al 0
1.0kHe 10k 100k 1.0M

v 045dE 86 17° B 47 87k

Froquency GHa | Gain (dB)

(o) 50 .31.875
(&} 100 .75.000
(o} 150 -58.750
@ 250 -80.000
@ as0 -85.000

©
Figure 6. Experimental veryjication results of the HP filter in Figure 3. (a) time-domain responses (b)
measured gain and phase frequency responses (c) frequency spectrum.
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Table 1. THD of filter response.

Filter type THD (%)
LP in Figure 4 2.98
BP in Figure 5 1.09
HP in Figure 6 4.61
BS in Figure 7 0.94
AP in Figure 8 0.98
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Figure 7. Experimental verification results of the BS filter in Figure 3. (a) time-domain responses (b)
measured gain and phase frequency responses (c) frequency spectrum.

To demonstrate an adjustment of the f,—value without changing the O-value, the tuning BP characteristics
were observed by changing the supplied currents as depicted in Figure 9. For this purpose, the DC bias currents
of the VDBAs were adjusted for three different values. i.e., /s = Is1 = Ip = 12.5 tA (gm = 0.25 mA/V), 25 A
(gm = 0.50 mA/V), and 31.5 pA (gm = 0.63 mA/V), yielding f, = 40 kHz, 80 kHz, and 100 kHz at 0 = 1. As
can be recorded from Figure 9, the corresponding f, are obtained as: 38.74 kHz, 78.39 kHz and 98.25 kHz,
respectively. Figure 10 also shows variation of £, of the proposed filter on the external control current /.
Imperfections above these frequencies are attributed to the non-ideal gain effects and parasitic impedances of
the active devices and tolerance in nominal value of the capacitor in laboratory test results. However, the
proposed filter is proved to be realizable according to the experimental results despite subtle differences
observed in theory.
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Figure 8. Experimental verification results of the AP filter in Figure 3. (a) time-domain responses (b)
measured gain and phase frequency responses (c) frequency spectrum.
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Figure 10. Dependence of f, on bias current Ip.

6 Comparison with the previously published works

A comparison of the proposed universal filter with the previously similar works published in the literature
[15]-[17] is summarized in Table 2. It is observed from Table 2 that both circuits of [15-16] employ external
resistors, which are not desired for fully integrated circuit (IC) technology. The circuit of [16] also suffers from
the lack of electronic adjustability. Moreover, a DDCC (differential difference current conveyors) in [16] is
not available commercially. The work from [17] uses a non-canonical number of active elements, i.e. 6 OTAs
(operational transconductance amplifiers) and 2 MOS transistors. Accordingly, it suffers from high-power
dissipation and large chip area occupation in ICs. It should be mentioned here that the proposed circuit is only
the work that realizes an electronically tunable TISO universal filter using only the VDBA ABBs and
capacitors, no passive resistors and does not need any component matching conditions.

Table 2. Comparison of performance of the proposed circuit with other previously published works.

Parameter [15] [16] [17] This work
0.5-pm
Technology LT1228 MIETEC LM13600 LT1228
Supply voltages 5V iﬁ 3\\/,’ 5V +5V
No. of input 3 3 4 3
No. of output 1 1 1 1
Input impedance high high high high
Output impedance low low low low
: OTA=6
28 = = =
No. active elements LT1228=1 DDCC=3 MOS = 2 VDBA =2
; R=1 R=2 _ _
No. passive elements C=2 C=2 Cc=2 c=2
Matching requirement no no no no
Electronic adjustability yes no yes yes
Experimental results yes no no yes

7 Conclusion

This paper presents the practical possibility of realizing a voltage-mode biquadratic filter with three inputs
and one output employing the recently introduced active element named the VDBA. The practical VDBA is
realized with standard commercially available chips OTA CA3080 and OP-Amp LF 356. The presented circuit,
consisting of only two practical VDB As together with two capacitors, can realize the five standard biquadratic
filter functions all at a single low-impedance-output terminal, without requiring any element-matching
condition. It also exhibits the possibility of independent electronics changing of the natural angular frequency
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and the quality factor through the VDBA transconductances and has low sensitivity coefficients. The results
of breadboard implementation of the proposed filter are also accomplished to validate the theoretical analysis
and its practical significance.
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Abstract.

This article is an attempt to present a tunable floating capacitance multiplier using commercially

available integrated circuits, namely LT1228. The proposed design utilizes three LT1228s as active electronic
components and only one capacitor as a passive component. The multiplication factor of the capacitance
multiplier is electronically tunable via adjusting the external supply currents of the LT1228s. Besides, a careful
analysis of the parasitic element effects is also included. To verify the practical features of the proposed floating
capacitance multiplier circuit, several simulations using PSPICE program tool and extensive laboratory mea-

surements were performed.

Keywords. Capacitance multiplier; commercially available integrated circuit; impedance simulator;

electronic control.

1. Introduction

Over the years, analog system integration often needs large-
valued capacitors characterized by good linearity and
accuracy to be realized [1, 2]. However, the large capacitor
is impractical to implement in integrated circuit (IC) form.
This is due to the well-known fact that the implementation
of high valued capacitors has the drawback of requiring a
large silicon chip area. The common technique for solving
this problem is to employ a capacitance multiplier circuit,
where the small physical capacitance is scaled up by using
active and passive elements [3, 4]. In view of these cir-
cumstances, the employment of capacitance multipliers is
very useful for analog IC system design and fabrication
technologies.

To the best of the authors’ knowledge, the floating
capacitance multiplier configuration is more versatile and
flexible than the grounded ones. Therefore, in the past, a
variety of active floating capacitance multipliers have been
created with some active building blocks [5-11]. However,
careful inspection of the simulators reported in [5-7, 9]
reveals that they suffer from the use of an excessive number
of active and passive electronic components. Some of the
previously developed capacitance simulations do not
exhibit inbuilt electronic adjustability [7-9]. In the advent
mixed-signal systems, an inbuilt tuning feature is highly
desirable. Besides, the essential active components used in
the realization of [6-8, 10, 11] are not available

*For correspondence
Published online: 30 April 2022

commercially as a single IC package yet. As a conse-
quence, their behaviors can then be evaluated through the
simulation results only. In addition to obtaining the
experimental testing of their designs, these active compo-
nents have to be created by using off-the-shelf ICs. Very
few circuits are based on commercially available IC chips,
namely operational amplifiers, operational transconduc-
tance amplifiers (OTAs), and current feedback operational
amplifiers (CFOAs), in the form of an AD844 IC package
[5, 9-11]. However, different types of active components
are needed for the realization of [5, 10, 11], while the work
of [9] still suffers from the lack of electronic adjustability.

This paper attempts to design a floating and tunable
capacitance multiplier with a commercially available IC
namely LT1228. Since it consists of an OTA and a CFOA
in the same IC package, the LT1228 can be considered as
electronically controllable modular active element. The
design makes use of three LT1228s and only one capacitor.
With the introduction of the LT1228, the simulated
equivalent capacitance value of the resulting circuit can be
tuned electronically through controllable transconductance
(gm). The effect of the non-ideality feature of the proposed
capacitance simulator circuit is also discussed in detail. An
application example in the design of a simple second-order
RLC high-pass/notch filter implementation is provided.
PSPICE simulation tool and experimental measurements of
the commercially available IC LT1228 were performed to
confirm the practicability of the proposed floating tunable
capacitance multiplier circuit.
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2. LT1228

The LT1228 is a commercially available IC manufactured
by Linear Technology Corporation [12]. It contains two
amplifiers, namely an OTA and a CFOA, as shown in
package information in figure la. Since the OTA provides a
high-impedance differential input and a current source
output with wide output voltage compliance, the LT1228
implements electronic gain control with a voltage-to-cur-
rent converter whose transconductance gain (g,,) is directly
proportional to an externally supplied current. The CFOA,
having very high input impedance, is designed to drive low-
impedance loads with excellent linearity at high frequen-
cies, and therefore it is easy to interface the output of the
OTA to other circuitry. As a result of its ideal operation, the
behavior model and electrical symbol of the LT1228 are
given in figures 1b, c, respectively. Its terminal functions
can also be described by Eq. (1) in the matrix form:

ip 0 059 6~ gu==0| | v»
in 0 OW .U % =0 S,
U7 | =8 —&nt 0 0 0 Ve (1 )
Vy 0 0 I1n g /Y X
Vo 0 0 0 Ror Of|is
where Rp; is the small-signal transresistance of the

LT1228. Note that the value of Ry, is considerably equal to
infinite for the ideal case. The realized g, in this IC is set
by an externally controlled current (/) with the following
relation:

gm = 101p. (2)

3. Proposed floating capacitance multiplier circuit

Figure 2a shows the proposed floating capacitance multi-
plier circuit consisting of three LT1228s and a single
capacitor. For the strict matching condition of g, =
Zm = &m3» the input impedance for the proposed circuit in
figure 2a is obtained as:

VI =V V) — V1 1 1
Zhe—= = = NP J 4 3
( i\ ) ( i ) sC ‘.(gmc.) ®)
A\ &2

Therefore, the proposed circuit of figure 2a behaves as a
floating lossless capacitance whose equivalent capacitance
is equal to Cey = (,/gm2)Cx. Since the LT1228 transcon-
ductance depends on 7, this makes it easy to electronically
control the C,, value through g, or g,,». It may be further
noted here that, for this simulation, I, and I3 need to be
equal (ie. Iz = Ip = Ip3). To supply equal DC bias cur-
rents to the two LT1228s, this can be easily implemented
by employing simple current mirror cells, unlike the pas-
sive element matching constraints prevalent in many of the
existing synthetic floating simulation circuits.
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Figure 1. Commercially available IC LTI1228. (a) package
information, (b) behavior model and (¢) block diagram
representation.

4. Parasitic element effects of the proposed floating
capacitance multiplier

In practice, the impedance of the proposed circuit has been
affected by a number of parasitic impedances at different
LTI1228 terminals. Thus, in this section, the following
parasitic impedances are considered: parasitic resistances
R, R, and R. and capacitances C,,, C,, and C. in parallel at
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Figure 2. Proposed floating capacitance multiplier circuit. (a) schematic diagram and (b) equivalent circuit.
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Figure 3. Simulated transient responses of the proposed floating capacitance multiplier circuit in figure 2a.
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Figure 5. Magnitude frequency responses of Z;, for different bias currents.

terminals p, n, and z, and parasitic resistance R, in series at  impedance of the proposed floating capacitance multiplier
terminal x. Considering these parasitics, the driving point  in figure 2a for v, = 0 is found as
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Figure 6. Experimentally measured waveforms for v;; and ¢, of the proposed floating capacitance multiplier circuit in figure 2a.

