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ABSTRACT

The goal of this thesis is to propose novel circuit design techniques for the synthesis of
integrable electronically tunable voltage-to-current transducers (EVCTs). The new proposed
EVCTs are composed of typical integrable analog circuit functions and require small number of
transistors, which are attractive features for an VLSI implementation. Comparing with the existing
VCT, the advantage feature of the EVCTs are that their conversion characteristics can be varied by
electronic means, with highly linear and accurate, wide dynamic range and wide bandwidth, which
will increase the usefulness of the VCT. Three new methods for the realization of the EVCT are
proposed. The first method employs a class AB and current mirror circuits. The second method
employs a differential amplifier and current mirrors, which is similar to the structure of an
Operational Transconductance Amplifier (OTA). The third method employs a differential amplifier
and a current amplifier is constructed in the form of an electronically tunable current conveyor.
The characteristics of the EVCTs are demonstrated by experimental and simulation results. The
results confirm that the performance of the proposed circuits, i.e. dynamic range, accuracy and
frequency response, are in good agreement with the theoretical predictions. Finally, some application
examples are also given.
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Gilbert Gain Cell
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v ' 3 L 1 ]
uidszinddadie G veareshosnuuuyumunanmsaananil - aansoisznfaoy
U A 1 1 y d'. 1
waeldmumvesnszua 1, miAmouen  Favaneanudienaves I, dansafivzaugua

a o [ ' dy Yy an ad a
WIUA0T G| 'tlﬂ\l’lﬁl‘iﬂQﬂﬂ'l']Hulﬂﬂ')tl'lﬁﬂ'liﬂlﬂﬂﬂiﬂuﬂﬁ

suuuun 3 WanNIINIWsvIenuuAiesIs T (differential amplifier) NeoAUUY

nnueansuFdaesaaanalugn 3.3

VoD

M3 1 M iout= if-i2
—_—

Jipec ez

Vss

717 3.3 2vsvmnonnavivlesisuealasldueansusanes

a o - =
1n993H M, wag M, fhuravsvnonadvesisudsalasldueansudaaes  Taodl
" ar V as a'l IS N 2 - a J 4:; o o .e'g

nazud 1, Wui ludaldiuaaes ledinszud i, was i, MRaTui M, uas M, mwddy e

mnmstiounsdwdini v, nszua i, wgnasiounInssumioannNTaziounszud M,
waz M, li¥inavesnnnanszud i, uda lvasenidluminszua i, ae'li

' v o d ' " . o ' o Aa ' a
wuhanudiussErinanszua i, fudwsedunsunm v, auilu [gmsimsedld

Tumaruan nl
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-i

2

i =1
out 1

iout =( fZKIB J vi = Gm vl. (3.11)

" ¥ " ' .
wuhm G, vennsiinaduannsofisznldounlasidnnavenszua 1, Failiaes

[ U ~ 3 ad ad = ] o A
Finanaunsafinzarugum G 1ddeiinedidnmsetindisu@eriuiie K =K, W/2L

3.3 vold s sunazdessvszniiesndasusaawiunszuauvy EVCT nu VCT

" A a o
doldIoy vertosudasuseg i unszuauuy EVCT ioiounu99suuy VCT

1.
2.

aaasansmir hidsggnaldandldneuanenn
4 ° o o y v . a
011012993 EVCT lililszgnaldaiu 2esawnsaiinsioude (interface)
o 1 i - ad )
luTnasnouiiames Tasase  Tassinszuaildniuqudauitnudiannseiind 1dein
miﬁ'w'1u°n'fagainn"lﬂﬂiﬂauﬁ‘Jma%'&hu'aws D/A (digital-to-analog converter)
Taos1A9InM1sAIUANIes Tasasannuyuiviedaiugy  Wunaliiasawise
a we L) L3 A J Q.I
Uanuidaasanarlashiimsngaiien Fadennsesuuy ver Taonal)
1 & 9/ Y 1 = o o d o - '
wudgunsai i 14 lumsifudmsiiimes Tnilugunsel s wmonuwadw wu R, L
b
vie ¢ gunsaimariilndvualuguazmsdiuamin1d Taverisisna (mechanical)
I¥anueiuén aAnuaziBoa wazanusaEa Tun1sinnnnieesuuY VeT
{ U H - A o { 1 -
arugumsasunlasiiidesms uudadu  demsdfun/dousmniiaes
a a8 g 1 g 9
yonasinnuiluFaduiumnszuaildniugy
' ' ¥

muzauivzoanuuunazi udua9ssIn  1HeanINndnnsAIna 108N

a  a o =) 1 ]
wnowmaniaoaginssiiwinuwadifudiuing

dardenl3ey vorsesudausesudiunszuauuy EVCT diemovuiuiaesuuy VCT

@ FY o Y v P {
1. Tﬂum'hﬂﬂﬂfrswuanwsﬁmmqmmﬂu uaz"hﬁ'im’mq‘dﬂsm"lumiaﬂmmuﬁmﬂ

[ 1 = : (K" @ d' - s =1
ai ualuanudusswduegiuvanmsidenniseenuuy msizuananmsi
Yo 'd 1 [ 1 [ = o . -
ms1¥imauginsel bisn dugu nanmsvenvsveeuuuawiMesisuiFeanoen

= o
MUV ANT IUT AR (Hudu

AunuvessimildnaniaesaauInginisimnuwannn i
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4 ' = 1 o = ,
3. iflee9Indneesiiszeenuuuduniumsesnuuunngnsal S imanueniin 1y
a & w a 2 a &£ o o A =
N ugaaes Faludmiudmeesiudulszav§nnmsndinihiiensszinasinns

4 - =
sumuiiouNMnguMginnmoueni 14

3.4 unay
S v o Y 9q A =

wnil Idiweue i ledandnmsuazuuamalunsesnuuyians EVCT feanse
Ysudoud mawaneudauaud G venasluudargduvudn q duldde3ing
ad a o 9 3 1Y = = 3§ 9/ = 1
sidnnsetindwdeuia lduanimsnlSoudisudade ldnlsvunazi@on/Souved299s EVCT wuh

b [ '

sUiupverens Evet viuiide ldnSouiinnninees ver Tasialdeginn  sinldiino
fuleluewianaaes BVET unzilunaiii 185uauaulazidenldlunsesnuuuswny

] }
2993AN 9 ANUINTY



.
Unn 4
ssesmaussguilunszuanuuySua laaae3smadidnnseting (EVCT)

" d
fieanuuuaINasAaIa AB nuulyueansudanes

4.1 unmi
Tuasesuaassiudiunszue (v duiinswdhinahlilszgnalFauduen q
WINWY 1B Ni}iﬂi:mawaﬁmuﬂpmuuuamaﬂn (analog signal processing) MNITNTOI
Aoyt (filtler) 2993900 TYY 1Y (amplifier)  WITAWNIUNTZUT (current conveyor) 93
ulaaduiuausAIaY (negative impedance converter) AT  NITOUIADATITOAUNNIGIA
(analog neural network) [5-9] ﬁflﬁ’mi"lﬁ’%'mmuﬂuhmﬂﬂ1'1'mszﬂunn5'u q uaziie
danlszangamlumai W dinntusnddneesamnsofiszgnesnuuu 1¥iidnuas
1umi§“uﬁ’numpmu‘iqﬁ’uﬁuvm‘ﬁ'h’fmwf]uuuuﬁmﬂaﬁut%ua (differential input V/I) 299593
Fo'lduSounims SudyanaussdudunmidhiuuusuymiAe (single-ended mode) 13U
swannusIduABoeliam (DC offset voltage) 81 awsaldnuluissvinouuuduang
UA (instrumentation amplifier) ¥38 993D uRUAUEGIIVABUAY  (floating impedance
converter) [9-11] 18 wazBelninfudrsnuemanmsuumnliumddaeiimedidanseiind
W lswdreneluees vi (electronically tunable voltage-to-current transducers) %30 EVCT
ﬁ'wué’aﬁ?}m:ﬁﬂﬁuslsmmmﬂsxqﬂﬂ%’ﬂu‘lﬁxﬁumniumin"lﬁﬁﬁﬂ %1 ANTNOBNUVY
12993 nseaneniiuuAAA DR 11177 (automatic tracking active filter) 2995ns0IRAMITO
Tsunsuazfundouaianld (programmable state-variable filter) 2995utlasduiiuaud
!lUULliQﬁUH?ﬂﬂixuﬁﬂ'}Uf]n (voltage/current-controlled impedance converter) NITNIVAY
§73190108A TITA (automatic gain controlled) i®  29vsRRTFAAAEI inIUAN TABLTIRY
nIonII (voltage/current-controlled oscillator) [12-14] ﬁlué’fu

¥ b '

Twiflewiieg 1dviiaued99s EVCT fivenuuuainiesvewaaid AB uuyldued

a ¢ < W v A 3y v
nIugARes [15-16]  Fnnnanmsszdsznevdlsmadenlinsesnaia AB uuyldued
NIUFANADT DONUVVINGIZNTHYeAMA1sEMs nafeliAnNuA IuNIUg IR Mg
yoausauaunnuaz manudumumnmadnvesnszuaduwn  Towmsldaunaziu
YHIiRIMUA1WDNNI1S (wide dynamic range and wide bandwidth) aaiulumssudya
v a ¥ @ 9 a ¢ a ¥ = ' v
ussduduynidunszdumsiudunuuadiesisudvandmdoudludnszug 9Imi

L] ] Y o o . . . g -
ayyIw i)::m"lﬂwwqwainszuﬁmmﬁm (current squaring circuits) ATuva ﬂllﬁ:1§ﬂ1‘i‘|19~1



Vi

TIUNNDOTUANTN  NIVBVUNATN NN LN i

aemesauns sannanunluumii a - mndnvazmIssnuuufinai iesansoie
LY
1 = o 1 ar o et
AURuAINS N0 eI UABA MIMARBUARIANY HID g, TARIEIEMIRIURUNI

ad a o
plannIound

4.2 1997 EVCT feenuuuvINIsoIAA AB

4.2.1 MSMIUVDIII037

Mg t
l]* I1l

F—i[,M>

Y T
(1a+)
My

A ln 121

Mg E‘lMg M,of.]l;lmn

e

- o 1 s 1 =, a g =
51l 4.1 NﬁmJaau'smun‘jumm:uﬂunuﬂmﬂflﬁﬁam'ﬁ'mamﬁnmﬂunﬁ (EVCT)

vinaseslugilar dhunsssdaimhiunlawssiuiunszuaiitunsadive

=, ad = 1 { "
188035 neBiannseiing wis EVCT moluilszneudledinyediasvoioaaia AB Hilngqu
yeamswF@Aes (M, i4 M) ez (7, da M) Tawfinszud 1 iuuvdsnienszuanan iy

o 1 z:l’J o 9 o v A 9/ = o = a
NI m‘smqmrlmwsmuuwmnmmuuimuwﬂaummuuuaﬂtﬂmﬁuwua nyn A

.

uar A’ adey ez IWAITIAUA (unity-gain voltage follower) RUAUMAUAUT YR IVUA
a a 4 4 o w g 4 A A - v vels
Sunnifiadiu 7 9@ B uaz B> awd Wiy 91miu Al 9 B uaz B wilduiiuaud z deagini
] . £ [ Fd
wihinldeuusadu v, dlusinszua i St (V- vz daiunszuaiifaiusiinams
ar Vv o d' 9/ [l - 1 .:'
ms Inaninga B Tldage B> (Gussduduwnidenwdnngrnsiin v, > v,) figa B uag B’ 92
funassonszuanad 1, dvaggauilumavinlfinaiisnszumibu (1, + i) waz @, - ) Hrmans