= 1+ sR(Cy + C) @
Y [RL +5(C, + C:z)] —ur—}

2 i

77 = ¥

inl il

where, R,;. R» Rpry and C, are the corresponding
parasitic elements R,, R., Rp;, and C, of the i-th LT1228,
respectively. Thus, the approximation of the useful
frequency range of the proposed capacitor can be found
as:

! <<ow< < ! (5)
R(Cy +Ca)

Rxl(cx + CZ.Z) .

It is obvious that the low and high frequency limitations
of the emulated capacitance directly depend on the parasitic
impedance products at terminals x1 and z2. If the operating
frequency is in between the above range, Eq. (4) further
reduces to:

Vi 1
l{lll = = 0 (6)

1] v:=0_ S(Cx + C:Z) (_XE_'_)

I
8natry T

The above analysis reveals that, to reduce the parasitic
impedance effects, the following conditions should be
carefully considered: Cy >> C; and g2 >> 1/Rop1.

On the other hand, routine analysis of the circuit con-
sidering v; = 0 yields the driving point impedance looking
into port 2 as the following relation:

Y V2 1
i Ia |y 1 Cigm v\’ ( )
vi=0 R—S+S £, +C3

where R'3 = Ryol/Ry3llR.; and C3 = Cpa + Cpz + Cas. As

observed from Eq. (7), there is a crucial low-frequency

restriction of the operation affected by the parasitic impe-

dances at terminals n2, n3 and z3. Taking into account that

w> > 1 in Eq. (7), the driving point impe-
RS,

dance Z in2 can be further approximated as:

1
5 1= - (8)
wEol s (—Céf;" + C’3)

y (V2
in2 Qg

7]

Supposing C, >> C,p + C,53 + C.3, the effects of the
parasitic elements on the impedance Z7 a2 can be alleviated.

5. Simulation results and discussions

The proposed floating capacitance multiplier in figure 2a
is verified through PSPICE program using the macro-
model of the LT1228 by Linear Technology Corporation
[12]. The supply voltages are set at &= 5 V. The value of
the passive capacitor is chosen as : C, = 50 pF, giving
the value of the simulated equivalent capacitance equal
to Ceq = 100 PF for Em = 8ml = 8m3 = I mA/V
(IB = [Bl — 133 =100 }lA) and E&m2 = 0.5 mA/V (132 =
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Figure 7. Experimental frequency response of Z;, of the proposed floating capacitance multiplier circuit in figure 2a. (a) magnitude
response and (b) phase response.
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Figure 8. Experimental magnitude and phase responses of Z,
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for different bias currents. (a) g, = 0.25 mA/V (I = 25 pA),

(b) g, = 2 mA/V (Ig =200 pA) and (¢) g, = 5 mA/V (Iz = 500 pA).

50 pA). The simulated transient analysis is performed by
injecting a 1-MHz sine wave with 100 mV peak-to-peak
as an input signal. The resulting waveforms are presented

in figure 3, where the phase difference between current 7;
and voltage vy (= vi — v2) is found to be 86.63°. The
frequency response analysis is also performed with the
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Floating capacitance multiplier
circuit in Figure 2(a)

Vour

Li Rr

Figure 9. Second-order RLC high-pass and notch filter imple-

mented with C,, from figure 2a.

same designed component values. The associated mag-
nitude and phase responses for the impedance Z;, of
figure 2a are given in figure 4. To demonstrate the
electronic tunability of the proposed capacitance multi-
plier circuit, the associated magnitude plots for different
values of bias current I (i.e. 25 pA, 200 pA, 500 pA,
and 1000 pA) are demonstrated in figure 5. The equiv-
alent capacitance values obtained via these tuning
parameters are C,, = 25 pF, 200 pF, 500 pF, and 1 nF.
From figure 5, it is quite evident that the simulated
capacitor is electronically tunable over a wide range of
bias currents, in which the C,, value can be enhanced up
to roughly 40 times. The total power consumption is also
measured and recorded as only 0.17 W.
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6. Experimental results

The performance of the proposed floating capacitance
multiplier circuit in figure 2a is also experimentally verified
by hardware implementation using off-shelf IC’s LT1228
[12]. The symmetrical power supplies of the LT1228 are
taken as £5V. All measurements were performed via
Keysight EDU-X 1002G oscilloscope and HP4395A
impedance analyzer.

The proposed capacitance multiplier circuit is con-
structed with the typical component values g, =
gm = &m3 = 1 mA/V, g,» = 0.5 mA/V and C, = 50 pF,
for which the calculated value of C., = 100 pF is
obtained. To observe the phase difference between volt-
age and current through the proposed circuit, a sinusoidal
voltage of 100 mV peak-to-peak in amplitude and 1 MHz
in frequency was applied as an input signal. The exper-
imentally observed waveforms of v;; and 7, are given in
figure 6, and they are found to be 82.5° out of phase. In
this measurement, the current i; was carried out using a
current-to-voltage converter with a transresistance gain of
R,, = 1 kQ. Figure 7 also shows the experimental mag-
nitude and phase responses of the input impedance Z;, of
the capacitance simulator. Furthermore, an electronic
tuning feature of the circuit is represented in figure 8.
The measured curves were obtained by keeping
gm = 0.5 mA/V and C, = 50 pF, and changing g,, (Ip)
for three different values. From this tuning process, the

Gain Phase
(dB) (degree) —— Simulated | - = - Ideal
301 240 e : =
0] B f
180 5 -..,><,a !
301 120 ?5, iﬂ -
Gain it \ ;
............ AP 4 G5 (. Lol
“\y’"s \ ]
601 60 o \
J/ :
Y
901 0 S a
-120°  -60
1k 10k 100k IM 10M
Frequency (Hz)

Figure 10. Ideal and simulated frequency responses of the high-pass filter in figure 9.
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Figure 11. Ideal and simulated frequency responses of the notch filter in figure 9. (a) Gain-frequency characteristics, (b) phase-

frequency characteristics.
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corresponding C,, were obtained as 25 pF, 200 pF, and
500 pF for g, =0.25 mA/V, 2mA/V, and 5 mA/V
(Ip = 25 pA, 200 pA, and 500 pA), respectively.

7. Application
To ascertain the applicability of the proposed floating

capacitance multiplier given in figure 2a, a second-order
RLC high-pass and notch filter shown in figure 9 is utilized.

The filter transfer functions can be written by:
Vou (s) 5%
V_)” L = ; (9)
inl (‘) 52 +5 (RrIC“,) + (’L;_IC,,)

2 1
V(’Hl (‘\) - . + (ZF_C‘::)
Vi (s) 245 (EIC_) K (FIC—>

The resonance frequency (w,) and the quality factor (Q)
for both filter cases are respectively evaluated as:

1

and

(10)

=21fp = —F—=, 11
and Q= R”/%. (12)
F

To realize a filter characteristic with f, = 500 kHz and
Q = 1, the filter components are R, = 3 kQ, L, = 1 mH,
and C,, = 100 pF. For this purpose, the C,, = 100 pF is
emulated by the capacitance circuit of figure 2a with the
following  components: g, = gu1 = &3 = 1 MA/V,
gm = 0.5 mA/V and C, = 50 pF. The ideal and simulated
frequency responses for both cases are exhibited in fig-
ures 10 and 11, where the simulated f,, value is found to be
477 kHz. Therefore, the resulting characteristics well con-
firm the practicability of the application of the proposed
capacitance multiplier circuit.

8. Conclusions

This paper presents a floating and current-controllable
capacitance multiplier circuit implemented with a readily
available integrated circuit, namely LT1228. The proposed
circuit is composed of only three LT1228s along with a
single capacitor. Through the use of LT1228 as active
components, the value of the simulated floating capacitance
can be varied electronically by adjusting external DC
supplied currents. For this simulation, the only component
matching constraint is the equality of two transconductance
gains, which can be quite easily achieved by using current
mirror circuits. The various salient features of the proposed
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floating capacitance multiplier circuit are examined through
PSPICE simulations and experimental measurements. To
demonstrate the worthiness of the proposed floating
capacitance multiplier circuit, a second-order RLC high-
pass/notch filter has been realized and its performance has
also been shown.

List of Symbols

g,»  Transconductance gain

Ror  Small-signal transresistance of the LT1228
Iy External DC bias current

R,  Parasitic resistance at terminal p

R Parasitic resistance at terminal n

R. Parasitic resistance at terminal z

C,  Parasitic capacitance at terminal p
C,  Parasitic capacitance at terminal n
C,  Parasitic capacitance at terminal z

R, Parasitic resistance at terminal x
w Angular frequency

R,,  Transresistance gain

@, Resonant angular frequency

Va Resonant frequency

o Quality factor

Acknowledgements

This work was supported by King Mongkut’s Institute of
Technology Ladkrabang.

References

[1] Pennisi S 2002 CMOS multiplier for grounded capacitors.
Electron. Lett. 38(15): 765-766
[2] Al-Absi M A, Al-Suhaibani E S and Abuelma’atti M T 2017
A new compact CMOS C-multiplier. Analog Integr. Circ.
Sig. Process. 90(3): 653-658
Ferri G and Pennisi S 1998 A 1.5-V current-mode capac-
itance multiplier. In: Proceedings of the Tenth International
Conference on Microelectronics, pp. 9—12
Tangsrirat W, Channumsin O and Pimpol J 2019 Electronically
adjustable capacitance multiplier circuit with a single voltage
differencing gain amplifier (VDGA). Informacije MIDEM- J.
Microelectron. Electron. Comp. Materials 49(4): 211-217
Ahmed M T, Khan I A and Minhaj N 1995 Novel
electronically tunable C-multipliers. Electron. Lett. 31(1):
9-11
Abuelma’atti M T and Tasaddug N A 1999 Electronically
tunable capacitance multiplier and frequency-dependent
negative-resistance simulator using the current-controlled
current conveyor. Microelectron. J. 30(9): 869-873

[3

(4

—

[5

[l |

6



Sadhana (2022) 47:93

[7] Mohan P V A 2005 Floating capacitance simulation using
current conveyors. J.  Circuits Syst. Comput. 14(1):
123-128

[8] Alpaslan H 2017 DVCC-based floating capacitance multi-
plier design. Turkish J. Electr. Eng. Comput. Sci. 25(2):
1334-1345

[9] Abuelma’atti M T, Khalifa Z J and Dhar S K 2019 New
CFOA-based lossless floating inductor and capacitance/
resistance multipliers for low frequency applications. J.

268

Page 11 of 11 93

Active Passive Electron. Devices. 14: 229-237

[10] Al-Absi M A and Al-Khulaifi A A 2019 A new floating and
tunable capacitance multiplier with large multiplication
factor. IEEE Access. 7: 120076-120081

[11] Al-Absi M A and Abulema’atti M T 2019 A tunable floating
impedance multiplier. Arab. J. Sci. Eng. 44(8):
7085-7089

[12] Linear Technology 1994 100 MHz current feedback ampli-
fier with DC gain control. LT1228 datasheet



269

di/ @ QII Y o [ 2 4‘ = 1 gj Y o % ¢ vV v
waastlduenansnanulidnsunisiaanuiianisane ity Weugalrminlulguseleviniunisan

9 U

Laidnsdilas viedu Snvieinudlvidaulailon wazsaseadatiadnvetenarsynasainisinluly



E Sensors

270

Article

Single VDGA-Based Mixed-Mode Universal Filter and
Dual-Mode Quadrature Oscillator

Natchanai Roongmuanpha

check for
updates

Citation: Roongmuanpha, N.;
Tangsrirat, W,; Pukkalanun, T. Single
VDGA-Based Mixed-Mode Universal
Filter and Dual-Mode Quadrature
Oscillator. Sensors 2022, 22, 5303.
https:/ /doi.0rg/10.3390/522145303

Academic Editor: Roman Sotner

Received: 2 June 2022
Accepted: 8 July 2022
Published: 15 July 2022

Publisher’s Note: MDP] stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

@ 0

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org /licenses /by /
40/).

', Worapong Tangsrirat *(* and Tattaya Pukkalanun

School of Engineering, King Mongkut’s Institute of Technology Ladkrabang (KMITL), Bangkok 10520, Thailand;
natchanai.roo@gmail.com (N.R.); tattaya.pu@kmitl.ac.th (T.P.)
* Correspondence: worapong.ta@kmitl.ac.th

Abstract: This article presents the circuit designs for a mixed-mode universal biquadratic filter and
a dual-mode quadrature oscillator, both of which use a single voltage differencing gain amplifier
(VDGA), one resistor, and two capacitors. The proposed circuit has the following performance
characteristics: (i) simultaneous implementation of standard biquadratic filter functions with three
inputs and two outputs in all four possible modes, namely, voltage-mode (VM), current-mode
(CM), trans-admittance-mode (TAM), and trans-impedance-mode (TIM); (ii) electronic adjustment of
the natural angular frequency and independently single-resistance controllable high-quality factor;
(iii) performing a dual-mode quadrature oscillator with simultaneous voltage and current output
responses; (iv) orthogonal resistive and /or electronic control of the oscillation condition and fre-
quency; (v) employing all grounded passive components in the quadrature oscillator function; and
(vi) simpler topology due to the use of a single VDGA. VDGA non-idealities and parasitic elements
are also investigated and analyzed in terms of their influence on circuit performance. To prove the
study hypotheses, computer simulations with TSMC 0.18 um CMOS technology and experimental
confirmatory testing with off-the-shelf integrated circuits LM13600 have been performed.

Keywords: voltage differencing gain amplifier (VDGA); mixed-mode; dual-mode; universal biquadratic
filter; voltage-mode (VM); current-mode (CM); trans-admittance-mode (TAM); trans-impedance-mode
(TIM); quadrature oscillator

1. Introduction

Universal filters are useful active filters that permit all the five typical biquadratic filter
functions simultaneously, namely low-pass (LP), band-pass (BP), high-pass (HP), band-stop
(BS), and all-pass (AP) responses with the same topology. These circuits are frequently used
in the design of a wide variety of electronic instruments, data communications, and control
systems since they enable the implementation of various filtering functions based on port
selections. In many analog signal processing applications, an active mixed-mode universal
biquadratic filter (MUBF) with input voltages and /or currents, and output voltages and /or
currents, is necessarily required. Over the last decade, numerous universal biquad filter
realizations in mixed-mode operations based on different active components have already
been developed in [1-31].

Two periodic waveforms having a 90° phase difference, known as a quadrature os-
cillator (QO), are frequently required in the design of electronic communication systems.
QOs have applications in communication systems to operate quadrature mixers, in instru-
mentation and measurement systems to test and diagnose electronic devices and circuits,
as well as in single-sideband generators. Interesting QO circuits have been reported in the
literature, which includes realizations using various active building blocks [32-40].

Note that the above-mentioned realizations only work with the mixed-mode universal
biquad filter or the QO circuit. Interestingly, [41-50] suggest circuit realizations that can perform
both universal biquad filter and QO with the same circuit design. A comparison of available

Sensors 2022, 22, 5303. https:/ /doi.org/10.3390 /522145303
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related works is made in Table 1. A thorough examination of Table 1 shows that the MUBF
realizations in [2,6,8,11,16,19,20,24,41-50] were unable to realize the various filter functions in
all four possible operation modes, including voltage-mode (VM), current-mode (CM), trans-
admittance-mode (TAM), and trans-impedance-mode (TIM). Furthermore, the QOs in [44,47,49]
only generated voltage-mode quadrature signals, while those in [42,43] generated current-
mode quadrature signals. In certain modern electronic applications, a QO circuit that provides
both voltage and current outputs simultaneously, called a dual-mode QO (DMQO), may
be required. However, little effort has been made on the design of DMQO [32—40]. The
realizations in [1,2,4-7,9-15,17-20,22,23,25,26,29-31,33,34,37,39,42—47,49,50] need two or more
active components. Four or more passive components were used in the circuits described
in [24,6,8,9,12-16,19,21-24,26,27,29,31,32,34,35,37,39,45,47 A8]. Moreover, the inbuilt tunability
feature is not provided for the approaches presented in [2-4,6,8,9,12,13,19,22,23,31,32,34,39 47].
The circuits in [2,6-8,10,13,18,21,23,28,31,40,42,43,48,50] also do not allow for independent tuning
of the important characteristics, such as the natural angular frequency and quality factor for
MUBE or the oscillation condition and frequency for QO.
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A voltage differencing gain amplifier (VDGA), a recently introduced active element,
was introduced in 2013 [51], and has since been used in a variety of analog signal processing
applications [52-56]. As previously stated, we found that no attempts have been made to
use a single VDGA to implement both MUBF and DMQO with the same configuration.
Considering the growing interest in multiple-mode signal processing, this work therefore
proposes a MUBF and DMQO circuit designed using a single VDGA. The circuit makes use
of only one resistor and two capacitors as passive components. By significantly modifying
the design, the proposed circuit can be categorized as either a MUBF or a DMQO. For
the proposed mixed-mode filter, it can perform VM, CM, TAM, and TIM biquadratic
filters with an orthogonally controlled the natural angular frequency and the quality factor.
Furthermore, the high-Q filter may be easily implemented with a single resistor. For the
proposed DMQO, the oscillation condition and the oscillation frequency are separately
programmable. The performance of the proposed MUBF and DMQO circuit is illustrated
by PSPICE simulation results. To further demonstrate the practicability of the circuit, the
experimental test results using commercially available ICs are also conducted.

2. Overview of VDGA

The VDGA device, which was recently described in [51], is a versatile active element.
A wide range of VDGA-based analog signal processing solutions, including active universal
filters [52,53], quadrature oscillators [54,55], and tunable capacitance multiplier [56], have
been developed in the technical literature. Its schematic representation is illustrated in
Figure 1, with p and 1 representing high-impedance voltage input terminals, z+, z—, x,
and o representing high-impedance current output terminals, and w representing a low-
impedance voltage output terminal. The ideal terminal property of the VDGA element is
represented by the matrix expression [51]:

iz &mA  —8&mA 0 0 L

iz— —8&mA - 8mA 0 0 U},

iy N 0 0 &mB 0 g " ’ (1)
U 0 0 B 0 zi+

ip 0 0 0 —8mC v

where g, (k= A, B, C) is the transconductance gain and f is the transfer voltage gain of
the VDGA.

v,o—H p 1~ Tl
i VDGA  w —>0,
AN IS~ | 200
lliﬁ l lz‘:_
Vo Vo

Figure 1. Schematic representation of the VDGA.

Figure 2 shows the probable CMOS-built VDGA internal circuit implementation,
which comprises three voltage-controlled floating current sources Mj—Mgg. Each My—Mog
implements the corresponding independent adjustable transconductance g, as written

below [57]:
o _81k82% )+< 83k8ak ) o
L (glk+82k Sk +8u /)’ @

/ w ;
8ik = }‘CO,\'TIB}\'I (’ =123, 4), 3)

where
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 is the effective channel electronic mobility, Coy is the gate-oxide capacitance per unit
area, and W and L are the respective channel width and length of Mj;—My;. Because each
transconductance g is proportional to the square root of the bias current Iy, the value of
gmk may be electronically scaled using Equations (2) and (3). A current-controlled voltage
amplifier is also accomplished in Figure 2 by a pair of transconductors Myg-Mypg and
M;c-Myc with a voltage gain of = vy /v2+ = guB/gmc-

Current-Controlled Amplifier (8= g,.»/gnc) —>|
8Smb Bme

Man I:]ﬂ—{ Moy

o) 2

Mix Maa

-V

Figure 2. VDGA internal circuit implementation in CMOS technology.

3. Proposed Mixed-Mode Universal Biquadratic Filter

Figure 3 depicts the proposed universal filter configuration, which consists of a single
VDGA, one resistor, and two capacitors. This configuration can be used to implement the
mixed-mode universal biquad filter, which includes VM, CM, TAM, and TIM, by selecting
appropriate input and output signals, as detailed below.

)
ol
W Do), O —o0
j03 VDGA W f—0V,1
<__
V,'zo—{m n 7 X 0 Vo2

Vi3 0—\\\—

Z+
G
R C % in

i
n »
o)

Figure 3. Proposed mixed-mode universal biquadratic filter.