0 3 v ¥
Tnadhgye B uaz B awddy  udevaziinszuaifiauilu , +i) uaz (, - ) wld
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Houdrgransnszuaiidaaosdo hlfinguueamaudanes (M, M, M, uoz M) uaz (M,
M,’, M, 1ag M) sasludadisimihiifuesnszuamsares Usingmnszimeniynd
Aatuiunszud 1, waz 1, iedinstlounseua (1, + i uaz @, - ) anfiduwnuednsss i 90
B uay B’ muday Fuaasmnszug 1, oz 1, (17 1 luaumsit @.1) uaz (4.2) [gms

a L
UATIEH LU IARUIN )

(I, +i)?
A @4.1)
b
nae
(1, —i)?
12 =21b+—éT (4.2)

waziitodoam s issstinwesmmsiinatuiiufnssia I, uay I, aeandeafudunsii
ndnnfigaazdevinliguoneansudman (M, 4az M), (M, uaz M,) , (M, uaz M)
way (M, uaz M,”) Innuaumadnualn NntumAsTIE I, 1a2 1, srgminnisasfeunsuud
(11999107995 A2 ROUNTLUNLIUAY (negative current mirror)  M)sznoudIoNeaMs T A0S

(M, 84 M,) tag W, 69 M) awdidy  Tasmsazdeunszudannsovesanszud 1daa
o 2 ° o 1 @ 1 d
daswee n la q Fadmuamsvnonszuadanan ledrednsiaiuves WL veaginsaiusas

L4 [N [
w9 luiiimelursssildesnnuuimuali (WL), /(WL),, = (W/L),/(W/L),, = n

¥ '
WA (W/L),, /(WL = (W) /AW/L), = 0 NUUMATING L, Az I, ﬁnnﬁmwuﬁ'wzqn

AZNOUNTZUARININTALNBUATTUAUVVVIN (positive current mirror)  NugUHUY Taouoe

“

a s o £ ]
NIUFAADT (M,, a2 M,) uaz (M, uag M,,") ilmsvoonszuaiunilanmiu dalu
2093/ MuA (W/L) a0 (W/L),,,, AW/L),,, = (W/L)y,, / (W/L),,,. = 1 Tudiuvesnsesaziiou

¥ v 3 1
nsznauuuuIniimthidionihmnszua 1, uaz 1, lhinauduriniumeiinadumnszua

= o

'8 . oA Yy o o o U [
DIMAN I ‘n:unﬁmqmi"lwaﬂaﬂuaz"lnamq'qﬂ C uaz C’ muany Tagaziivannisoon

w Voo P ) 4 4 @ A
HUVIVIAINATNIUILDIAIUANNITUDIAIDADIAUAIT (quarter-square method) m‘nnm’mﬂu

~ o n’; ¥ o . =
unit 3 dniue lddnszumeninn i, Tauiy

Rl .
to=n(I]—12)= E;b— i=K.i (4.3)
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(V,=V,)

R Tk MG L. P 7
Z
- nl (VI—VZ)ZK(VI—Vz) »
o fZIb Z Z ’
n30
i nl 1 1
Em =y fv ) 21A (—Z_]:K(E) “3)
(V)-¥, b

' s w &'\ el a4 o o & aA
HADINAMIIUAADUARUAUS 130 g, NAUATIZHUUIINGLS EVCT  (H0391n1in3
[ 3 o Y a d . 2 a1 a o o
Houssdudundy v =, -v)  wasiiifanszuaeninndly i, dediaduiivaud
z aldidasi g dnandannsomugurisndsuladddnnmnm k Tasdsunlasu
T8nnsasidvesnszud luda 1,4, awlulasiaeiiu 11995 EVCT  dananai

d’J — 4 [ 4 o A 1 9y 3 oo
PONULVUT UANITON VLAV UNTIUA AOUAAIAUT vBIRT T uA DA ¢, 1dA03TMe

ad a d 1 s -
didnnsetindanms ldnszualude 1, nie I, AN

422 ENTIOUZVOIIINT
d.i a:{ 4 = = o @ L ! a o
i oz 1@ nawd wnuawisouaziasinavessesinfidszani nmuas
aussouzlumsldaumniesiiosla dmiumsinsandglfianuvesdauuag
a ] 3 1 o a i a 4
Az ANUAUMUBUYNIEZIEMYNTgAA1 @ AuesisuanRanainve g, Mfady

' A (a2 wa as a a1 a:y
AnpATLTIVRIANNAYF IR AamsinTizviae Tdl

1 L7 -y Qe
4.2.2.1 Yraussauliuaam
a - a ¢ a Y A oA - v
W399 4.1 Tagns Lo TR wda@Ro U Tu Tao 1
PR A o - ° = a 1 9
Vv, =0 (W3122995 8 ndonaz vl uwImleuiuas N s MU @ReINY) N9 A 01
¥

WM V, > 0 wiennuiuuan  aniusziuanIan e 0vea299s9z s unsanu 1aun

9 = & "o a o o Vo — v o A
uﬂUMtjﬂﬂ‘U‘uagﬂnnﬂﬂ‘ﬂﬂu’-‘vﬁmEli M! AULUHAINUATEUANIN Ib Llﬁzllﬁﬁw’lﬂulﬂ VDD‘I.J‘L!ﬂE)

VoD ~Y1 =V min TV Ds1 0
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A o 9/ ' o Y P aa ; - () P - o o 9 °

dletmuald v Wuswsaduideviigaiifaduiiunassionszuansi 1, #deild 1, i
dunassionszuanainld  uag Vo, ABUSIAUNYIATY (drain) UAZYOR (source) VDI M,
Fuiumuidwea M, fanainulugaouda 14 (satwration region) veiifveasedu vy, 118

nauns (2.1) dauiu

ps1=Vas1~Vri @D
&4V, 111105 9dunm (gate) 1z a0 (source) Yoauod M, unu (4.7) i (4.6) 9214
1=VpD ~Vmin "VGs1 V11 “8
AR Vg, mnsom lannaums .1) uag 1, =1, udwmuluaums (4.8)

¥
o/

o = o S L=) L g 1 ar _-owaey = 1
‘I"I'lllililﬂﬂ'lﬂuﬁ’"l W, lJﬂ'llﬂllﬁUHiﬂ V, <0 muummnnuﬂ;]umwuilz'uuagﬂu

= o o v a 1 o
WOINIUFAIADS M, AuUnaIonsuanai I, uazunaanis I v e

V, Voo =V _. +V (4.10)

1
b
sV, S (4.11)

VootV . + |———<V
SS ° "min (pr3/2L3) i
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4222 vanszmalfunam
§ o ' Vo a0
Tunaesglit 41 szwiudimadivesnszuaegiye B uaz 3 B” 1A
= 3 ~& agq ¥ 1 o 9 a 1 's é’ s
W @, + i) uaz q, - ) Sedlidudnszud 1, vashliRadumnszumemyniuin
i 1, uaz L awddy Awaasmdananluaumsi @.1) wohdnszudenin 1, wie 1, i
anfoonimseonruguiitiudulzsi e bisunselimnszue 1, wie 1, azvieuruacs
5 L) a ' a A ] o o’:
azounszua (M, daM) 18 dedew i Iinamnszumeminm i wi - Aniunnaums

i 4.1) uaz 4.2) w21a

12
T
21b+81rb <0
w 1dn
llin' S4Ib (4.12)
V30
|1A|+|i|s41b (4.13)

A { H é
VAU 4.13) venlimnuinszuaieg nadmieseniign B Failumadh

¥ ] .
ponveInszud I vednaiia lifu 41, mniuiesaunsoianld  ueziiedsanmiinsiy
tamngaganinszumomiym i il ldannsomldlos  vinaumsi @.13) dlsznanly

s u‘/‘ 9
gariuaz 1a

s ldadl | il < |1A|

IIA|= ‘”b (4.14)
unuA M @.14) T @3) 14

n(41b)
lomax - 21

3 i2(2n)i=(Km )i (4.15)

ax

o

3 1 ' o . ' 4 v e
MNAuNSN(4.15) mldnsudnnszumemnn i wlisunnfigamiiny 2n

o
bl

a LA a 3y o e < o 8 'V ow '
yoanszuaduwn i inadu dutudilurseseenuuyl n =1 Az i i, gagaminiy 2 m
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yoanszud i uufedudonmsoenuuuliiesasteunszumuuyaviiven (M, 3 M,) uaz

o, @9 M) msaeiounazvoenszua 1, uaz L awddy duiin v il

Ed
dumdasvesveImsvnonsEud (K, ) dauilu 2n (18] aatudaagladnsvesues
mMsvonszud 14

(i /i) =K <2n (4.16)
0 ‘max max

4223 MyInNHBUWNBNANAMY tazemyMBNTIANS
TumsAnnummduymiazemymssitaugaunsoi 1dTaons 14
MmN H Ay RGN (small signal analysis) 111049102993 TiANMAIINATAUTENIIA M,
fa M,, uaz M, e M, ssiimsTasiziasaiissdu@odno M, D9 M, 11n90sgIlit 4.1

aansaunuAIsauyad lnaaalugli 4.2

.
1 VAT Vi =V
P o e AZV1=V2
I @ A
© g_r]n_1 g{éc%gn'd\‘r@
M1 I“‘L_'| M2 _ Ai:
e~
F— ) g_;:ﬁ 531_4 I V9
M3 M,
) as|] @ [Jo=
©¢— i "JHTB ; g,
b Mg l_‘L| Mg , T
Vss -

71t 4.2 2e9sauyadlumsTanzimamnnuiumuigeaa 9

o =

d oy [ 1 a 1
MINTAUYAsFINTARNTULRZA NNUMIMBNRIAUTNYA A w3E r, lAvIndu

~ 1 . 1 A A
YOIUBANIWUFAIADT M,, M, HAZUNAINWNTZUANMN I, FINVTIR,,,. = 2r,
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1 | 1 1 1
=2 + / + = (4.17)

b Eml 8ib Em3 8ib

dle g, Wummmniwewmdssenszuandii 1, @ g, ez g, WHusnmnhveed
NIUFMAeT M, uaz M, AWAE Fmun g, >> 1/g, Wi0 /g, #061FY
g, =46 X 10°AV", g, =g,=840X 10" AV szldrmwesmmdmmu r,, = 21.74 MQ
FauzstuhiimgunaminedmiusudygausWusuym
dmlunsiinsanmsuiitaudine B uazuie r, Fuihimadweanszuaduym
sefinsanliuseduiige A Sugud ffufieszinld v, = v, = v, = 0 Fadlewen 1,

9/ @ 0’: v = o u‘: )
TAuda  daiusgld r,, =2r, M312209350ANNANNATAUNITIBIEZ YN

Y Ed
Tunsdigananiii v, =V,=V,=0 @iy
# node 5 18

(8,5 840 t849) Vs ~842Y3 = 82V3~ 810Y4 (4.18)

1 node 3 'lG’l’

(842 % 844) V37 842"s " 844V4 = " 8mpV3 " 83 * 1 (4.19)
'17; node 4 19
g * 8447 Vs~ 8a4V3= 843 520

L [
Tumsdszainuaunmsla q szdmuali g >> g, @ue aniumu aumsi 4.20) 1u (4.18)

o Em28ms ~ Emadmo’ V3
’ EmSEm8

(4.21)

UNY AuMIN (4.20) waz (4.21) 11 (4.19)
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Smadd4 842082 8m8 ~ Ema8mo)

(g +g ,)Va= V,+1
HIOATIAIU Vo /I &
r :23-: 1
B 1 (8,)+%8,4)%(848,190842 8 ms8ms’
aariunz 1@
3 B 2
roge <2rp 422)

(8t 8a ) (8114810842 8 58 m8)

F001uFU V, = 0.798V, V, = -0.914V, t, = 3.71X10" m #ag UnC = 66.0X10° AV”[19] 92
18 g, =151X10° AV', g,=512 X10° AV, g,=646X10" AV', g, =g,=
137X 107 AV ez g, =1.1X 107 AV a¢1&mesnamdnmiir, =984 Q  Farrda
ndnitansoinlfaadiaenhiilszinunimiiige 400 Q  lddmsuninsesusadung
fvoamsudmand (M, uag M) uaz (M,;” uag M,’) A102995M1a 1AA (cascode form) Handn
myiaue S uenasdrede [15]

waz TumsfimsanAduiinaudiign C uay © wio r. Fauilunieenvesdyan

¥
@ '

o 1 1 a L4
NI aaiumdananansom ldnndnuveweansumaei M,, M,, M,, uaz M,,.
1t 9 o 1 [ " a'.ﬂ =)
uan M, uag M, Qﬂﬂﬂﬂlmﬂsl?‘i’d'mﬁﬂ‘UU'IU'E)ﬂi'lﬁ']u‘llﬂ\!ﬂizllﬁ.lﬁinu')u n uuﬂﬂﬁ"l
- v o o q ¥ v < v lid o o Y
L'E‘I‘E]ﬂf)ﬂﬂl.lll'lJﬂlH n UNNIN 9 "i]ﬁ?‘l'ﬂ‘l“lﬂ']’]l]ﬂﬂ-ﬁ’l'lu‘lrlﬂﬂﬂﬂ M, Hae M?. unI ?N'uuil:'lﬂ

' 3 - -
ATANUATUNIUN TR C uaz C llﬂWLEL‘]u

1 1

n8y7t 84111 ™47 T 8411

FIDIUTY g, = g, = Euy = Zarre = 1.27 X107 AV tazi@ionoonuuy n =1 9218 .. = 7.93 ML
Tumsifulzaldan .. Wimgavuiennzdmivmsitluundssionszualugaunand
annsoin 1@ Tasunuransasiounszuauuuay (M, 59 M) uaz (M. 89 M,) 1029950z viou

nFZUANUDIadY (wilson current mirror) 130 HUUAIA INA (cascode current mirror)
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a d ¢ =9 ° g o d
4.2.2.4 M3z e uaANNAANAIAT IHTUA NI TUT ADUA ALAUY
YDII9035
° [ as d U a d =
19 713 A WIS WA BN VNTIATISHMIA1VOID U UAUE AT T

a d o o a 9 o
Snnzidyaiuvinalnensgli 41 aunsounudimassauyad Iddaaaslugl 4.3

o

717 43 299smnyadlumsimszia g, ¥992903

NNV, =V, =V, sty
i node 4 14

g 844 Va = 844V3 = ~8pa(Vp ~V3) 24
i node 5 ¢

@5+ 842+ 8497 Vs~ 842"V3 = 8V ~V3) " 810V 425)
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17; node 3 ‘I8
(8R+842+844) V3~ 8a2Vs ~844Va = 8ma(Va ~V3)F 8a(Vg —V3)  (420)
Tumssznamaumsla q sxfmuald g, >> g, e ey umuaumsi @.24) T 4.25) 1

Emaém9 ~ Ema8ms V.o Emagm9 ~ Em28ms
EmSEms 4 EmSEm8

V. (4.27)

5~ 3

UNUANATN (4.24) naz aumsh (4.27) Tu aumsi @.26) wazli Vy=ILR awld
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' o [y d A v
HAZAWITOUIATNTITUAADUAALAUY HID Gm 1??&'“

= T vieo = 2K (5.6)
i 2 3 (OLUE LD NS 5.7
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Jd a 3 a & 3 = .
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1% THD
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B
8
°/eTHD |
6+
Total Harmonic Distortion
(THD)
L <+
24
0 —_—
0.2 04 06 0.8 1.0
Vi,V

4 @ a o o
51 5.5 ANUFUWUTIZHIN % THD AU Vi vensvonoupuadiiesisuea



47

¥
MNAUMS (5.17) Awes % THD dananiidadulinndvesnisidenldfves K=k> waL
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Tuaunsi (5.24) Sdeamsuaasrie v, | ooty R, uaz K annsominauduius

max

1&nnsunumaums (5.22) Tu (5.24)
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e < A & v v
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Cc, C,C,R
_ 21721 (5.34)
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AB 1 1 (2KI )RR, +1
52+ 4+ - B 12
by SR ol

lilo g, fomnoudnuauduesginsel M, C,, uaz Cy ilumnnug Ifhseninn
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% sp L (O ETH o)l Rl [T % 100% (5.39)
ZAB 2KIBZL(gd13+gd]5+gd18+gd20)

A0 gd,,= gd,= gd,= gd,;= 1.02X10° AV, 1, = 100 LA, K = 3.378 X10"AV”
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An accurate CMOS differential voltage-to-current converter

K. KUMWACHARAT, W. SURAKAMPONTORNTY, V. RIEWRUJAT
and C. SURAWATPUNYAt

A technique for implementing a differential voltage-to-current converter that is
suitable for fabrication in CMOS technology is presented. The transconductance
of the converter is determined by an external resistor. Very linear and accurate
transconductance is obtained with a conversion error of 0-012% for an external
resistance of 25Q. Simulation results are given to show the linearity and accuracy
of the conversion circuit. The voltage-to-current converter is a versatile building
block and can be applied as a current conveyor, a floating inductance, a floating
negative impedance converter and an instrumentation amplifier.

1. Introduction

A differential voltage-to-current converter, which can accurately convert a
differential input voltage into a differential output current, is obviously an important
and versatile element in electronic instrumentation. For example, it can be employed
to implement an instrumentation amplifier (Van de Plassche 1975), a current
conveyor (Surakampontorn and Thitimajshima 1988), a negative resistance con-
verter (Pookaiyaudom et al. 1978) or a nonlinear resistance converter (Riewruja et
al. 1990). This device, due to the differential amplifier stage at the input, has the
ability to attenuate common-mode input voltages from the low-level input signal to
be amplified. Also, the transconductance of the converter is determined by an
external resistor. The differential voltage-to-current converter circuits do exist in
monolithic integrated form in both bipolar-based circuits (Van de Plassche 1975,
Surakampontorn and Thitimajshima 1988, Van Zanten and Huijsing 1975) and
CMOS-based circuits (Gregorian and Temes 1986, Torrance et al. 1985, Wang and
Guggenbuhl 1990, Viswanathan 1986). However, for the CMOS-based circuits, the
transconductances of most of the reported methods cannot be specified by an
external resistor, since they have been designed based on the square-law character-
istic of MOS transistors biased in saturation. A moderately accurate transconduc-
tance can be obtained only with a large conversion resistance of at least several kilo-
ohms. This is due to the fact that the output resistance at the conversion port of the
CMOS-based circuits is of the order of several hundred ohms. Thus, an accurate
high transconductance gain is not obtainable. In addition, the linear dynamic range
is also limited.

In this paper, a CMOS differential voltage-to-current conversion circuit, which
possesses an accurate and large transconductance, is proposed. The transconduc-
tance is linear and accurate over a wide dynamic range. The performance of the
converter is confirmed by simulation results. The applications of the proposed
voltage-to-current converter to implement a current conveyor, a floating inductance,
a floating negative resistance, and an instrumentation amplifier are also discussed.

Received 16 March 1994; accepted 23 May 1994.
tThe Faculty of Engineering, King Mongkut’s Institute of Technology, Ladkrabang,
Bangkok 10520, Thailand.
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2. Differential voltage-to-current converter
2.1. Circuit description

The proposed CMOS differential voltage-to-current converter circuit and its
block diagram are shown in Fig. 1(a) and Fig. 1(b), respectively. The circuit is
constructed by cascading two earthed voltage-to-current converters in a symmetrical
manner, with a converting resistor R. Let us assume for the moment that all the
transistors are well matched and are operated in their saturation region and all the
current mirrors have unity current gain. Then, the differential amplifiers, formed by
M,—M, and M, —M,, function as unity gain voltage followers that accurately
transfer the input voltage ¥, and ¥, to the resistor R. The resistance R will convert a
differential voltage into a small signal current i = (¥, — ¥;)/R. Transistors M ; and M
function as source followers and M and M provide negative feedback paths which
force a constant current I, through M, and MY, respectively. Due to the feedback
loops, the resistance looking into ports B and B’ will be very low. Therefore, the
drain-source currents of M, and My are equal to (I,—I;+i) and (I,—1;—1),
respectively. At the same time, the current mirrors formed by (M, and M) and (M}
and M) will reflect the current (I,— I +1) to port C and the current (I, —I3—i) to

N Voo

M3 My, W ':]Ma MQE
M6 rammy
— —
. MS o
" 8 R
—[ M Mz : =]
A .
1
Iy Iz %IL

Vss

(a)

Voo

Vi

¥ss
&)

Figure 1. (a) The proposed CMOS differential voltage-to-current converter; (b) block
diagram of Fig. 1 (a).
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Accurate CMOS differential voltage-to-current converter 1027

port C', respectively. Since the current sources I, and I, sink the currents (I, —1,) at
ports C and C’, the output current i,, which is the difference, is equal to i, which
flows out from port C and flows into port C'. We can then write

p=i=(V,=V)/R (N

2.2. Performance analysis

From routine circuit analysis, the differential mode small-signal transconduc-
tance of the voltage-to-current converter can be approximately expressed as

|
] |
Im= T:T/;j = (‘E) |:1 + 9ia3944(Gme + va):l )

RIm19msImedmr

where g,45 is the drain conductance of the current source I, g, and g,,; denote the
drain conductance and the transconductance, respectively, of the device M,. Then,
the percentage of transconductance inaccuracy can be given by

'5_9_:3 /3 9ia3944(9me + Im7) Y
9  ROn19msImedmr

100 3)

For example, if g,43=2-28x10"%AV™!, g, =27Tx1078AV™!, g . =g.,=262
x1075AV™Y, g =1-18x10"*AV™!, g =376x10"*AV~! and g_,=2-62
x 107* AV ™!, the resulting transconductance error for a conversion resistance R of
25Q is approximately equal to 0-012%. It is clear that the inaccuracy of the g, is
very low and g,, is close to 1/R.

The resistance looking into the conversion ports B and B’ can be approximately
given by

A Gia3944(Ime + Im7)
" Im29ms59me9m7

4

Using the data given above, the input resistance rg is about 0-003Q, which is very
low. This means that a small value of conversion resistance R can be used. Very large
Jm can then be realized by the proposed voltage-to-current converter.

The high frequency response of the converter can be approximately calculated to
be

5%+ (Gms/Cs)s+ (GmsGme)/CsCs
{(Rgms +1)/RC, }3+(9m59m6)/cscs

where C; represents the gate-to-source capacitance of the device M. It is clearly seen
that the converter high frequency response is dominated by the transconductance
and the capacitance associated with the transistors M and M,. For example, if
Cs=04pF, C4=0-3pF and a conversion resistance R=25Q, then the dominant
pole will be located at 586 kHz.

Im(s)=(1/R) 7 (3)

3. Simulation results

The circuit in Fig. 1(a) has been simulated through the use of a PSPICE analogue
simulation program. The bias currents were set to I, =1,=10pA, I,=310pA and
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I,=300pA. The transistor dimensions used are given in the Table. The simulation
results of the DC transfer characteristics. for three different values of conversion
resistance R, i.e. R=250Q, 50Q and 100Q. are shown in Fig. 2(a). We can see from
the DC transfer characteristic that, for a conversion resistance as low as 25Q, the
circuit can still convert an input voltage into an output current with high accuracy
and linearity over the entire dynamic range and the circuit dynamic range is
determined by the current (I, —1I;). Figure 2(b) shows the frequency response of the
circuit, for three different values of R, 1.e. R=25Q, 50Q and 100 Q. The bandwidth
of the circuit is proportional to the resistance R and, for R=25Q, a bandwidth of
about 500 kHz is observed.

4. Applications

In order to demonstrate the circuit versatility, four examples on the applications
of the voltage-to-current converter will be briefly discussed in the following
subsections. The converter will be employed to implement a current conveyor, a
floating inductance, a floating negative resistance converter, and an instrumentation
amplifier. These are important active circuit elements in analogue signal processing.