> VM universal biquadratic filter: With i;, = 0, all the five general voltage-mode bi-
quadratic filter functions for this three-input two-output universal filter can be
achieved as follows.
o With v;, = ;3 (input voltage) and v;; = v;» = 0 (grounded), the following LP and
BP filter responses are obtained from v, and v,5, respectively:

Trua(®) = 32 = (——z ) Ter(e), @

and -
Tysp(s) = 52 = Tae(s). 4)

in
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area, and W and L are the respective channel width and length of Mj;—My;. Because each
transconductance g is proportional to the square root of the bias current Iy, the value of
gmk may be electronically scaled using Equations (2) and (3). A current-controlled voltage
amplifier is also accomplished in Figure 2 by a pair of transconductors Myg-Mypg and
M;c-Myc with a voltage gain of = vy /v2+ = guB/gmc-

Current-Controlled Amplifier (8= g,.»/gnc) —>|
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Figure 2. VDGA internal circuit implementation in CMOS technology.

3. Proposed Mixed-Mode Universal Biquadratic Filter

Figure 3 depicts the proposed universal filter configuration, which consists of a single
VDGA, one resistor, and two capacitors. This configuration can be used to implement the
mixed-mode universal biquad filter, which includes VM, CM, TAM, and TIM, by selecting
appropriate input and output signals, as detailed below.

)
ol
W Do), O —o0
j03 VDGA W f—0V,1
<__
V,'zo—{m n 7 X 0 Vo2

Vi3 0—\\\—

Z+
G
R C % in

i
n »
o)

Figure 3. Proposed mixed-mode universal biquadratic filter.

> VM universal biquadratic filter: With i;, = 0, all the five general voltage-mode bi-
quadratic filter functions for this three-input two-output universal filter can be
achieved as follows.
o With v;, = ;3 (input voltage) and v;; = v;» = 0 (grounded), the following LP and
BP filter responses are obtained from v, and v,5, respectively:

Trua(®) = 32 = (——z ) Ter(e), @

and -
Tysp(s) = 52 = Tae(s). 4)

in
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Similarly, by retaining g,,4R = 1, the AP current response may be obtained by connect-
ing the three currents i,y, iy, and i,3 to obtain the following transfer function:

Trap(s) = L2003 1) 1)
im

> TAM universal biquadratic filter: With v;, = v;3, vj1 = vi2 =0, and i, = 0, the TAM filter
functions are:

Trup(s) = 2 = (& ) Tr), 0)
Typp(s) = ;Lz = 8gmaTpp(s), (21)
Trr()= 22 = (3 ) Tur ) @)
Tas(e) = L2208 - () 1), @)
and . . . 1
Tyap(s) = W = (E) Tap(s). (24)

Equation (21) represents the TAM filter function of the BP response with an electroni-
cally controlled passband gain of g,,4. The passband gains for the LP, HP, BS, and AP filter
responses are equal to 1/R. It should be noticed from Equation (24) that, in the case of AP
filter realization, a simple element condition, g,,4R = 1, is necessary.

> TIM universal biquadratic filter: According to Figure 3, if v;1 = vj2 = v;3 = 0, the configu-
ration is now operating in TIM universal filter. In this case, the two following TIM
responses at voltage outputs v, and vy, can simultaneously be obtained as:

Tz1p(s) = ol o Trp(s), (25)
Iin &mc
and
Tzsp(s) = 52 = RTgp(s). (26)

m
Equations (25) and (26) express the TIM filter functions of the LP and BP filters with
passband gains of (—1/guc) and R, respectively.
As a consequence, the proposed circuit shown in Figure 3 can be considered as a
universal mixed-mode biquadratic filter. The natural angular frequency and the quality
factor of this filter are given by [53].

9 7 SmASmB
wo = 27tfo VoaG (27)
Q=R SmASmBCZ : (28)
V G

It is important to note from Equation (27) that the w, can be electronically tuned
by changing the transconductances g,,4 and g,,. In addition to Equation (28), the high-
Q universal filter can be easily realized by tuning the resistor R without affecting the
characteristic frequency wp.

4. Proposed Dual-Mode Quadrature Oscillator
In Figure 3, by taking v;; = vj» = v;3 = i;, = 0, and connecting terminal z— to x of
the VDGA, the proposed mixed-mode universal biquadratic filter can be worked as a
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quadrature sinusoidal oscillator. Figure 4 shows the proposed dual-mode quadrature
oscillator based on the proposed mixed-mode universal filter in Figure 3. It is worth noting
that in this design, all of the passive components are grounded. The characteristic equation
of the proposed dual-mode quadrature oscillator in Figure 4 is found as [54]:

1-— R
2 8mA 8mA8mB \ _
S +< RC, )S+( CiCa )—0. (29)
jos(‘l
p O —o°
i 0sc3 VDGA W OVosel
‘—
["] n 0 Vose2
G

Zx Z— *

R iosczl L 1 I——‘
N ffh

Jr_ =

Figure 4. Proposed dual-mode quadrature oscillator.

From Equation (29), the oscillation condition (OC) and the oscillation frequency (OF)
are evaluated by [55]:
OCE i gua R1, (30)

SmASmB
OF :| @gsc= 21T =\ F A 31
osc fosc Clf® (31)

As can be observed from Equations (30) and (31), the OC can be controlled simply by
changing the value of a grounded resistor R without altering the OF, which can be tuned
separately using the transconductance g,,. As a result, the parameters OC and OF of the
proposed quadrature oscillator in Figure 4 are orthogonal controllable.

For sinusoidal steady state, the relationship between the output voltages vpsc1 and
Uosc2 1S

and

EmAEmB jO0°
v, = (=== ™" vgsc2. 32
£ (wosfngcl ) ¥ ( )
Thus, the proposed circuit produces the two marked voltages vosc1 and vpsc in quadra-
ture signal.
Also from Figure 4, the output current relations from iosc1 to foscp and ipsc3 at the OF

are found as:
3 &mB j90° ; SmA8mB '\ j180° :
Y 0% L [ 8mASmB | jgee; 33
oscl ( 3 0sc2 2 C1Cs 0sc3 (33)

According to Equation (33), the phase differences between ipsc1 and ipsc2, as well as dpscq
and i3, are 90° and 180°, respectively. This demonstrates that the three output currents
are not only 90° out of phase, but also 180° out of phase.

5. Non-Ideal Analyses

This section investigates the impact of VDGA non-idealities on the performance of the
proposed mixed-mode universal biquad filter and dual-mode quadrature oscillator. In fact,
the non-idealities of the VDGA arise mostly from two significant consequences. The first
set of effects is caused by finite tracking errors, whereas the second group is caused by the
existence of all VDGA terminal parasitics.
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5.1. Effect of Finite Tracking Errors

Considering the tracking errors of the VDGA into account, the terminal property given
by Equation (1) may be reformulated as [53-55]:

izy XAZmA  —XAZmA 0 0 N
ir —XAZmA XAZmA 0 0 U}’
iy — 0 0 XBEmB 0 . U” ’ (34)
Vw 0 0 B 0 i
L iy J \_ 0 0 0 _“CngJ o

where a; (ax =1 — g4) and & (6 = 1 — ¢;) denote the transconductance inaccuracy parameter
and the parasitic voltage gain of the VDGA, respectively. These non-ideal parameters differ
from unity due to the transfer errors ¢, (lg, | <<1)and g (le;5 | <<1).

In presence of the VDGA tracking defects, the expressions for the parameters w, and
Q of the proposed mixed-mode universal biquad filter in Figure 3 are modified as:

- \/T (35)
Q=R wsgcf:ﬂ (B8]

Through the tracking error effects, the values of w, and Q clearly depart slightly from
their ideal values. These variations may be accommodated by altering the transconductance
gains gi4 and gyp via the bias currents of VDGA.

For the proposed dual-mode quadrature oscillator in Figure 4, the modified OC and
OF can be derived as:

and

OC: asgmaR =1, (37)

OF : woyse = &%Cr;ws -

It is evident that the non-ideal factors clearly cause the OC and OF parameters to
deviate slightly. However, the OC and OF can still be altered through adjusting R and
gmB, respectively.

and

5.2. Effect of Parasitics

The non-ideal behavior model of the VDGA including finite parasitic impedances at
each terminal is represented in Figure 5. These parasitics consist of resistance in parallel
with capacitance for the p, 1, z+, z—, x and o terminals, and serial resistance at the w termi-
nal [53-55]. Because of the presence of these undesired parasitics, the circuit performance
may differ from ideality. As a result, the suggested circuits in Figures 3 and 4, including the
VDGA parasitics, must be thoroughly examined.

Using the non-ideal model of VDGA shown in Figure 5, the non-ideal w, and Q of the
filter configuration in Figure 3 are found as:

1
8mAgmB + R
Wo = 4 — g =, (39)

. R'R,. C; (gmAgmB + ﬁ) Cé i
Q= (Rﬁq +R'C), C] - (40)

where R" =R || Ry || Ry, C} = C; 4+ Cz,and C) = C + Gy + Gy

and
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o o
Z+ Z

Figure 5. Non-ideal behavior model of the VDGA.

Similarly, the non-ideal OC and OF of the oscillator configuration in Figure 4 are also
found as:

CN
OC: (SmA -1 FE) R’ =1, (41)
and
SmAgmB + (I:E’%%%)
OBgndigsed= s & (42)
CICZ

where R”=R || Ry || R:- || Ryand C; = C; + C; + Cy— + Cy. From Equations (39)-(42),
the frequency characteristics of the proposed filter and oscillator circuits would be unaf-
fected, if the following constraints were fulfilled:

maximum R << parasitic resistances (R, Rz, Ry), (43)

and
minimum (C;, C,) >> parasitic capacitances (G, Cz+, Co-, Cy). (44)

6. Simulation Results

In this section, a PSPICE simulation program was carried out to demonstrate the
performance of the proposed configurations in Figures 3 and 4. The VDGA was simulated
using the CMOS circuit of Figure 2 with TSMC 0.18 um transistor parameters, and with
symmetrical supply voltages of £0.9 V. Table 2 illustrates the aspect ratios of the CMOS
transistors employed for the VDGA circuit in Figure 2. The capacitor settings for global
simulations were C; = C; = 50 pE.

Table 2. Aspect ratios of the CMOS transistors of the VDGA in Figure 2.