4.1. Current conveyor

£

The circuit diagram in Fig. 3 shows the application of the voltage-to-current
converter to implement a positive second generation current conveyor (CCII@®),
where it should be noted that only a half section of the converter or the earthed
voltage-to-current converter is required. The CCII@® is a class of circuits whose
operation is characterized by the following set of equations

iy=0; Vy=V, and i;=iy (6)

where X and Y are input ports and Z is the output port. The main characteristic of
the conveyor is that the output current depends only on the input current at port X.

4.2. Floating inductance

Figure 4(a) shows the simulation of a positive voltage-controlled floating
inductance. The parallel resistor Ry is used to prevent the small offset current
resulting from the saturation of the capacitor. The magnitude of the simulated
floating inductor can be given by

L..,=CR|R, (7)

where this magnitude is accurate to within 2% of the predicted value as long as
l/wC is smaller than R,/10. The simulation results of a floating inductance with a

Transistor W (pm) L (pm)
M, M, 40 10
My, M, 20 10
M, Mg 200 10
M'h Ms 100 10

Dimensions of the transistors.
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Figure 3. Application of the converter to implement a current conveyor.
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Figure 4. (a) A floating inductance; (b) frequency response of L.,

calculated value of 0-1 H, for C=0-1pF, R, =R,=1kQ and Ry;=1MQ, are shown
in Fig. 4(b). The phase error from 90° of a floating inductor at low and high
frequencies is dependent on the resistor R, and frequency response of voltage-to-
current converters G, and G,, respectively.

4.3. Floating negative impedance converter

The application of the voltage-to-current converter to implement floating
negative impedance converters (NIC) is shown in Fig. 5, where the circuit in Fig.
5(a) is the voltage-controlled NIC and the circuit in Fig. 5(b) is the current-

controlled NIC. From the circuits, the magnitude of the converted negative
resistance is equal to R.

4.4. Instrumentation amplifier

An instrumentation amplifier is an amplifier used to amplify a small differential
input signal in the presence of a large common-mode signal. This amplifier is
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designed to be used open loop and its gain can be determined by the ratio of two
external resistors which are connected independently to the input nodes. Figure 6(a)
shows the circuit diagram of an instrumentation amplifier constructed from two
voltage-to-current converters and an operational amplifier (Van de Plassche 1975).
The first voltage-to-current converter converts the input voltage into a current
through R,, where the common-mode voltage is also removed. This current is nulled
by current fed back from the output through the second voltage-to-current converter
(R,). Then, the voltage gain of the circuit will be equal to 4, = VoulVia=R,/R,. The
amplitude response of the instrumentation amplifier as a function of frequency, for a
resistance R, =100Q and three different values of resistance Ry, i.e. R, =1 kQ, 10kQ
and 100k, is shown in Fig. 6(b). The bandwidth is constant at about 900 kHz. It
should be noted that the instrumentation amplifier of Fig. 6(a) is remarkable in that
the voltage gain of the circuit can be changed by varying R; while the bandwidth
remains practically constant.

4.5. Multi-output voltage-to-current converter

In some applications, such as in the design and implementation of nonlinear
circuits, there is a situation where a voltage-to-current converter with multi-output
current capability is required (Riewruja er al. 1990, Pookaiyaudom and Surawatpu-
nya 1978). To match that requirement, the proposed voltage-to-current converter
can be easily modified. However, for the sake of simplicity, only the earthed multi-
output voltage-to-current converter is shown in Fig. 7.

oo

[ 7| &2

V2

Vss
(a)

Voo

Vi V2

. . —
lin Vg Vs lin

Vss
(b)

Figure 5. Floating negative impedance converters (a) voltage-controlled mode; (b) current- -

controlled mode.
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Figure 6. (a) Circuit diagram of an instrumentation amplifier; (b) frequency response of
instrumentation amplifier.
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Figure 7.  An earthed multi-output voltage-to-current converter.
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5. Conclusions

A high accuracy and linearity CMOS differential voltage-to-current converter
circuit has been presented. The converter can reject a common-mode signal and
amplify a differential mode signal. A low output resistance at the conversion port of
the converter is achieved by placing the feedback paths to force the source followers
to operate in a constant current mode. Consequently, the magnitude of the
transconductance can be accurately determined by a given resistance R and an
accurate high transconductance can be obtained by this realization.

REFERENCES

GREGORIAN, R., and Temes, G. C., 1986, Analog MOS Integrated Circuits for Signal
Processing (New York: Wiley).

POOKAIYAUDOM, S., SURAKAMPONTORN, W., and KUNANONT, T., 1978, Integrable electroni-
cally variable general-resistance converter—a versatile active circuit element. JEEE
Transactions on Circuits and Systems, 25, 344-353.

POOKAIYAUDOM, S., and SURAWATPUNYA, C., 1978, Integrable circuit principle for synthesiz-
ing voltage-controlled non-linear impedances. Proceedings of the Institute of Electrical
and Electronics Engineers, 66, 1280-1281.

RIEWRUJA, V., SURAKAMPONTORN, W., and SURAWATPUNYA, C., 1990, Integrable voltage-
controlled and current-controlled nonlinear-resistance. Proceedings of the Institution of
Electrical Engineers, Pt G, 137, 238-246.

SURAKAMPONTORN, W., and THITIMAJSHIMA, P., 1988, Integrable electronically tunable current
conveyors. Proceedings of the Institution of Electrical Engineers, Pt G, 135, 71-77.

TORRANCE, R. R., ViswaNATHAN, T. R., and HansoN, J. V., 1985, CMOS voltage-to-current
transducers. [EEE Transactions on Circuits and Systems, 32, 1097-1104.

VAN DE PrasscHE, R. J., 1975, A wide-band monolithic instrumentation amplifier. /EEE
Journal of Solid-State Circuits, 10, 423-431.

Van ZANTEN, A. T., and HuusiNg, J. H., 1975, An accurate integrable voltage-to-current
converter. [EEE Journal of Solid-State Circuits, 10, 432-436.

VISWANATHAN, T. L., 1986, CMOS transconductance element. Proceedings of the Institute of
Electrical and Electronics Engineers, 74, 222-224.

WANG. Z., and GUGGENBUHL, W., 1990, A voltagecontrollable linear MOS transconductor
using bias offset technique. /JEEE Journal of Solid-State Circuits, 25, 315-317.

103



104

ISSN 0020-7217

'ELECTRONICS

Volume 80 Number 3 March 1996

Taylor &Francis

Publisher ) PERRES




INT. J. ELECTRONICS, 1996, voL. 80, No. 3, 461-469

A class AB CMOS tunable voltage-to-current converter

WANLOP SURAKAMPONTORNfT and
KIATTISAK KUMWACHARAT

In this paper, a CMOS-based electronically tunable voltage-to-current (V/I) con-
verter, which is realized using class AB amplifiers and current-squaring circuits, is
proposed. The circuit provides an ability to vary its transconductance gain by
electronic means with low input impedance, wide dynamic range and wide band-
width. SPICE simulation results, which show the linearity and accuracy of- the
converter and the application examples of the V/I are given.

1. Introduction

It is well accepted that voltage-to-current (V/I) converters or linear transcon-
ductors are very useful circuit building blocks for the realization of many continuous-
time analogue signal processing circuits, including: filters, amplifiers, current con-
veyors, negative impedance converters and analogue neural networks (Toumazou
et al. 1990, Tsividis and Voorman 1993, Surakampontorn et al. 1991, Mead and
Ismail 1989, Pookaiyaudom et al. 1978). Many integrable V/I converter circuits have
been reported in the literature for both bi-polar and CMOS technologies. However,
most of the V/I converters are working in a single-ended input mode. In some
applications, such as an integrable instrumentation amplifier and a floating imped-
ance converter, differential input V/I converters are required (Pookaiyaudom et al.
1978, Van De Plassche 1975). Compared with the single-ended mode, the differential
input V/I offers advantages in that it can reduce the DC offset voltage and it pro-
vides common-mode rejection ratio and a power supply rejection ratio. More
importantly, a differential input V/I, whose transconductance gain can be elec-
tronicaly tuned, is a powerful circuit element for the realization of a network with
an electronically varied property (Pookaiyaudom et al. 1978, Chung et al. 1992).
For the bi-polar technology, the electronically variable gain circuit can be constructed
through the use of the Gilbert’s gain cell circuit. However, the current gain cell
(similar to the Gilbert’s circuit) is not available for CMOS technology. Therefore,
this causes CMOS-based circuits with an electronically tunable property to be rather
complicated (Tsividis and Voorman 1993, Khoury 1991, Krummenacher and Joehl
1991).

Recently, there has been considerable interest in a class AB CMOS current
amplifier (Wang 1990, Batterby and Toumazou 1991). This is due to the fact that
the class AB CMOS current amplifier provides a low input impedance, good large
signal behaviour and large bandwidth. In this paper, a technique for the employment
of the class AB CMOS current amplifier to design a differential input V/I converter,
where its transconductance gain can be varied by electronic means, is proposed. The
circuit consists of class AB amplifiers and current-squaring circuits. All the MOS

Received 20 May 1995; accepted 13 July 1995.
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transistors are operated in their saturation regions. The V/I conversion circuit exhibits
high accuracy, wide bandwidth and wide dynamic range. Simulation results that
demonstrate the characteristic of the converter are given and the application examples
of the V/I are also included.

2. Electronically tunable V/I converter
2.1. Circuit description

The proposed CMOS-based tunable V/I converter circuit is shown in Fig. 1,
where the circuit is composed of class AB amplifiers and current-squaring circuits.
The class AB amplifiers, which are functions such as unity-gain voltage-followers,
are formed by the groups of transistors (M, to My) and (M to Mj). The current-
squaring circuits are constructed by groups of transistors (M,, M,, Mg and M,)
and (M5, M4, M and My). Ideally, it is required that the transistors of the pairs
(M, and M}), (M; and M3), (M; and M3) and (M, and M}) are closely matched.
The impedance Z connected at ports B and B' is a given or a conversion impedance
that will determine the transconductance gain of the V/I. However, it should be
noted that, for fabrication in a standard CMOS process and for the case that Z is
a resistance, the impedance Z can be realized by using a MOS resistor (Tsividis and
Voorman 1993, Khoury 1991, Krummenacher and Joehl 1991). Let ¥, and V, be the
input voltages applied at ports A and A', respectively. Due to the voltage-followers
and the current sources I, there are differential signal currents (I, + i) and (I, — i),
where i is a small signal current, flow out of port B and flow into port B, respectively.
Let us assume that all the transistors are operated in their saturation regions. Then,

owing to the current-squaring circuits, the currents I and I, can respectively be
expressed as (Bult and Wallinga 1987)

I =21y + (Ix + i)*/81, (1)
Iy=2I,+ (I, —i)/8L, (2)

where i =(V; — V;)/Z and, in order to keep all devices in the on state, the current
[Ta] + 1] < 41y.

Figure 1. Class AB electronically tunable V/I converter.
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The currents I; and I, are multiplied n times by the negative current mirrors
formed by (Ms and Mg), (M5 and Mg), (Ms and M,) and (M5 and M5), where
(W/L /(W/Lhw, = (W/Dn, W/, =n and (W/Li, W/ Ly, = (W/Lhg,(W/Lhg, = .
If the current gains of the positive current mirrors are equal to unity, where
(W/L)w,o (W/L),, = (W/L)y;, . (W/L)y;, = 1, then the output currents i, can be
written as

ig=n(ly — I,)=(nl5/21})i = ki (3)

where i, will flow out of port C and into port C'. We can see from the result of (3)
that the small signal current is amplified by the factor k and this factor can be varied
by adjusting the current ratio (I,/I,). It should be noted that the parameter n is
used in order to increase the dynamic range of the gain k, where the maximum value
of k is kyay < 2n (Surakampontorn and Kumwachara 1992).

2.2. Performance analysis

From routine small signal circuit analysis, the characteristics of the V/I converter
can be expressed as follows. For the accuracy and linearity of the V/I converter, if
the given impedance is a resistance or Z =R, its transconductance gain can be
approximately written as

gm = {1/R}{1/{1 + 1/R[(gm2 + &ma) + (8428ma/Ems)]} } (4)

where g4 and g,; denote the drain conductance and the conductance, respectively,

of the device M;. Then, the percentage of transconductance inaccuracy can be given
by

08m/8m = {1/R{(&mz + 8ma) + (€a28ma/Ems)]} % 100% (5)

For example, the MOSFET with ¥, =0-798V, Vp; = —0914V, tox = 371 x 10"%m
and uCox =660 x 10"°AV~? (Szczepanski et al. 1991) and if we let g,,=
51 x 1073AV™Y, g =512x107*AV™!, g . =646x10"*AV~" and g4 =
111 x 1077 AV~ then the percentage of transconductance inaccuracy for a given
resistance R = 50kQ is approximately equal to 0:98%.

The terminal resistances looking into ports AA’, BB and CC' can approximately
and respectively be written as

Faa = 2{(1/gip + 1/8m1)/(1/8in + 1/8m3)} = 1/gis (6)
gy = 2/{(gm2 + gmA) + (gmtlgm?gdz/gm.')gms }} (7}
ree = 1/(ngg7 + garr’) + 1/(nga7 + gar1r) (8)

where g,,, is the transconductance of the current source I,,. For example, if we let
gpr=46x10"2AV ™ g =g . =840x107%AV™), g a=g. o= 137X 107*AV"},
47 =E8a7 = 8a11 =La11r =127 x 1077AV~! and n=1, the terminal resistances can
be calculated as rys- =21-74 MQ, rgy =984 Q and roe = 793 MQ. Noting that rgy
can be as low as 400 Q if the voltage-followers are replaced by a cascode form (Wang
1990). Similarly, reer can be further increased if the current mirrors at ports C and
C’ are replaced by a Wilson current mirror or a cascode current mirror.

107



464 W. Surakampontorn and K. Kumwachara

The high frequency response of the converter, which is strongly dependent on
the device capacitances and the impedance Z at port BB, can be approximated by
i

Vi —W)
Em28me6&mil s+ gﬂ
C,CsCioR C,

2 gmi  &mz  (Ci+GC)) gm1(1+gm2R)} @i”: 8ms
{S “[Cl e T reG 1T Ree, (1Tl e
(9)

where C; = C,,, C;=Cp, Cs= Cpys + MCyys+ Cpiz), Cio= Cga10+ Cauni and Cgy;
denotes the gate-to-source capacitance of the device M;. In order to show the figure
on the high frequency limitation, let us assume that g,,s = gme =478 x 1074AV™Y,
&m10=8m11 = 428 X 10_4Av_11 Csll = Cgl) = 11pF, Cgss < Cg:6 = Cgﬂ = 11 pF,
Cgslo = C"” = 0'88 pF.

The first potential high frequency limitation is due to the capacitances at ports
AA’ and the conversion impedance R. However, if we set g, R > 1, the converter
poles will be independent on R and can be approximately given by

P1=(gm18m2/C1 Cz)m/zﬂ (10)

Based on the assumption above, the pole p; will locate at 16:3 MHz.
The second high frequency pole (p,) is due to the bandwidth of positive current
mirrors, which can be expressed by

P2 = gm10/27Cyo (11)

This pole will occur at p, = 387 MHz.
The third high frequency pole (p;) is due to the bandwidth of negative current
mirrors, which is approximately at

P3 = &ms/2nCs (12)

For n = 1, the high frequency limitation due to pole p; will be located at 23-05 MHz.
However, the pole p; may be the major high frequency limitation if the parameter
n> 1. For example, for n= 15 the pole p; will be located at 6:3 MHz.

3. Simulation results
3.1. DC transfer characteristics and frequency response

The characteristics of the V/I converter of Fig. 1 were studied with the use of the
PSPICE analogue simulation program. Transistor SPICE level 2 models were used,
where device parameter values are Vpp= +10V, V4, =0798V, Vi, = —0914V,
tox =371 x1078m, uCox=660x 10"*AV~2 n is chosen to be n=1, and the
transistor aspect ratios are listed in the table. The DC transfer characteristic and
frequency responses of the V/I were studied for three different values of R, ie. R =
25kQ, 50kQ and 100kQ. The simulation result of Fig.2 shows that the linearity
voltage range of about +9V is achieved. Figure 3 shows the frequency responses of
the V/I that are due to the pole p,, where a bandwidth of about 16 MHz was
observed. In Fig. 4 the frequency response due to pole p; was studied by varying
parameter n, i.e. n=1/2, 1 and 5 and R = 100kQ. We can see that, for n=35, the
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Transistor W (um) L (pm)
Ml’ Ml\ MJ: M4 Sm 36
MS’ Mﬁv MT 50 36
Mg, Mg, Myo, My, 40 36

Dimensions of the transistor

(Vi-v2) v

Figure 2. DC transfer characteristic of V/I converter.

o : R *25K0
30

e

=8

& R = 50Ke
10 R * 100K
0

K 0K 100K M oM 10M 16
frequency , Hz

Figure 3. High frequency responses due to the converter pole.

circuit bandwidth is approximately at 6:3 MHz, which is in close agreement with the
predicted value.

3.2. Application examples

3.2.1. Floating tunable voltage-controlled general resistances. Figures 5(a) and (b)
show schematic diagrams for the applications of the V/I converter to implement
floating electronically tunable voltage-controlled positive and negative resistance
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Figure 4. High frequency responses due to the pole p;.
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< A B B 4.
Vss Vss
Vss
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Figure 5. Circuit diagram of floating resistance converters. (a) Positive resistance converter
and (b) Negative resistance converter.

converters, respectively. The magnitude of the converted resistances can be given by
|Zix| = (2R/n)(Iy/15) (13)

The simulation results of the converted resistances are shown in Fig. 6, where Figs
5(a) and (b) correspond to the case of positive converted and negative converted
resistances, respectively. The values of the impedance, Z = R = 50kQ and the gain
n=1, 2 and 4, were used. The bias current was set to I, = 200 pA, the gain k was
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™
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Figure 6. Plots of the converted resistance of the circuits in Figs 5 (a) and (b) against current
ratio I, /Iy.

varied by varying the controlling currents I, from 20 pA to 2mA through the use
of the circuit of Fig. 7.

3.2.2. Low-pass and high-pass filters. The study in this section demonstrates that
the circuit of Fig. 1 does not exhibit the self-oscillation problem if it is worked as a
general impedance converter, i.e. the given impedance is an inductive or a capacitive
load. The circuit has been tested for the case when Z is an inductance of value L =
796 mH, and also for when Z is a capacitance of value C =31-83nF, where the
currents I and I, were set to Iy =250pA and I, =500pA and n is chosen to be
n=1. The simulated inductance and capacitance are then employed to simulate
continuous-time first-order low-pass and high-pass filters of Figs 8(a) and (b), respect-
ively. The amplifiers used were UA741-type operational amplifiers, the resistors R, =
5kQ and R, = 5kQ. The frequency responses of the low-pass and high-pass filters
can be predicted to be

I(Vo/p;n);low-pass=(R2/Leq)/(s+RI/Leq) (14)
I{Vo/Vm)lhlgh-pass=(R1/R1)S/(S+ I/Rlceq) (15)

Figure 9 shows the plots of the frequency responses of the filters, from which we can

lAl "‘1 lAl
M2 Mg

M5 Mig Mi7

¥ss
Figure 7. Integrable circuit for the simultaneous variation of currents I,.
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R
Vin urlb
— Vo
*Ceq
¥
(b)

Figure 8. Applications of the converted inductance and capacitance in (a) First-order low-
pass filter circuit, (b) First-order high-pass filter circuit.

Fig.8(b) : Fig.8(a).

Vo / Vin

Q4

0 1%0 w0k 100K
frequency . Hz
Figure 9. Plots of the frequency responses of the filters in Fig. 8(a) and (b).

see that the simulated responses ate in close agreement with the calculated responses.
The cut-off frequency of the filters is 1kHz.

4. Conclusions

A differential input V/I converter that has been implemented through the use of
class AB CMOS current amplifiers and current-squaring circuits has been proposed
in this paper. The V/I converter transconductance gain can be varied by electronic
means. Detailed analysis of the performances of the V/I circuit have been discussed
and the performances of the circuit have been confirmed by SPICE simulation
results. Application examples that employ the V/I to simulate first-order continuous-
time filters have also been included.
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CMOS-based integrable electronically tunable floating general
impedance inverter

WANLOP SURAKAMPONTORN{, KIATTISAK KUMWACHARA{,
VANCHAI RIEWRUJAt and CHARRAY SURAWATPUNYA{

An integrable electronically tunable general impedance inverter (EGII),
implemented by a MOS circuit design technique, is described. The driving point
impedance of the EGII, that is inversely proportional to a given impedance, can be
a positive or a negative value and can be electronically varied. The realization
scheme employs proposed voltage-to-current transducers (VCTs) that are
designed based on a linearizing technique, as basic circuit building blocks. The
applications of the EGII as a gyrator, a general impedance converter and a
floating capacitance multiplier are discussed. Experimental and simulation results
that demonstrate the characteristics of the EGII are included.

1. Introduction

It is well accepted that general impedance inverters (Glls) are very useful active
circuit elements in the field of network synthesis and design, particularly the GII that
can be electronically tuned (Mitra 1970, Moschyz 1974, Pookaiyaudom and
Surakampontorn 1980). Two common applications of a GII are a gyrator and a
negative impedance converter. In recent years, MOS linear voltage-to-current trans-
ducers (VCTs) have become very popular because of their high performance coupled
with their broad and wide electronic tunable range. As circuit building blocks VCTs
have many advantages over operational amplifiles (op-amps), particularly for a high-
frequency application (Khorramabadi and Gray 1984, Torrance er al. 1985). For
example, they are suitable for the realization of monolithic integrated analogue
filters in a frequency range above 1 MHz, because the cut-off frequencies of the
~ VCTs are typically in the range from 50MHz to several hundred megahertz. On
the other hand, the op.-amp. based active filters are no longer practical in the
frequency range above 100 kHz.

In the past the circuits proposed for the realization of floating GIIs have been
implemented using op.-amps (Norman 1986), or current conveyors (Toumazou et al.
1990), or bipolar transistors (Qui 1991). These realizations can be integrated, in
principle; however, in practice this is not economical because they require large
numbers of active elements. The goal of this paper is to propose a new circuit design
technique for the synthesis of an electronically tunable floating general impedance
inverter (EGII). We introduce a VCT that is designed based on a linearizing tech-
nique, and we then employ the VCT to construct the EGII. The completed EGII
circuit requires 28 MOSFETSs and one passive element, which is an attractive feature
for an LSI implementation.

Received 4 October 1995; accepted 11 June 1996.

{The Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand.
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2. Circuit descriptions

For the purpose of the following analysis, we will assume that all MOS devices
operate in the saturation region. This means that the drain current I is character-
ized by a square-law model as

K(Vgs — Vq)?, for Vgs > V-
Iy = Gs — "1/, Gs > VT 1
D {0, for VGS < VT ( )

where K = p,Coy W/2L, p, is the mobility of the carrier, C,, is the gate-oxide
capacitance per unit area, W is the effective channel width, L is the effective channel
length, and Vg and V7 are the gate-to-source and threshold voltages, respectively.