Transistors W (um) L (um)
MMy 235 0.18
MMy 30 0.18
Mg—My; 5 0.18
Mgi—Mo; 5.5 0.18

6.1. Simulation Verifications of the Proposed Mixed-Mode Universal Filter

The suggested mixed-mode universal filter in Figure 3 was performed with g,,4 = gup
=gmc =1 mA/V (Iga = Ipp = Ipc = 80 nA), and R = 1 k(), to actualize all the four-mode
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universal filter responses with f, = 3.18 MHz and Q = 1. Figures 6-9 illustrate the simulated
and theoretical frequency responses of VM, CM, TAM, and TIM filters, respectively. The
disparity between simulated and theoretical gain responses in the HP filters of VM, CM, and
TAM, as well as the BP filter of TIM, is greater in the low-frequency range of roughly 1 kHz
to 100 kHz. This phenomenon may be explained by the fact that the input or output signals
of the circuits were sensed with C; and R, introducing an undesirable pole that caused
significant deviations in low operating frequencies. In Figures 6¢ and 7c, the phase shifting
between input and output signals was measured as —190.70° and —192.74°, respectively,
and the gain response was 0.84 dBV and 1.067 dBA down from zero for the frequency
ranges varying from 1 kHz to 1 MHz. The simulated f, and corresponding percentage
errors are given in Table 3. Tt is to be observed that all simulation results are found to be in
good consistent with the theoretical values. Figures 10-13 depict the transient responses of
the proposed filter to the following input signals: (i) a 3.18 MHz sinusoidal input voltage
signal with an amplitude of 100 mV (peak-to-peak) applied to the VM and TAM filters; and
(ii) 3.18 MHz sinusoidal input current signal with an amplitude of 100 uA (peak-to-peak)
applied to the CM and TIM filters. Table 4 shows the total harmonic distortions (THDs) and
DC components of the VM, CM, TAM, and TIM outputs in Figures 10-13. As can be seen,
the THD value is less than 1.92% in all four modes. Thus, there is no significant distortion
in the biquad design. The entire power consumption of the circuit was 1.31 mW at £09 V
biased voltages.
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Table 3. Simulated f, and corresponding percentage errors of the proposed mixed-mode universal
biquad filter in Figure 3, where theoretical f, = 3.18 MHz.

LP BP HP BS AP
it fo (MHz) 3.098 3.105 3.064 2999 3.030
Error (%) 2.579 2:371 3.638 5.686 4714
M fo (MHz) 3.099 3.106 3.068 2964 3.010
Error (%) 2547 2336 3522 6.786 5346
TAM fo (MHz) 3.100 3.104 3.067 2964 3.009
Error (%) 2525 2406 3.557 6.786 5377
TN fo (MHz) 3.100 3.106 — - -
Error (%) 2519 2.343 - — —

—o— Vo (LP) | —+— v (BP)| —a— v,2 (HP)

A\ TS A\

Voltage (mV)

.15.

—60.
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (us)

Figure 10. Time-domain responses of the LP, BP, and HP filters in VM.
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Figure 11. Time-domain responses of the LP, BP, and HP filters in CM.
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Figure 12. Time-domain responses of the LP, B, and HP filters in TAM.
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Figure 13. Time-domain responses of the LP and BP filters in TIM.

In addition, the orthogonal tunability of a high-Q value for a BP filter in VM is shown in
Figure 14. The filter is designed to operate at f, = 3.18 MHz with g,,4 = gmp = gmc =1 mA/V.
By simply adjusting the R value for 0.5k(), 10 k(), and 50 k(), the BP responses with various
Q values of 0.5, 10, and 50 are achieved, respectively. Based on the measured data, the Q
value was evaluated as 0.495, 8.273, and 44.25, respectively. The relative variation of the Q
factor remained less than 12%, even when Q reached 50.
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Table 4. THDs and DC components of VM, CM, TAM, and TIM outputs with 3.18 MHz sinusoidal

input signal.
LP BP HP BS AP
- THD (%) 0.47 045 055 192 1.29
DC component (mV) 9.55 2.36 237 246 3.04
M THD (%) 15 1.49 0.9 1.87 1.39
DC component (LA) 10.79 442 0.044 10.74 15.17
TAM THD (%) 1.57 1.45 0.9 1.86 1.26
DC component (LA) 10.74 443 0.015 10.72 15.15
TIM THD (%) 0.58 0.38 — — -
DC component (mV) 9.62 2:39, - — =
20
y e Hn
= i
(5 “ N
220 //‘/ 7/ \ < H
5 |, i J R
:D A 0 N %
20 _40) A o i
% jik |~ i \\ V\L
>
IR o s M RN
60 e —— 0=05{R=05kQ) N
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o 100k &Y ool R 100M 1G

Frequency (Hz)

Figure 14. Tunability of Q with f, unchanged for BP filter in VM.

The effect of temperature variation on the filter parameters is now being investigated.
For this purpose, the proposed filter was simulated under ambient temperature changes
ranging from 0 to 100 °C with a step of 25 °C. Figure 15 demonstrates the gain and
phase variations of the AP filter in VM operation. The findings reveal that, for different
temperatures, the gain and phase at f, vary from —0.44 to —0.5 dBV and from —172 to

—223°, respectively.
Gain  Phase
(dBV) (degree)
10 0
5 -0
0 -I80
-5 =270 o
-100 360, i
1k 10k 100K M 10M  100M 1G

Frequency (Hz)

Figure 15. Frequency responses of AP filter in VM for different temperatures (0 °C, 25 °C, 50 °C,
75 °C, and 100 °C).
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6.2. Simulation Verifications of the Proposed Dual-Mode Quadrature Oscillator

Based on previous component settings, the simulated quadrature voltages 51 and
Vosc Of the proposed dual-mode quadrature oscillator in Figure 4 are displayed in Figure 16.
Figure 16a shows the steady-state waveforms of vysc1 and vpscp, whereas Figure 16b presents
the frequency spectrums of the oscillation output voltages. As per the findings, the simu-
lated fysc was found to be 2.76 MHz, and the phase shift between v,5c1 and vpsc; was 85.76°.
The attenuations at the second harmonic for v,s¢1 and vy were 30.30 dBm and 31.45 dBm,
respectively. Further, the percentage of THD was 2.46% for vysc1 and 4.28% for vgsca.

2 ]
BN ST AINAR
SN R T [
RN e s AN
AT RAEARIE
R E VAR R
YNARPUARY IV
eS|

(b)
Figure 16. Quadrature output voltages v,.-1 and ve;c2: (a) steady-state waveforms; (b) frequency spectrums.

Similarly, the simulated steady-state responses and the corresponding frequency
spectrums of ipsc1, fpsc2, and igsc3 are also given in Figure 17. The phase shifts between
igse1 and dgsc, and igsc; and ipsc3 were measured to be 92.73° and 177.82°, respectively.
The second-harmonic attenuations for iysc1, ioscp, and ipsc3 were 30.05 dB, 30.88 dBu, and
30.87 dBy, respectively, while the percentage THDs of ipsc1, fosc2, and igsc3 were 3.86%, 4.16%,
and 3.50%, respectively.
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Figure 17. Simulated quadrature output currents ipec1, fosc2, and ipsc3: (a) steady-state waveforms;

(b) frequency spectrums.

Due to the VDGA transconductance gain g, is tuned by the bias current Iy, the fos
of the proposed circuit is a current tunable function. Figure 18 demonstrates the calculation
and simulation results for the variations of f as a function of Iy, where Ig = Ig4 = I = Ipc.
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Figure 18. Variations of fs- against I for the proposed quadrature oscillator in Figure 4.

7. Experimental Results
7.1. Experimental Verifications of the Proposed Mixed-Mode Universal Filter

To further support the theory, the suggested circuits in Figures 3 and 4 were experimen-
tally verified. As shownin Figure 19, the VDGA was built-in hardware utilizing off-the-shelf
IC dual-OTA LM13600s from National Semiconductor [58]. To bias the LM13600, DC supply
voltages of £5 V were employed. A prototype hardware setup for verification purposes of
the proposed circuit is illustrated in Figure 20. The component values were set as follows:
A = §mp = gmc = 1 mA/V (Igy = Igg = Ipc =50 pA), R = 1kQ), and C; = C; =680 pF,
actually results in f, = 234 kHz, and Q = 1. In order to measure the input signals for the
CM and TIM, a voltage-to-current converter with IC AD844 [59] and a converting resistor
Re of 1 k) was used, as illustrated in Figure 21. In Figure 22, two extra AD844s and
R were used as a current-to-voltage conversion for output signal measurements in CM
and TAM operations.

po

no

.||—l

o
Zz+ X

Figure 19. Practical VDGA implementation using off-the-shelf IC LM13600s.
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Figure 20. Prototype hardware setup for the experimental verification.

voltage-to-current
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Figure 21. Voltage-to-current conversion for CM and TIM input signal measurements.

current-to-voltage
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Figure 22. Current-to-voltage conversion for CM and TAM output signal measurements.



Sensors 2022, 22,5303

293

24 of 35

Figures 23-27 show the measurements of the input and output waveforms and the
relevant output spectrums for the proposed VM filter with a 20 mV (peak) sinewave
input voltage at 234 kHz. The THD values of the LP, BP, HP, BS, and AP output re-
sponses were 1.88%, 0.25%, 0.57%, 1.84%, and 2.66%, respectively. As can be seen from
Figures 23b, 24b, 25b, 26b and 27b, the spurious-free dynamic range (SFDR) for the cases
of LP, BP, HP, BS, and AP were measured at 35.03 dBc, 52.65 dBc, 45.68 dBc, 36.35 dBc, and
34.33 dBc, respectively. Figure 28 also shows the experimental gain-frequency responses of
the proposed VM filter. The measured results of f, of VM, CM, TAM, and TIM were found
to be 241.13 kHz (error ~+3%), 227.08 kHz (error ~—2.98%), 227.38 kHz (error ~—2.87%),
and 233.32 kHz (error ~—0.33%), respectively. In all cases, the practically observed behavior
of the circuit was found to be consistent with the theoretical predictions. The experimental
test results, thus, verify the practicability of the suggested design. Nevertheless, one ob-
serves that the discrepancy between the theoretical and measured results was originally
caused by non-ideal gain and parasitic impedance effects of the LM13600s and AD844s. The
stray capacitances generated by the breadboard circuit realization also affect the frequency
performance of the circuit in experimental testing.
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Figure 23. Measured waveforms of the LP filter in VM: (a) input and output time responses;
(b) frequency spectrum.
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Figure 24. Measured waveforms of the BP filter in VM: (a) input and output time responses;

(b) frequency spectrum.
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Figure 25. Measured waveforms of the HP filter in VM: (a) input and output time responses;
(b) frequency spectrum.
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Figure 26. Measured waveforms of the BS filter in VM: (a) input and output time responses;
(b) frequency spectrum.
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Figure 27. Measured waveforms of the AP filter in VM: (a) input and output time responses;
(b) frequency spectrum.
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Figure 28. Measured and theoretical frequency responses of the proposed filter (measured in solid
line, theoretical in dashed line, simulated in dotted lines): (a) LP, B, and HP responses in VM; (b) LP,
BP, and HP responses in CM; (c) LP, BP, and HP responses in TAM; (d) LP and BP responses in TIM.