2.1. Voltage-to-current transducer (VCT)

Figure 1 shows a single ended output VCT, which is formed by a general MOS
source coupled pair circuit. Its DC transfer characteristic can be derived as follows:

Vi=Vi—=Vy=Vgs1 — Vagsa (2)
lour =i — i (3)
IB — i] + iz (4)

where V; is the input voltage, igyt is the output current and Iy is the bias current. Let
us assume that M; and M, are well matched, the parameters K; = K; = K, and the
current mirror formed by M; and M, has a unity current gain. From (2)~(4), the
output current gyt becomes

iour = (2sK)'PVi[1 — (KV2[205)] ', for — (I/K)'" < Vi < (Ip/K)'*  (5)

The transconductance gain G, of the VCT can be derived by taking the derivative of
(5) with respect to V;, yielding

2. _ h 12
Gy, = digyt/dV; &4 (2I3K) (6)
Then
iout = Gu Vi = (21K)"*V;
~vpp
Mgljl""-_{ ML iout=it-i2
R

Vi

Vss

Figure 1. Typical source-coupled pair circuit.
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Equation (7) shows that the transconductance gain Gy, of the VCT can be varied by
the bias current Ig.

2.2. Electronically tunable general impedance inverter (EGII)

Figure 2 shows the circuit of the proposed integrable EGII, which is based on the
use of the VCT in Fig. 1. The realization scheme can be configured by the circuit
diagram of Fig. 3(a), and its terminals characteristic can be represented as a floating
driving point impedance, as shown in Fig. 3(b). The EGII circuit can be divided into
two parts. For the first part, MOS transistors M,—Mj function as the single-ended
output VCT1 that converts a differential input signal voltage Vi, = Vo — Vp into a
signal current i to flow into a given or a conversion impedance Z;. We obtain

iL = G0m Vi (8)
Vo=iZ, = GmZLVin &)

where G, represents the transconductance gain of the VCT1.
The VCT?2 of the second part is formed by Mg—M,. This VCT will convert the
voltage ¥y into differential signal currents i,,, where for ¥, > 0, the signal currents

i, flow into node A and flow out off node B. If G, is the transconductance gain of
the VCT2, the magnitude of the currents i, are equal to

i = Gm V1L (10)

By inspecting the polarity of the input voltage and the direction of the small signal
currents and from (8) and (9), the driving point impedance of the terminals AB can
be given by

Mi3
My M3

EI Mig

i11
Mg :Iﬁ liq lib
|’
A ¢
b Tab
(8 labsigrib o
iziy-ip ) 1
iz i I
4 l a &‘: M17 :_|1|r SR Mg
M7 I:lﬂa = Mg e IH Mig

Vss

Figure 2. Circuit diagram of CMOS-based EGII.
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EGII
A A DZAB B
Vg
- -_[_ .
ZpB -
(a) ®)

Figure 3. (a) Schematic circuit diagram of the CMOS-based EGII; (b) the floating driving
point impedance of CMOS-based EGII.

Zap = Vin/isp = 1/(Gm1Gm2Z1.) (11)

It is clearly seen from (11) that the proposed circuit of Fig. 2 works as a positive
impedance inverter. Furthermore, by substitution of (6) into (11) and by making the
assumption that transistors M,, M,, My and M, are well matched, then we can
write

Zap = {1/ (b Cox W/L)K(1/1p2Z1) = 1/(213KZy) (12)

Now (12) shows that the driving point impedance Z,g can be linearly controlled by
the bias current Ij.

On the other hand, if we interchange the drain leads of My and M,, with the
drain leads of M4 and M,,, respectively, in this case the EGII will work as a
negative floating impedance inverter, where

Zpp = —1/(213KZ,) (13)

This means that the EGII has an ability to simulate both positive and negative
impedances and can be electronically tuned.

2.3. Error analysis

From routine small signal circuit analysis, the impedance Z,p can be approxi-
mately expressed as

1 1
" GmiGmZy 1+ (8a1s + gais) (8a13 + azo)
G Gm2(8a13 + &a1s + gais + &az0)

where 84 denotes the drain conductance of the device M; and Gy = Gm
= (2IzK) 2 Therefore, the percentage of the impedance conversion inaccuracy
can be approximated by

Zn (14)

0Z g (8415 + 8ais)(8a13 + &azo)
= x 100% 15
Zxs  2KIRZ; (8413 + a5 + &ars + Laz) ’ (15)
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For example, if g43 = ga15 = Zq18 = Zazo = 1-02 X 10°6AV™!, Iz =100pu4, K =
1aCox W /2L =3-378 x 107* AV and W/L =200 pm/10 um = 20, the resulting
impedance conversion percentage error, for a conversion impedance
Zy = Ry = 10kQ, is approximately equal to 0-15%. If a high value of W/L, or Iy
or Ry is used, the percentage error can be further reduced.

2.4. Frequency response

The high-frequency response of the general impedance inverter can be approxi-
mately given by

N s/Cy +1/(CiCoRy)
Zap(s) =5 +5[(1/C1Ry) + (1/CyRy)] + [(2IK) Ry Ry + 1]/(C1 Gy Ry Ry) 1o

and

Ry =Z /1 + Z1(8aa + &as))

Ry = (ga13 + &a1s + &g + 8a20)/[(8ars + &ars) (8ar3 + 8azo))
Cy = Cgo + (1 + gm9/8m11)Caa9

C; = [Cgst + (1 + gm1/8m3) Coarl/ /[Cosz + (1 + 8m2/8ums) Cyar]

where g,,; denotes the transconductance of the device M;, Cgi and Cyg; represent the
gate-to-source and gate-to-drain capacitances, respectively, of the device M;. The
values of gy, Cys and Cygy depend on the thickness of the oxide (f,,) and the lateral
diffusion on the drain and source (Lp) of the device. For a typical value of
N=05V2 ¢, =1.0x10"m, Lp=03x10"°m and K =y, Cox W/2L = 3-378
x107* AV~2, and if we choose W/L = 200 um/10 um = 20 for all devices and the
current Iy =104iA, the values of Cyg =210 x 10°F, C,=488x107"F,
gm =822 x 107° AV~ and g4 =102 x 1077 AV™". If the conversion impedance
Zy = Ry =10kf), then from (162 and (17), R,=10kQ, R, =98MQ,
C, = 530 x 1073 F, C, = 2:65 x 107° F and the cut-off frequency will be approxi-
mately at 35 MHz.

(17)

2.5. Total harmonic distortion (THD)

The maximum usable input voltage Vg that can be applied across the general
impedance inverter of Fig. 2 depends on the value of the bias current /p and the
conversion impedance Z; . To maintain less than 1% THD and due to the fact that
the VCT1 and VCT?2 are formed by MOS source coupled pairs, the voltage V55 and
V. should be restricted to the range (Toumazou et al. 1990)

—0-4(Is/K)'"* < Vpp, Vi <04(Iy/K)" (13)

If the conversion impedance Z; = Ry, then from (18), it can easily be proved that
the maximum usable voltage of ¥y -and V,y are, respectively, as

|V Llmax = (04/Gumi Ry)(In/K)'/* = 0-4(V2KRy) (19)
|V ABlmax = 0-4(In/K)'"? (20)

We can see that if G, Ry > 1, the maximum usable voltage is limited by |V |, and
if Gy Ry, < 1 then the maximum usable voltage is limited by |Vap|max-
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These restricted input voltage ranges have been the major limitation for the
application of the EGII. However, the large signal handling capability can be
improved by either increasing the channel length L or decreasing the channel
width W of the transistors M, M,, My and M.

3. Applications

Some application examples of EGII will be described in this section and their
performances will be presented in §4. The well known useful application of the EGII
is a gyrator or a positive impedance inverter that is used for the simulation of an
inductor. From Fig. 2, if the conversion impedance Z is a capacitive reactance,
Z, = 1/sCy, the driving point impedance Z4p in this case becomes

Zap(s) = s(CL/2KIg) = sLap (21)
where the magnitude of the floating simulated inductance is
Lag = (CL/2KI3) (22)

We see that the inductance Lap can be tuned by the bias current Ip. It should be
noted that EGII can also be used to simulate a negative inductance, by interchanging
the drain leads of My and My, to the drain leads of M), and M, respectively.
However, this property is seldom needed.

If Z; is a resistance or Zy, = Ry, then the EGII will work as an electronically
tunable general floating resistance converter. The magnitude of the converted resis-
tance can be written as

|Ras| = (1/2KIpRy) (23)

where both positive and negative resistances can be realized. This property also
found useful application for the study of characteristic phenomena in a nonlinear
system (Ohnishi and Inaba 1994).

By cascading two EGIIs as shown in Fig. 4, we obtain a floating capacitance
multiplier circuit (Moschyz 1974, Khan and Ahmed 1986). The conversion im-
pedance of EGII2 is a capacitive reactance and EGII2 acts as the conversion
impedance of the EGII1. Thus, it can easily be shown that the driving point im-
pedance of the ports AB becomes

1 1
s(Ig1/Is2)CrL SCan

and the magnitude of the floating simulated capacitance is

Cas = (Ip1/Ip2)CL (25)

It should be noted that in this case the driving point impedance Zap becomes
independent of the parameter K = 11, Cox /2L and the magnitude of the simulated
capacitance can be linearly controlled by the ratio of the bias currents Ip;/Ip;.
Again, if we interchange the drain leads of My and Mo to the drain leads of M4
and M, respectively, of the EGIII, then a negative floating capacitance multiplier is
obtained.

Zxn(s) = (24)
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EGIN EGII2
Vﬁ %
YCTy
A/ ¥
gt ‘J—'
ZAB
Vss

Figure 4. Schematic circuit diagram of the capacitance multiplier.

4. Experimental and simulation results

For experimental purposes, the circuit in Fig. 2 has been constructed on bread-
boards. All MOS devices used were in the form of complementary MOS pair (CD
4007). Figure 5 shows the biasing circuit for the current Jg. The properties of the EGII
are also demonstrated by using a PSPICE analogue simulation program (Microsim
1980). The CMOS CD4007 transistor parameters were extracted by the method pre-
sented by Vladimirescu and Liu (1980), Antognetti and Massobrio (1988), and they
can be listed as K =p,C,;W/2L=3378x107*AV2, Vr=12V and
W /L = 200 pum/10 um = 20. Figure 6 shows the experimental results and the simula-
tion of floating positive resistances with ¥pp = —Vgs =5V, Z; = R = 10kQ? and
100 k€2, and Iy is varied from 0-1 pA to 1000 pA. The results show the linear variation
of Rag over four decades of the bias current. The DC transfer characteristics of the
circuit for Z;, = R = 2k and Iz = 600 A, 700 zA and 800 uA, respectively, are
shown in Fig. 7. We can see that the maximum input voltage, for example, for
Iy = 600 A is approximately equal to +0-4 V, which is close to the predicted value
of (19).

VoD
to source (My.M) to source (Mg.Myp)
M21 ‘j"' ![: M22

o

M2, IM2s
kg

s,
t M27 Jt M2g

M23

@la

M26

gty

Vss

Figure 5. The circuit for the bias currents Ig.
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Figure 6. Plots of tunable positive floating resistances Rap versus bias current Ip.
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Figure 7. DC transfer characteristics for /p = 600 uA, 700 uA and 800 pA and for
Ry =2KQ.
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Owing to the stray capacitances in the breadboarding circuit, the high-frequency
response capability was not measured directly. On the other hand, the
high-frequency performance was studied by the use of the PSPICE. The frequency
responses for two different values of Iy, ie. Ig=10pA, 100puA, and three
different values of Ry, i.e. Ry =30k, 40k and 50kS2, are shown in Fig. 8.
From (16) if 2IzKR;R, > 1 the cut-off frequency fc is determined by
fe = IgK/C,Cy)"?/2nHz, C,=530x107F, C;=265x10""F and K=
3.378 x 10~ AV~2. If the bias current I is set to 10 zA and 100 uA, then the cut-
off frequencies can be predicted to be fc = 35 MHz and 110 MHz, respectively.

Next are the simulation results for the case that Z; is a capacitive reactance, or
Z = 1/sCy. The magnitude of the floating simulated inductances are shown in Fig.
9, for two different values of Cy, i.c. Cp = 0-001 uF and 0-01 uF. The values of the
simulated inductances are in close agreement with the predicted values of (22).
Figure 10(a) shows the use of the floating simulated inductor to realize an electro-
nically tunable lowpass RL filter. Because the conversion capacitance
Cy = 0-001 uF, Iy = 100 uA, then from (22) the value of Lpp = 14-8mH. If the
output resistor R; = 1k, 5k and 10k, Fig. 10(b) shows that the cut-off frequen-
cies fc of the network are at 11 kHz, 54 kHz and 108 kHz, respectively.

The performance of the capacitance multiplier circuit of Fig. 4 is demonstrated
through the use of an electronically tunable active high-pass RC filter in Fig. 11(a).
The external resistor R; = 1k and the conversion capacitance Cy, = 0:001 uF. The
bias current ratio Ig;/Jfg, is set to Ig,/Ip; = 100 A /100 pA, 100 uA/10 pA and
100 uA /1 pA; thus the cut-off frequencies fc are equal to 159kHz, 15-9kHz and
1-59 kHz, respectively. The frequency responses of the high-pas filter are shown in
Fig. 11(b).

100K + ¢ + + Y = 1
— PSPICE :
) :
10K+ ‘o . ;
Ig=10pA :
i '
o ] 7 ¥
- R(=30Ke2, 40K, 50K
—?6 ]K e s .: s s = .: - }.
E: ‘1g=100pA -
o —
N i 4
7 /
R|=30KA, 40K, SEKD.
100"' -t
10 4= + + ] + +
10K 100K ™ 10M 100M 16 106

Frequency , Hz

Figure 8. Plots of frequency responses of |Rag].
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Figure 10. (a) First-order low-pass RL filter; (b) frequency response of the simulated low-
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Figure 9. Plots of floating simulated inductances with the bias current /p.
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Figure 11. (a) First-order high-pass RC filter; (b) frequency responses of the high-pass filter.

5. Conclusion

An integrable general impedance inverter circuit has been described in this paper.
We have termed it the electronically tunable general impedance inverter (EGII),
because its terminal impedance is tunable through the external current source /5.
The circuit is composed of one passive component and 28 MOSFETs, which is
suitable for fabricating in CMOS LSI implementation. The basic performances of
the EGII have been demonstrated through simulation and experimental results.
Some applications of the EGII have also been discussed.
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CMOS-BASED ELECTRONICALLY TUNABLE
CURRENT CONVEYOR

W. Surakampontorn and K. Kumwachara

Indexing terms: Circuit designs, Current conveyors

A CMOS-based small signal current amplifier, which is con-
structed from two current-squaring circuits with improved
dynamic range, is introduced. A circuit technique for reali-
sing an integrable electronically tunable current conveyor
that is designed around the current amplifier is proposed.

Introduction: Recently, a more generalised current conveyor,
called the electronically tunable second generation current
conveyor (ECCII), where its current transfer ratio can be
varied by a current or a voltage, was introduced [1]. This
conveyor offers a degree of freedom not available with the
conventional second generation current conveyor (CCII) in
realising systems functions with an electronically controllable
parameter. However, the realisation scheme for the ECCII has
been restricted to bipolar junction transistor technology. The
aim of this Letter is to propose a CMOS circuit technique for
realising the ECCII. The circuit design relies on the square-
law characteristic of MOS transistors operating in the satura-
tion region.

Circuit description: The terminal characteristic of the ECCII
can be described by the following set of equations:

iy=0 vy=vy and iz= thy,i, (1)

where X and Y are input ports, Z is the output port, the plus
and minus signs denote positive and negative current convey-
ors, respectively, and h,, is the current transfer ratio which
can be controlled electronically.

To realise the ECCII, a current amplifier circuit is required.
The proposed CMOS-based tunable small signal current
amplifier circuit is shown in Fig. 1. Groups of transistors (M,
M, and M,) and (M}, M’ and M) function as current-
squaring circuits, where ports A and B are input ports. Tran-
sistors M, and Mg and the current source I, form a

- V55 - [9EEM
Fig. 1 CMOS-based small signal current amplifier
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current-controlled bias circuit, which supplies the bias voltage
Veer to M4 and M. Let us assume that all the transistors in
the circuit are characterised by the square-law model of an
MOS transistor operating in the saturation region. All the
transistors, except M and MY, have the same aspect ratio
W/L. If there are differential input currents, (I, + i) and (I,
— i), where i is a small signal current, flow into ports A and B,
respectively. Currents I, and [, can be expressed as [2]

I, =20, + (Iy + 0*/(81) 2
I, =21, + (I, — /81, 3)

where, to keep all devices in the on state, the current |I,]
+ |i] < 4I,. These currents are multiplied n times by the
current mirrors formed by (M, and M) and (M}, and MY),
where (W/L)ys/(W/L)yy = (W/L)ys:(W/L)ys- = n. Because
Mg and Mj function as a unity gain current mirror, from
eqns. 2 and 3, the output current can be written as

io = n(ly — 1) = ki = (nl /21 )i 4)

where i, flows out of port C. We can see that the small signal
current is amplified by the factor k and this factor can be
varied electronically. It should be noted that parameter n in
eqn. 4 is introduced to increase the dynamic range of the gain
k, because for n =1 the maximum value of k is limited at
ky 4x < 2. Therefore, in this case, ky, ,x < 2n.

Fig. 2 shows the complete circuit diagram of the positive
ECCIHl or ECCII®, where transistors My-M,, form a
grounded voltage-to-current (V/I) convertor circuit. For the

Fig. 2 Circuit diagram of CM0S-based ECCIlI

V/I, we have assumed that the pairs of transistors M, and
Mo, M,; and M,,, M,, and M4, M, and M,,, and M,
M s and Mg, are well matched, the current mirrors have a
unity gain and all the transistors operate in their saturation
region. The current iy ~ 0, because the input impedance of the
MOSFET is very high.

Transistors Mg-M ,, and current source I form a voltage-
follower circuit, which forces the voltage at port X to follow
the voltage at port Y, or vy = v,. Transistor M, functions as
a current follower stage and also provides a low output resist-
ance at port X. If there is a small signal current i flowing out
of port X, the current follower will force the drain current of
M, to be (I, + i). Meanwhile, M, will copy the current
(I + i) into port A of the current amplifier, and at the same
time, transistor M, will reflect the same current (I, + i) to be
the input current of the current mirror formed by M,,—M,.
Owing to the constant current source 2/, the drain currents
of transistors M, and M, will be approximately equal to
(Iy = i). The usual current mirror action of M,,~M,, will
reflect the current (I, — i) to the input port B of the current
amplifier. Therefore, from eqn. 4, the output current i, = ki,
where hy; = k, flows out of port Z. Because iy is in the same
direction as current iy, then the circuit in Fig. 3 realises the
ECCII®. The circuit can be easily modified to work as a
negative ECCII or ECCII© by connecting the drains of tran-
sistors M, and M, to ports B and A, respectively.

Circuit performance: The major factors that contribute to the
errors from the ideal performance are due to the finite value of
transistor gm, and transistor mismatch. In this analysis, we
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have assumed that gd,, =~ 0, where gd,, is the drain conduc-
tance of the current source I,, and that no body effect occurs.

102 10! 100 10!
[E”A aaAa/
Fig. 3 Current gain k = i/i, against current ratio I/l
O simulation
expected

transistor gm, and transistor mismatch. In this analysis, we
have assumed that gd,; ~ 0, where gd,, is the drain conduc-
tance of the current source [, and that no body effect occurs.
From routine circuit analysis, the percentage trans-
conductance inaccuracy due to the V/I convertor can be
approximately given by

Sgmfgm = {(gd,o + gd,3)/gm,o} x 100% (5)

where gd; and gm, denote the drain conductance and the con-
ductance, respectively, of device M. For example, il gm,, =
251 x 107*A/V and gd,, = gd,, = 102 x 10”7 A/V, then
the transconductance error is approximately 0-08%. The ter-
minal impedances looking into ports X and Z can be approx-
imately written as

re= {(gmy + gmyoNgd,o + 9d, )} {gmy . gm o . gm s} (6)
r, = 1/(gds + gdg) (7

If gmg=gm, ;=251 x 107*A/V and gm;y=3-3x 107*A/V,
then r, = 4:9Q, which is as low as required. For gd, = gdg =
102 x 1077A/V, then r,~49MQ. r, can be further
increased if a Wilson current or a cascode current mirror is
employed. The offset voltage at port X can be written as

Vie = (Vre — Vri0) — {(Bs — BioW(Bs + Brol}
% {(Lgg + Lol [(Bs + Bro41}'? (8)

where Vi, f;, and I, are the threshold voltage, the trans-
condutance parameter (K W/L), and the drain current, respec-
tively, of transistor M,. The first term is due to the mismatch
in the threshold voltage and this offset is of the order of 2mV
for the modern silicon-gate MOS process. The second term is
caused by geometrical- mismatch and this offset is approx-
imately equal to 9mV if By = 675 x 107 *A/V?, B,, = 668

x 107*A/V?, 1,9 = I;,0 = 200mA. For the current amplifier,
the error due to mismatch between the transistors has already
been discussed in Reference 2 and will not be repeated here.

The characteristics of the circuit of Fig. 2 were studied with

the use of the PSPICE analogue simulation program. Tran-
sistor SPICE level 2 models were used and the aspect ratios of
the transistors were W/L = 50/10 for all the MOS devices.
Bias currents [, and I were set to I =500pA and I =
400 uA. Fig. 3 shows the simulated current gains k = ifi,
against the current ratio I/l ,, for n =1, 3, 5 and 7. A nonlin-
earity error within +0-5% was observed, and the nonlinearity
at ky, ,x was less than +5%. The simulated circuit bandwidth
was 5 MHz '
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Conclusion: An electronically tunable current conveyor
circuit, that is suitable for fabricating in CMOS technology,
has been proposed. The current transfer ratio of the conveyor
can be accurately controlled by the ratio of the bias currents.

13th May 1992

W. Surakampontorn and K. Kumwachara (Faculty of Engineering,
King Mongkut's Institute of Technology, Ladkrabang, Bangkok 10520,
Thailand)
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RAYLEIGH WAVES AND LEAKY SAWs IN
PERIODIC SYSTEMS OF ELECTRODES:
PERIODIC GREEN FUNCTIONS ANALYSIS

V. P. Plessky and T. Thorvaldsson

Indexing term: Surface-acoustic-wave devices

A new method using periodic Green functions is developed
and used to calculate dispersion curves and attenuation coef-
ficients for Rayleigh waves and for leaky waves propagating
in periodic systems of thin electrodes on piezoelectric sub-
strates. Such basic parameters as stopband width, centre fre-
quency of the stopband, atienuation in the stopband and
resulting bulk-wave scattering are found for Rayleigh waves
in YZ-LiNbO, and leaky waves on 36° YX-LiTaO, sub-
strate with shorted or open electrodes.

Introduction: For the design of narrowband SAW devices,
coupling of modes (COM) is effectively used [1], when proper
COM parameters are known. In most cases these parameters
are taken from experimental data. On the other hand the most
rigorous and exact method for modelling acoustic wave gener-
ation and propagation in piezoelectric substrates is the
method of ‘effective permittivity’ or Green functions [2].
Unfortunately this method, applied directly, is computa-
tionally intensive and only structures with relatively small
numbers of electrodes can be considered. Traditionally this
method has been used for generation problems only, whereas
for the COM approach the propagation characteristics of
waves are most important. We have tried to solve both diffi-
culties by introducing periodic Green [unctions with an
unknown a priori propagation factor exp (ifix), f being a
wavenumber. Numerical results are given for YZ-LiNbO,,
and for 36° YX-LiTaO, substrates. Attenuation caused by
bulk wave scattering is studied as a function of frequency, and
the effect of a shift of the onset frequency for bulk-wave scat-
tering is predicted.