7.2. Experimental Verifications of the Proposed Dual-Mode Quadrature Oscillator

According to the experimental measurements for the proposed dual-mode quadrature
oscillator in Figure 4, the oscilloscope output waveforms in time-domain and Lissajous
pattern of v,sc1 and vpsc2 are given in Figure 29. By using the same component values as in
the previous filter case, the oscillator was constructed to oscillate at an OF of fysc =234 kHz.
The fosc observed was 234.1 kHz, which is extremely close to the theoretical value. The
phase angle difference between vy and vgsc; was roughly 95.1°, resulting in an absolute
phase deviation of 5.67%. Figure 30 also shows the measured frequency spectrum of the
Vosc1 output. From the experimental testing, the THD and SFDR values for the output vsc1
were 2.85% and 31.38 dBg, respectively.

For igsc1, ipsc2, and ipsc3 measurements, the current-to-voltage converter circuit as shown
in Figure 22 was also employed. The time-domain waveforms and the corresponding
Lissajous figures of the oscillator output currents ipsc; and ioscy, and ipsex and igsc3 are
illustrated in Figures 31 and 32, respectively. The quadrature-phase shifts between iy5c1 and
ipsc2, and ipscx and 7psc3 were 96.1° and 85.3°, respectively, deviating from the calculations
by 6.78% and 5.22%. The frequency spectrum of the 7psc; output was also recorded and
exhibited in Figure 33, with percentage THD and SFDR values of 2.05% and 34 dBc,
respectively. Clearly, the generated waveforms observed in the experimental data validate
the quadrature relationship of the suggested quadrature oscillator in both VM and CM.
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Figure 29. Measured quadrature output voltages vgsc1 and vscp of Figure 4: (a) time-domain wave-
forms; (b) Lissajous pattern.
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Figure 30. Measured frequency spectrum of v,c1 output.
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Figure 31. Measured quadrature output currents o and ipe; of Figure 4: (a) time-domain wave-

forms; (b) Lissajous pattern.
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Figure 32. Measured quadrature output currents iosc2 and iosc3 of Figure 4: (a) time-domain wave-

forms; (b) Lissajous pattern.
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Figure 33. Measured frequency spectrum of ips1 output.
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8. Discussion

At this point, we would like to briefly discuss the superiority of the proposed MUBF
and DMQO design over similar existing designs in the literature. The following observa-
tions are based on Table 1.

In contrast to the topologies in [1-40], the proposed circuit uses the same topology to per-
form both MUBF and DMQO, whereas the works referenced only perform MUBF [1-31] or
DMQO [32-40]. With regard to the MUBF topologies introduced in [5,7,9,10,12-15,18,22,23,25-27,30],
all five biquadratic filter functions are implemented in all four modes of operation. These circuits,
however, employ more active components, especially at least two active components, than the
suggested circuit. Some have three or more passive components [9,12-15,22-31] or DMQO [32,33].
In addition to the filters of [2,6,8,11,16,19,20,24], they are limited to only two modes of opera-
tion. Designing with a low component count is a simple technique to reduce the total power
consumption of the designed circuit. Even though compact MUBEF circuits implemented with
a single active element have been proposed in [3,8,16,21,24,27,28 41,48], these biquads still use
more passive elements than the MUBEF circuit proposed in this work. While the designs described
in [4,7,12,14,15,18-20,23,26,45,49,50] are interesting, they suffer from the usage of two or more
different types of active components, which complicates circuit implementation.

In the QO configurations [47,48], there are floating passive elements that are not
encouraged for further integration. Several QO designs operated in either VM [44,47,49] or
CM [42,43]. As compared to the proposed DMQO circuit, it not only uses grounded passive
elements, but it also provides both voltage and current quadrature outputs simultaneously.

The topologies in [1,2,6-8,10,13,18,21,23,28,31,40,42,43,48,50] do not offer independent
adjustment of their important parameters, but even the proposed MUBF and DMQO
design allows independent parameter modification through transconductance (g;,) or single
resistance value. Also in the existing literature [2—4,6,8,9,12,13,19,22,23,31,32,34,39 47], an
electronic control of various parameters is not available.

As a conclusion, it should be noted that the proposed MUBF and DMQO circuit in this
study is capable of fulfilling all of the performance features described above simultaneously
and without trade-offs.

9. Conclusions

This work proposes a compact mixed-mode universal biquadratic filter and dual-mode
quadrature oscillator circuit using a single voltage differencing gain amplifier (VDGA). In
this design, a canonical structure with one resistor and two capacitors is employed. The
proposed universal biquad filter is able to realize generic second-order filter functions in all
four modes of operation, namely, VM, CM, TAM, and TIM. It has the feature of orthogonal
control of w, and Q characteristics, and simultaneously the ability to implement a high-Q
filter with a single resistance adjustment. The quadrature oscillator, which generates both
voltage and current output signals simultaneously, is also feasible by slight modification of
the proposed configuration. Both the oscillation condition and the oscillation frequency
of the proposed quadrature oscillator are non-interactively controlled. The circuits are
subjected to non-ideal analysis, including tracking error and parasitic element effects. The
simulation and experimental findings prove that the suggested circuit performs in both the
mixed-mode universal biquad filter and the dual-mode quadrature oscillator.
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Symbols and Nomenclatures: The following symbols and nomenclatures are used in this manuscript:

VDGA voltage differencing gain amplifier

VM voltage-mode

cM current-mode

TAM trans-admittance-mode

TIM trans-impedance-mode

LP low-pass

BP band-pass

HP high-pass

BS band-stop

AP all-pass

MUBF mixed-mode universal biquadratic filter

QO quadrature oscillator

DMQO dual-mode QO

oC oscillation condition

OF oscillation frequency

8&m transconductance gain of the VDGA

B voltage transfer gain of the VDGA

U effective channel electronic mobility

Cox gate-oxide capacitance per unit area

W effective channel width

¥ effective channel length

Ty transfer function of voltage-mode filter

Ty transfer function of current-mode filter

Ty transfer function of trans-admittance-mode filter
Tz transfer function of trans-impedance-mode filter
Wp natural angular frequency of biquadratic filter
fo natural frequency of biquadratic filter

Q quality factor of biquadratic filter

Wose natural angular frequency of oscillator

fosc frequency of oscillator

&% Euler’s formula shows a 90° phase difference between two signals
180° Euler’s formula shows a 180° phase difference between two
¢ signals

it non-ideal transconductance gain

) non-ideal voltage transfer gain

& tracking error of transconductance gain

& tracking error of voltage transfer gain

dBV voltage decibel

dBA ampere decibel

dBS siemens decibel

dBQ Ohm decibel

dBm mili decibel

dBp micro decibel

dBc decibels relative to the carrier

THD total harmonic distortion

SFDR spurious-free dynamic range
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Abstract—This paper focuses on the practical realization of
current-mode multifunction biquadratic filter with single input
and triple outputs (SITO), implementing from two readily
available IC LT1228s. Only three grounded passive elements
have been used for the realization. Highpass (HP), bandpass
(BP) and lowpass (LP) biquadratic filtering functions are
simultaneously generated without modifying the -circuit
structure. The tuning laws of the natural angular frequency
(@) and the quality factor (@) are non-interactive electronic
control by changing the external bias current of LT1228s. The
critical circuit sensitivities are considered to be low. Computer
simulations with PSPICE program are also confirmed with
theoretical ones and used to demonstrate the circuit
performance.

Keywords— Dbiquadratic filter, commercially available IC:
LT1228, current-mode circuit, electronically tunable

I.  INTRODUCTION

Nowadays, analog filters designed by using modern
active building blocks play a role in the area of analog signal
processing - applications, such as sensor  technology,
instrumentation and communication systems [1]-[2]. For this
reason, many published articles mostly pay attention to the
design of analog active filters up to now. However, most of
the earlier works in literature are mainly focused on the filter
performance improvement by reducing power dissipation
and number of active and passive components, but still
preserving outstanding workability. Ones in [3]-[10] realize
active biquad filters with different technologies i.e. bipolar
[3]-[6], CMOS [7]-[8] and BiCMOS [10], which are not
usable and commercially on-shelf available in electronic
market. Furthermore, the works in [3], [5]-[7], [9] include
three or more active building blocks for their realizations.
Likewise, in [3], [9], a large number of passive components
is required. In practice, LT1228 is a commercially available
IC from Linear Technology Company, which internally
comprises the operational transconductance amplifier (OTA)
and the cwrent feedback amplifier (CFA) [11]. With this
circuit structure, the transconductance gain (g») of LT1228
IC can be controlled electronically and directly via the
external DC bias current. As a consequence, some active
filter topologies based on the use of LT1228 have been
developed [12]-[14].

Therefore, this paper describes the practical realization of
current-mode multifunction biquadratic filter with single
input terminal and triple output terminals (SITO). The
proposed biquadratic filter contains two LT1228 together
with one grounded resistor and two grounded capacitors and
can realize the three generic biquadratic filter functions
namely, highpass (HP), bandpass (BP) and lowpass (LP)
with no need to alter both input curent signal and circuit
structure. The natural angular frequency (@) and the quality
factor (Q) of the proposed SITO filter can be adjusted

978-1-7281-9978-8/20/$31.00 ©2020 IEEE
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electronically and linearly by  controlling the
transconductance gain of the LT1228. Moreover, analyses of
the active and passive sensitivities of the filter parameters are
shown to be low. To confirm the performance of the realized
filter, PSPICE simulation using LT1228’s model parameters
obtained from Linear Technology Company are also
included.

II. CRcUIT DESCRIPTION

A. Commercially Available IC: LT1228

The block diagram and schematic symbol of a
commercially available IC LT1228 are shown in Fig.1 [11].
This IC mainly consists of OTA section cascade with CFA
section. The output current (i) flowing out from the z
terminal is proportional to the differential input voltage
between pin p and n (v, — v;,) with the transconductance gain
(gm). The voltage drop at the z pin (v:) is conveyed to the
output voltage () at the w pin with the unity voltage gain.
As described, the ideal operation of IC LT 1228 can be given
by:

i, 1770 .0 0 o],
i, 0 0 0 0fv, 1)
| |g —2, 0 0w
v, 0 0O NIy 0|l i

w

In above equation, the g,-value of LT1228 is controllable
electronically with the following relationship:

g, =101,
where I3 is the external DC bias current of LT1228.
7 E E] gain
n 2] 2N (7] v+
» ] ol
V[T 7] 5

: @ ,
i b
v, . ——> —
pPO———— p W ——0 Vw
i LT1228 3
y n =
no——— n 7 —o V-
) ) ®)
Fig.1 LT1228 IC device.
(a) block diagram  (b) schematic symbol

B. Proposed SITO current-mode biquadratic filter

By using two LT1228s and all the three grounded passive
elements (i.e. one resistor and two capacitors), the proposed
current-mode biquadratic multifunction filter having single
input terminal and triple output terminals can be realized as
illustrated in Fig.2.
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°P 25%i
i LT1228 i
o—= n W -
2’
f Z p RI-
an G LT1228

[—]

Fig.2 Proposed SITO current-mode biquadratic multifunction filter.

Analyzing the circuit in Fig.2 using eq.(1) with Ry =
1/gmo, the three current transfer functions can be derived as:

R AIONECN 3
Iin(s) D(s)
De
BleBP(S)= Em2 G ) @)
1,(s) D(s)
_[gmlgml J
and Ip= 1ip(8) _ GG, : )
I,(s) D(s)
where D(s)=sz+s[ﬁj+(g’"‘g’"z). ©)
Cl CICZ

In all cases, the natural angular frequency (w,) and the
quality factor (Q) are found as, respectively:

W, =2nf, = [EmBm2 @)
olo}
and 0~ |8y, ®)
8mCs

It can be concluded from the above conditions that the
important parameters of the proposed filter can be adjusted
electronically via the g1~ and/or g»-values of the LT1228
devices.

C. Non-Ideal performance and circuit sensitivity

The effects of the LT1228’s non-ideality on the filter
behavior are to be taken into account. In this case, the
terminal relations of the non-ideal characteristics can be
written as:

i, 0 0 0 0fv,
i 0 0 0 oflv,| . 9)
i| |es, -ag, 0 Ofv
v, 0 0 B 0]l i,

where « denotes the transconductance in-exactitude and /S
represents the non-ideal voltage transfer gain of the LT1228,
respectively. Taking the LT1228 non-idealities in eq.(9) into
account and re-analyzing the proposed SITO filter of Fig.2,
the modified filter parameters @, and QO turn to:

@, = 40 B8 > . (10)
GG,

il o= |%PenG an
B\ a.8,,C,
The critical sensitivity performance of the filter

parameters m, and O with respect to the active and passive
components can be expressed as:

a a @, _ QW, __ Q _1 )
S’: =S'727 =S/‘1 _ngl _SS:: _5‘ (1‘-)
5o —go =1 13)

[« _-;’

1

Q0 _ Q0 _¢2 _ ¢Q _
Sa =S5 =5. =5 =3 e

1

Q9 _¢2 _¢q@ _

52 =5° =S¢ S (15)
and sg=_1. (16)

Eq.(12)-(16) indicate that all the sensitivity values of the
filter parameter are within unity in magnitude.

III. SIMULATIONS AND DISCUSSIONS

In this section, the proposed SITO current-mode
multifunction filter in Fig.2 has been simulated with PSPICE
simulation using LT1228’s SPICE model provided by Linear
Technology Company. — The supply voltages used in
simulations are £5 V.

The following component selection used in simulations is
as follows: J31 = Iz = 100 uA (gm1 = g = 1 mA/V),R; =1
kQ and Cy = C, = 100 pF. The theoretical and simulated
frequency responses of the proposed SITO current-mode
multifunction biquadratic filter are compared and shown in
Fig.3-5. According to eq.(7) and (8), the natural frequency
(f;) and quality factor (Q) are set as: 1.59 MHz and 1,
respectively. -~ From simulation result, the total power
dissipation is approximately found to be 114 mW. The time-
domain responses of the proposed bandpass filter in Fig.2 is
simulated the input signal current (i;,) of 50 yA(peak) at =
1.59 MHz is shown in Fig.6. It is recorded from the graph
that the phase difference between i, and i, can be measured
as around 11.43°, where the theoretical value is equal to 0°.

Gain  Phase T :
B) (de Simulation
€R) Wegregy -=== Theoretical
30, 180
04150
-30 120 Phase |4
-60 90 v,
-90 60
1201 30449
-150 0 J ~
1k 10k 100k M 10M 100M 1G

Frequency (Hz)

Fig.3 Theoretical and Simulated HP frequency responses.
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Fig.4 Theoretical and Simulated BP frequency responses.
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Fig.5 Theoretical and Simulated LP frequency responses.

To demonstrate the f;-value controlling without affecting
to the Q-value, the bias current Iz; and Iz, were
simultaneously adjusted for three different values, i.e. 50 A,
150 1A and 500 pA, while Ry was also changing from 2 kQ,
666.67 Q to 200 Q. Table I summarized the component
setting values and the resultant f; and O values. Here, the
bandpass responses for three different values of f; at O =1
are shown in Fig.7.
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Fig.6 Simulated time-domain responses of the proposed BP filter.
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TABLEL COMPONENT VALUE SETTING FOR f; -VALUE VARIATION.
Ipy =1Ips gm1 = Gm2 Ri1=R: a=C HZ
@y | mav) | o | ep | SFOHED 0
50 05 2 100 0.796 1
150 15 067 100 239 1
500 5 02 100 796 1
|[---- £=079 MHz ||
----- fo=2.39 MHz ||
-‘5 0 —— ;=796 MHz =TT
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Fig.7 Simulated BP frequency responses with varying f,-valueat 0= 1.

Fig.8 also shows the electronically adjustment of the O-
value, while keeping f;-value constant at 1.59 MHz. The
component values of the bandpass filter were selected as that
given in Table II while Iz, was set to be constant at 100 A
for gm =1 mA/V.

TABLE IL COMPONENT VALUE SETTING FOR O-VALUE VARIATION.
G=0C
I51 (A) | gm (mA/V) ®F) 4] Jo MHz)
50 0.5 70.78 0.7 1.59
150 1.5 122.6 1.22 159
500 5 223.83 224 1:59
30—
l[==~- 0=07
..... ¢=123
o 0 g=22% S
g | Ll
gu 30 el 2 N8
g Zori b
=
G -6 Ny
-90
1k 10k 100k M 10M 100M 1G

Frequency (Hz)

Fig.8 Simulated BP frequency responses with varying O-value at f; = 1.59
MHz.

Monte-Carlo analysis is performed to evaluate the impact
of mismatch and the variation effects on the frequency
response. The BP filter was simulated with 5% Gaussian
deviation for the passive elements R;, C; and C>. Fig9
shows the Monte Carlo analysis of the natural frequency
with 200 simulation runs. It can be indicated from Fig.9 that
the natural frequency is in close agreement to the theoretical
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results, which is 1.59 MHz. Therefore, the proposed filter
has appropriate sensitivity performances.
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Frequency (MHz)
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Fig.9 Monte Carlo analysis results for BP filter in Fig 2.
(a) simulated gain responses  (b) histogram of the w,

IV. CONCLUSIONS

In this paper, a current-mode multifunction filter with a
single input and triple outputs (SITO) has been proposed.
The proposed SITO filter is realized by using two
commercially available IC LT1228s, one grounded resistor
and two grounded capacitors. This circuit is capable of
generating three standard biquadratic filtering functions such
as highpass (HP), bandpass (BP) and lowpass (LP) without
changing the circuit configuration and mput current signal.
The natural angular frequency and the quality factor can be
adjusted via the tranconductance gain of LT1228. Both its
active and passive components exhibit low sensitivities.
Simulation results based on LT1228’s model from Linear
Technology Company process are performed to testify with
the theoretical analysis.
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Abstract—An  active lossy parallel type inductance
simulator is proposed in this study. Only a single voltage
differencing gain amplifier (VDGA) and a grounded capacitor
are used in the proposed design. The realized equivalent
resistance (Req) and equivalent inductance (Leg) can be adjusted
electronically via the transconductance gain of the VDGA
device. The influence of the non-idealities of the VDGA on the
realized simulator is examined in detail. The suggested active
inductance simulator is used to realize the second order voltage
mode highpass filter, which is simulated using the PSPICE
simulation program to ensure that it performs as expected.

Keywords—Voltage Differencing Gain Amplifier (VDGA),
inductance simulator, electronically adjustable, RLC filter

I. INTRODUCTION

An inductor, also known as a passive component, is one
of the most valuable electronic components in analog and
mixed-signal integrated circuit applications such as filter
designs, oscillator designs, impedance matching circuitry,
and parasitic element cancellation. However, in advanced
integrated circuit design, the integration of high-valued
inductors is a fundamental issue due to the limited silicon
area provided. Moreover, after fabrication, the passive
inductor is not easily adjustable. To solve these constraints,
many researchers have designed and developed synthetic
inductance simulators based on various active components,
such as second-generation current conveyor (CCII),
operational transresistance amplifier (OTRA), differential
voltage current conveyor (DVCC), current feedback
operational amplifier (CFOA), current differencing buffered
amplifier (CDBA), (fully balanced-)voltage differencing
buffered amplifier ((FB-)VDBA), etc. [1]-{10]. From the
literature, inductance simulator circuits can be defined as
lossless or lossy inductance simulator types. Additionally,
the lossy type can also be specified as either a series or a
parallel type. It can also be divided into two types based on
their structure, such as grounded or floating. By mainly
focusing on the grounded parallel inductance simulator,
some of them require more than one active element to realize
the lossy parallel type inductance simulator [1]-{2]. On the
other hand, the circuits in [3]-[10] require only a single
active element, but they still use an external resistor in their
realization, and besides, in [3]-{4], [10] they employ a
floating capacitor, which is inconvenient to implement in an
integrated circuit and cannot reduce the parasitic impedance
effects of the undesirable active elements. Electronically
adjustable features are not furnished by the developed
circuits in [1], [3], and [7]. A cancellation condition is also
required by the simulator in [3].