Theoretical background: We consider the following geometry
of the structure. The piezoelectric crystal occupies the half-
space z < 0, waves propagating along the X-axis. A periodic
system of electrodes (shorted or open) with period p, parallel
to the Y-axis, is placed on the XY-plane. In the numerical
examples given below we consider a simple grating with one
electrode per period with electrode width [ = p/2. All values
are considered to be independent of the Y co-ordinate. A time
dependent factor e”* is omitted throughout the article. We
assume that the charge distribution is described in accordance
with the Floquet theorem by the Bloch-wave function

ot B) =5, 3 fix—np) m
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Accurate CMOS-based Current Conveyors

Wanlop Surakampontorn, Member, IEEE, Vanchai Riewruja, Kiattisak Kumwachara, and Kobchai Dejhan

Abstract—An integrable circuit technique for implementing
both positive and negative second generation current conveyors
(CCII) is described in this paper. The realization method is
suitable for fabricating in CMOS technology. The performance.
of the CMOS-based CCIIs is discussed in detail. Simulation and
experimental results are also included.

I. INTRODUCTION

INCE its introduction in 1970, CCII has been shown

to be a very versatile building block in analog circuit
design [1]-[5]. For example, it can be employed as an
element in a digital-to-analog converter that can provide
current source output, or as a current measuring device in
a digital measurement of current, or as a plug-in unit or
probe for a digital voltmeter. Many further references on
its application can be found in [6] and [7]. Basically, CCII
(Fig. 1) is a three-port network defined by the following
matrix equation:

i 0 0 0][y

i
v\ & L SO0, 0]
i 0 +hy 0l1Lvy,

where h3, denotes the current transfer ratio and h;; is usu-
ally set to equal 1. The cases of i, = (+hyy) - (i) and i,
= (—hsp) - (i,) will be referred to as the positive current
conveyor (CCII+) and the negative current conveyor
(CCII-), respectively. From (1), it can be further in-
ferred that the differential terminal impedance at ports y
and z must be high, while the differential terminal imped-
ance at port x must be low.

Most reported realizations of CCII so far have been im-
plemented by using either an operational amplifier
(opamp) [8] or a bipolar transistor [9] as a basic active
circuit element. These realizations, though, can be inte-
grated in principle; however, in practice it is not econom-
ical, particularly for the case of op-amp type, since each
op amp requires a substantial chip area in itself. In recent
years, there has been strong motivation to develop a novel
CMOS circuit which can perform an analog function. This
is due to the rapid progress in CMOS technology which
made it possible to manufacture complex and flexible
chips. If we can integrate digital and analog circuits into
the same chip, then clearly there are advantages to be
gained. The purpose of this paper is to propose a CMOS
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Fig. 1. Second generation current conveyor.

circuit technique for the realization of both the CCII+
and the CCII—. Since the proposed circuits consist of a
differential pair, current sources, and current mirrors, the
realization method can result in fully integrated current
conveyor.

II. CircuiT DESCRIPTION

The proposed CMOS-based CCII + circuit is shown in
Fig. 2(a). The structure of the CMOS CCII is quite sim-
ilar to the half section of the bipolar-based voltage-to-cur-
rent converter in [10]. Assuming that the pairs of transis-
tors M1 and M2, M3 and M4, as well as M6 and M7 are
well matched, the current mirrors have a unity gain and
all the transistors operate in their saturation regions. The
operation of the circuit can then be explained as follows. -
The current mirror formed by M3 and M4 forces equal
currents in the transistors M1 and M2, which function as
a source-coupled pair. This operation drives the gate-
source voltages V,,, = ¥, and, consequently, forces the
voltage at port x to follow the voltage at port y, or V, =

~ V,. Transistor M5, which is connected in the form of a

source follower, functions as a current follower stage and
also provides a low-output resistance at port x. If ¥, > 0
and R, is a given resistance connected at port x, the signal
current i, = V, /R, will flow out of port x. The drain cur-
rent of M5 is then equal to (/; + i,). At the same time the
current mirror formed by M6 and M7 will reflect the cur-
rent (/, + i;) to port z. Since the current source I3 sinks
the current [, at port z, then the output current i,, which
is the difference, is equal to i, and flows out off port z. It
is clearly seen that the current sense i, is in the same di-
rection as the current i,, or we can say i, = i,. Therefore,
the circuit in Fig. 2(a) realizes CCII+ and in this case hj,
= +1.

Fig. 2(b) shows the negative version of CCII or CCII—,
which is directly adapted from the circuit in Fig. 2(a). In
this circuit, the current mirror formed by M8 and M9 re-
flects the current (I; + i,) to the port z, while the current
source [ sources the current /. Therefore, the output cur-
rent i, flows in the opposite direction, or i, is negative with

0018-9456/91/0800-0699501.00 © 1991 IEEE
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Fig. 2. CMOS integrable circuit configuration; (a) positive current con-
veyor, (b) negative current conveyor.

M3

' P - o~ 12 i |E"
il ]

¢ s N7
i 4
o—i p—o0 X ]
G—Tl i T ki
Iz @ Iz =nk
———V
Fig. 3. Current conveyor with hy; = k.
respect to the current i,, i.e., i, = —i,. In practice, the fied from the circuit in Fig. 1(a) for the case of h;; = +k.

usefulness of the current conveyor can be further ex- The current gain k is achieved by replacing the transistor
tended if the current transfer ratio is not restricted only to M7 by a multiple transistor M7', in which k transistors
the cases of by, = +1 [8], [9], [11]. In Fig. 3 we have are connected in parallel. It should be noted that the cur-
shown a version of the current conveyor, which is modi-  rent source /3 is now set equal to kf;. Alternatively, the
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current gain k can be set through the transistor geometry
by choosing the ratio of channel length L and channel
width W of the transistor M7.

III. Circurtr PERFORMANCE

The discussion so far has been based on the assump-
tions that the current mirrors have unity gain, transistors
are perfectly matched, and each transistor is operated in
its saturation region and obeys a square law model. How-
ever, in a practical realization, several nonidealities that
contribute to errors from the ideal performance are pre-
sented. The major factors that we will consider here are
due to a finite value of transistor gm, and transistor mis-
match.

The relationship between v, and v, can be expressed by
performing small signal analysis as follows. The transis-

tors in Fig. 2(a) are replaced by equivalent circuits and

the node equations are derived by applying the current law
at nodes A through C. To simplify the discussion, we have
assumed that gd;, = 0, where dg,, is the drain conduc-
tance of the current source /5, and that no body effect oc-
curs. Then, by solving the equations in two unknowns v,
and v,, we obtain

v, = v,{gmy/(gm, + gd; + gd,)} @)

where gd; and gm; denote the drain conductance and the
conductance, respectively, of device Mi. It is clearly seen
that the voltage at port y will accurately transfer to port x
only if the magnitude of gm, >> (gd, + gd,). For ex-
ample, if gm, = 3.3 x 107* A/V and gd, = gd, = 1.5
x 1078 A /V, then the transfer error is about 0.9%.
Similarly, the differential terminal impedance looking
into port x can be derived by replacing transistors with
equivalent circuits and applying node equations at nodes
A through C. But, in this case, the voltage v, is set equal
to zero, a test voltage v, is applied at terminal x and the
terminal current i, is then calculated. The result gives

re = v /i, = {(gm, + gmy)(gd, + gdy)}/

(gmy - gmy - gms). (3)

If gm, = gmy =3.3 x 107* A/V and gms = 4.7 x 10™*
A/V, then r, = 40 Q, which is low, as required. The
differential terminal resistance at port z is approximately
equal to the output resistance of the current mirror M6-
M7 in parallel with the output resistance of the current
sink [3, or we can write

r.= 1/(gdy + gdp3) )

where gd,; is the drain conductance of the current source
I5. The resistance r, has a typical value of a few mega-
hertz. This resistance can be further increased if a Wilson
current mirror or a cascode current mirror is employed.
For the high frequency response, the major high fre-
quency limitation is due to the stray capacitances at ports
z and x. At port x, the high frequency response can be

expressed in term of i, and ¥, by
i/Vy = 1/R}{1 — (gd; + gdy)/(gm; + gdy + gd)}
An S + 1) /(1S + 1)} (5)
and
7 = {Cygd; + gdy) + (Cs - gmy)}/(gmy - gms)  (6)
7, = {(Cy + C5)(gd, + gdy)
+ (Cs + gmy)}/(gm; - gms) ™

where C, and Cs are the gate-to-source capacitances of
M2 and M35, respectively. For C, = Cs = 5 pF, the dom-
inant zero w, and the dominant pole w,, that are respec-
tively due to the time constants 7; and 7,, are approxi-
mately at 15.1 MHz and 14.81 MHz, respectively.
Clearly, these frequencies are quite high and will not be
the major high frequency limitation. At port z, the rela-
tionship of the current i, and i, can be written as

iz/ix - ng/{SMG(TBS 3 1)}

= gmy /[ {gmsl(SCs/gme) + 11} (8)

where Cg = (Cye + Cyy7) and Gy is the gate-to-source
capacitance of Mi. If gmg = 3.6 X 107" A/V and C4 =
10 pF then the dominant pole due to the time constant 7;
is approximately at 5.73 MHz. Surely, this pole is the
major high frequency limitation of the circuit.

The input offset voltage (V,,) is defined as the differ-
ential input voltage required to make the voltage across a
resistor R, to be exactly zero, and can be solved by per-
forming a large signal analysis similar to the procedure in
[11]. Then the offset voltage can be written as

Vs = AVpo = (8B /28N (1,/B) ©
or
Vs = (Vry = V) = {(B1 — B2)/(By + B}
N + 1) /1By + By /41} (10)

where Vy;, B;, and I are the threshold voltage, the trans-
conductance parameter, and the drain current, respec-
tively, of the transistor Mi. The first term is due to the
mismatch in the threshold voltage, which is bias-current
independent and is a strong function of process cleanli-
ness and uniformity. This term will result in a constant
offset voltage in the order of few mV, for example, 2 mV
for a modern silicon-gate MOS process [12]. The second
term is caused by geometrical mismatch, since the trans-
conductance parameter can be given in terms of geometry
parameters as 3, = K'(W/L),. Then from (10), we can
see that this offset can be reduced by either increasing
(W/L) or by reducing I,.

IV. EXPERIMENTAL AND SIMULATION RESULTS
For experimental purpose, the circuit in Fig. 1, which
is also formed as a voltage-to-current converter, has been
constructed on protoboards and on printed circuits as a
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Fig. 4. Current conveyor prototype.
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Fig. 5. DC transfer characteristics of the CCIL.

subsystem (Fig. 4). All MOS devices used were in the
form of complementary MOS pair (CD4007). The bias
currents [, and I, are set to 400 pA and 1 mA, respec-
tively. Fig. 5 shows the measured dc transfer character-
istics for four different values of converting resistor R,,
i.e., R, =100 Q, 1 kQ, 10 k@, and 100 kQ. It is evident
that the circuit converts a given voltage into an output
current with high accuracy and linearity over the entire
dynamic range. ;

The high frequency response was observed through the
use of a SPICE analog simulation program [13]. The
CMOS CD4007 transistor parameters were extracted by
the use of the method in [14] and [15] and can be listed
as K' = 33.78 pA/V, Vy = 1.2 Vand (W/L) = 20. The
simulated frequency responses of the circuit in Fig. 1 for
three different values of R,, i.e., R, = 1 k2, 10 k{2, and
100 kQ, are shown in Fig. 6, where R, is a resistance
connected at port z. It should be noted that the bandwidth
of MHz is observed.

V. CoNCLUSION

Integrable positive and negative current conveyors are
presented. The technique in this paper is suitable for im-
plementing in CMOS integrated circuit form as a versatile
building block. The basic performances, both simulation
and experimental results, have been demonstrated. The dc
transfer characteristics for converting resistors are linear
over the total dynamic range.
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Fig. 6. High frequency response of the CCIL.

These positive and negative current conveyors are use-
ful in measurement circuit because of the linearity of the
dc transfer characteristics.
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