In 2013, the active element, namely, voltage differencing
gain amplifier (VDGA) was first suggested [11]. This
element has been developed from the VDBA by replacing
the output stage of the VDBA, which was a voltage buffer,
with a current-controlled voltage gain amplifier. Therefore,
this article presents a lossy parallel inductance simulator
circuit using a single VDGA and only a grounded capacitor.
The realized equivalent values can be adjusted electronically
by the external bias currents. The designs do not require any
component-matching or cancellation conditions. The
simulation findings, which are based on TSMC 0.18-um
CMOS technology, show that the designed simulator and its
voltage mode highpass filter application are practicable.

II. VOLTAGE DIFFERENCING GAIN AMPLIFIER (VDGA)

Fig. 1 shows the electrical symbol of the VDGA, where
the terminal relation in the ideal situation can be presented as
the following equation:

0

0

? 00 P
l 0 0 0 0 Ofv
& 1, )
| & md 1 md 0 0 0fv 2
i 0 0 gy 0 0w
v, 0.0 B o0 0]i,

where gur (k= A, B, C) is a small-signal transconductance
gain and S (= gws/gmc) is the voltage transfer gain of the
VDGA. The VDGA has two input terminals and three output
terminals, with p, n and z, X representing a high-impedance
terminals, and w representing low-impedance terminal.

i

g
Ve o374 p w = oV
; VDGA ;
n x
Veo—= 1 n ~ ¥ =W

ll i

V.
Fig. 1 Electrical symbol of the VDGA.

The transistor level implementation of the VDGA applied
in this research is shown in Fig. 2. The transconductance
gain (gm) of this structure can be adjusted by the external
DC biasing current (Iz;) which can be defined as:

w
i = lucax[fjlﬂk ? @

where u is the effective carrier mobility, Coy is the gate-oxide
capacitance per unit area, W and L represent the effective
channel width and length, respectively.
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Fig.2 Possible transistor level implementation of the VDGA.

III. PROPOSED LOSSY PARALLEL TYPE INDUCTANCE
SIMULATOR CIRCUIT

The proposed lossy parallel type inductance simulator
circuit is shown in Fig. 3. The simulator contains a single
VDGA and only a grounded capacitor as an external passive
element. Analyzing the proposed simulator with (1), its input
admittance (Y) can be realized as:

(3)

which the equivalent resistance (Re;) in parallel with the
equivalent inductance (Leg) are equal to:

——- IRV (a0" @)
& ﬂgmxi gmAgmB
and = ®)
&8n18mz

The designed circuit in Fig. 3 can simulate a lossy
parallel inductance simulator, as shown by (4) and (5). The
realized Re; and Leg can be tuned electronically through the
&mi value of the VDGA. Furthermore, the Re; can be tuned
without disturbing the Le, by controlling a gmc value.

Fig. 3 Proposed lossy parallel type mductance simulator.

IV. NON-IDEAL EFFECT AND SENSITIVITY PERFORMANCE

In the non-ideal scenario, the VDGA’s terminal relations
can be rewritten as:

i 0 0 0 o0 o]y,
i 0 0 0 0 0fv
; . (6)
,: = aAgmA —a.-lgmd 0 00 \’__
i, 0 0 g, 0 0|,
v, 0 0 B o ofi

where o and O denote inexact transconductance gain, and
the non-ideal wvoltage transfer gain of the VDGA,
respectively. By analyzing the suggested simulator utilizing a
VDGA characteristic in the non-ideal state, the equivalent
resistance and the equivalent inductance are realized as:

o 1 - ng
2 0,0B8 X088z

and L = A ¢
il a.-i aBg mA&mB

As can be shown in (7) and (8), the realized equivalent
values are slightly influenced by the undesirable VDGA
parasitic gains even under non-ideal conditions. As a result,
these values can be compensated for at close to the required
value by fine-tuning the g, value.

: (N

®)

The impact of variations in active and passive component
values on Ry~ and L~ value can be evaluated utilizing
relative sensitivity coefficients, which are calculated as:

Sp=g0=grlfsh = , ©)

F o/ O (10)

=S =87 =1 , (11)

and S=1x (12)

All of the sensitivities of the various parameters of the
proposed simulator are less than unity, as can be observed
from (9) to (12). According to these results, the suggested
circuit exhibits low active and passive sensitivity.

V. SIMULATION AND DISCUSSIONS

The computer simulation software, so-called PSPICE,
using 0.18-um CMOS real process parameters acquired from
TSMC, was employed to validate the proposed simulator’s
performance against the theoretical criteria. The VDGA was
simulated employing the internal CMOS structure of Fig. 2
with power supply voltages of £V = 0.75V. The transistors’
aspect ratios (W/L) are provided in Table I.
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TABLE L ASPECT RATIOS OF CMOS TRANSISTORS IN FIG. 2.
Transistors W (zam)/L (fam)
Miy-Mox, MM,
> 2.4/0.18
Min-Mix
May, M, 5/0.18
M, Mok, Mox-Miox 6/0.18

In the simulation, the component values were taken as:
Vin =50 MV (peak), m4 = gmc = 1 MA/V (Ips = Ipc = 220 uA),
gma = 0.52 mA/V (Izz = 60 uA), C1 =100 pF, providing Re,
=19 kQ and L, = 190 uH where the simulated and
theoretical frequency responses are shown in Fig. 4.
Furthermore, in Fig. 5, when the sinusoidal input voltage of
50 mVe at = 1 MHz was supplied to the proposed
simulator, the ensuing responses claimed the phase of vy
was leading i at roughly 54.29°, whereas the theoretical
value is 57.86°. The total DC power consumption of the
designed simulator was found to be only 2.48 mW.
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i+ w-ﬁ‘r_%
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Frequency (Hz)

Fig. 4 Simulated and theoretical frequency responses of the proposed circuit
m Fig. 3.
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Fig. 5 Simulated time-domain responses of the proposed circuit in Fig. 3.

Fig. 6 illustrates the tunability feature of the proposed
simulator by keeping C1 = 100 pF and adjusting the g;.4 into
three different values, i.e. 0.4 mA/V (Izs = 40 uA), 0.68
mA/V (Ig4= 100 uA) and 1.21 mA/V (Iz4 = 320 uA) while
the gms and gumc were kept constant as 0.52 mA/V (Izz = 60
#A) and 1 mA/V (Isc = 220 uA), respectively. The Rey =
4.48 kQ, 2.84 kQ, and 1.59 kQ, as well as the L., = 447.64
uH, 283.11 uH, and 158.26 uH, were achieved using the
above values in the presented simulator. On the other hand,
an orthogonal tuning feature of R.; is also obtained by
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changing gnc as shown in Fig. 7. When the
transconductance gain g,c was varied through 0.43 mA/V
(Isc =40 uA), 0.68 mA/V (Isc= 100 uA), 1.21 mA/V (Isc =
320 pA) and gmy = 1 mA/V (Iz4 = 220 pA), gmz = 0.52
mA/V (Izs = 60 uA), C1 = 100 pF, yielding Lo, = 190 uH
and Re; was changed by roughly 815.19 Q, 1.29 kQ and 2.3
kQ, respectively.

o I
LILILLALLY T
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10k
o= 100 uA [ "’:
& I i
~ 4 ]
3 Ik ﬁ:w’
N A
’ 30— 320 uA
p 31— 220 u
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.’ | T
e 100K N 10M 100M 1G

Frequency (Hz)

Fig. 6 Simmulated frequency responses of Z,, while varying g
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Fig. 7 Simmlated frequency responses of Z;, while varying gnc.

As indicated in Fig. 8, temperature analysis was also
simulated. The temperature was raised from 0°C to 100°C in
25°C increments. As a result, it shows that the proposed
simulator has diverged from the ambient temperature by

—30% ~ +9%.
10k
it ssess!gﬂ
100°C
Ik
g e
N
100 +——
#
10 |
10k 10Ck M 10M 160M 1G

Frequency (Hz)

Fig. 8 Temperature analysis of the proposed simulator in Fig. 3.

VI. APPLICATIONS TO HIGHPASS FILTER REALIZATION

The RLC highpass filter depicted in Fig. 9(a) was chosen
as an application example to evaluate the simulator’s
performance. The prototype filter in Fig. 3 was replaced by
the proposed simulator, as shown in Fig. 9(b). The voltage
transfer function can be expressed as follows:
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The natural frequency (w,) and the quality factor (Q) are
respectively defined as:

@, =20f, = e - (14)
IL.c,
&
—p S . (15)
0=R, 7"

The designed highpass filter of Fig. 9 was simulated
using Cgp = 100 pF, Reg = 1.9 kQ and Loy = 190 yH (gma =
gnc = 1 mA/V, gup = 0.52 mA/V, C1 = 100 pF). The
simulated and theoretical frequency  responses of  the
designed filter are exhibited in Fig. 10, in which the f, and O
are found to be 1.15 MHz and 1.38, respectively.

Crp
o~
Vin %/ch Leq Vout
-0 L 2 O -
s
(a)
Cup
+0O [m O +
Lossy parallel inductance
Vin simulator of Fig.3 Vout
x4 Ly o SRR e\
; VDGA !
E - n % ;
STy TT]
®)
Fig. 9 Voltage mode highpass filter realization.
(a) Prototype RLC circuit  (b) Actively filter using proposed RL simulator

VII. CONCLUSIONS

An actively parallel type inductance simulator circuit is
reported in this paper. The presented simulator consists of a
single VDGA as an active element along with only a
grounded capacitor. The VDGA’s transconductance gain can
be used to electronically control the realized equivalent
resistance and inductance values. The non-ideal analysis of
the VDGA has also been carried out. The RLC voltage mode
highpass filter replaced by the proposed simulator is
designed. The simulation results with TSMC 0.18-um
CMOS are included to confirm the behavior of the presented
circuit.
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Fig. 10 Simulated and theoretical frequency responses of the realized
highpass filter in Fig. 9.
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