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ABSTRACT

This thesis presents a systematic approach for the realization of current-mode analog signal
processing circuits. The active circuit building blocks used in this thesis are an active-only
element and the current differencing buffered amplifier (CDBA). For the systematic analog
circuit realizations with only active elements, the proposed architecture is composed of two
standard cells, i.c., an operational transconductance amplifier (OTA), and an internally
compensated type operational amplifier (OA), without external passive element requirement. An
active-only current-mode integrator is first presented which its gain can be tuned eiectronically
and temperature compensated. Active-only element based designs for driving-point impedance
functions and the current-mode biquadratic filter are then proposed as illustrations. An approach
for the systematic realization of active-only current-mode leapfrog ladder filters is also proposed.
The proposed realization procedure is based on the simulation of passive LC ladder networks by
the replacement of passive element driving-point functions with their equivalent active-only sub-
circuits, which can be realized all cases of general leapfrog ladder structures. The filter
characteristic can be electronically tuned by electronic means. Since external passive elements
are not required by this realization, the approach is suitable for integrated circuit implementation
with systematic design and semi-custom layout.

For the CDBA-based circuit realization, a simple circuit configuration of the CDBA
suitable for high frequency and low power supply voltage applications is first proposed. An
approach to realize leapfrog structures obtained from prototype passive LC ladder filters using
CDBA:s as an active element is then presented. The use of the CDBA'’s provides advantages that

the realization procedure is simplified and the number of active components required is reduced.

I



The approach is quite suitable for the realization of bandpass ladder filters, which generally
requires a complicated structure to simulate LC series and/or parallel resonant branches by the
conventional OA-based, OTA-based, or CClI-based leapfrog filters. PSPICE simulation results

are employed to verify the correctness of all proposed realization procedures.
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dyanvusiaz1esauyaveeetusuiiensidnsgh 2.1 die v" uaz v Asussiuduyni
floudnmamdunn linduma (non-inverting input voltage) oz VIBUNNAAUINT (inverting
] t 4 t 4

input voltage) MNAIAY  vagH +V  uaz -V Ao uvassw Widssuinuas Idssauves
soluoni gauaniAsgnhusiudunmiuussiueiynvetestusudmuisadoustung

Y& serumsne Ui
Vo = A.(v+ = v—)= Aviy, (2.6)

at o 'Y g o ' X
Tnofl 4 fio Sas1veneussdugilidla (open-loop voltage gain) vosoviuoudl 2 luflimdudsy
3 p . v {4
anudlumsldau Fennadasvnoussuvesestuond . Aanuddmse 4, = (o)
witgannlesUndfinlssmn 4, > 100 (100 dB) dwveetuouduuylulndrd
L4
malulad uazezlimiszana 4, > 10° (80 dB) dwSusedusuduvvseanalulad faiu
1 i 4 []
Wedhuguiindrnnaumsi 2.6) wWiuiwssdueniyn v, Ssdeelvnananiusadu
a 3 + =3 1 [N ] = [y '8
SuWMNaA1 (V- v) B9 4 1 usedslshimuvnavesussue1viyn v, gegavessetusuil
o o 9 (Y o ] a o 2 gg t o t
szgndrinduseauussiulugiedudiveseetlusuiliosdsiusgiuvuinvesunasdiolu
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Aoanlould
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weanuazaninlszinaieeuenilinlfiiluliamigeund ndnfe Tdanvmneussdugll
3 v d r a A da o = A1 a A o I'd
walueiun (4 —> o0) maummucﬁauwmﬂuauum (R, =00) uaglmMaunuaU1019-
[ 4 [V 4 o o [ ) 's 4
WA UgUY (R, = 0) Avgesaugaiuansluglin 2.1m dumineanuiusiueiyni

9 3 ) 9)4' A [ —" o a dy cs'
Tdnneeusnihivimshiailowduundsiionssdulunegausi uonnntinszuai lva
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i"T=§ =0 2.7)
uay Vip = (v+ - v_)-—- 0 (2.8)

@ 1 1 Y a " W d 9 ° Y v A a
fothe 1wy Maevdunnlindumavesestieuilasnsnauds i liussdunndunn
[ - ' (Y4 d v = 2 a ' o d 1Y Voo
ndumaiinnuaedndlszinaguaisuniu (v = 0) FuFenanIzANNARANG luanyM Ul
' d A .
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povuonilingnir i1 uesdilsenevuanidiaglumsdunsiziuazeenuuy
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YK 0
LAANILLTIAU T= 0 0
AIUANAILLTIAY R
cK=|1+=%
Ry
1 A % R
UNAINOUTIAU {54 (BN 0 0
—> A %
) o o—"t =
AIVAUAIWNTLIL ——o ¥, —-1/R 0
1 y 1 0
T D3 & ZsZ,
AVA
2995 NAVBUNUAUTAIAY 10
T =
(LUUNTTUAAIVAN) 0 -1
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M3199 2.2 : (M)

(v d
lan i S18aLIRUAIIDT ANNIANNTHANUS
v a o a1
NITNAVDUNLAUYAAL -1 0
(LUUUTIAUAIVAY) 0 1
g
I
LAY 1
WITOUNNTINDT Vi O N out SRC | in
p——O VWI
R
a =Y o AVAVAV
e SRRV GIEAVRTIE T H AT 8 Vour =—~(sRC)Viy,
7 — O VW‘

51 2.2 2eesauyansaidyguvinanuesesiuenilunielfia

2.3.2 eatuenillumal§iia
4 a wa ad a o4
iiesninaeesneluseduendlumelfiadurssdidanseindalszneu lde
nimFmansuazdunvulsey Idhdnouinn S fauauidlumsiauvesestueud
1 P L4 9 v A a o 4 9 a . )

naunna 19 ldnnlumegausdiimamselien]d wWufe Sufiuaudmadudunniia lifu
v d a A o 9/ 4 a0 v Y W J o v oA A
ariudAuazduiuaugmadueinnila livhduguddusuiilszana Blursssauyagali

" A o [ ga 2 ' ' @ o [ 3
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=Y aray 0 o a wa o o o ¥ o o
Ansandnuaudanishinuvesestusuilumelgidiunianydfgyegnnadiniy

a ¢ aq @ I3 o ~t o o A& 2
M3z Huasesnuuuessewasnd Ifeetusuiliiuuienisesueniinudn mnfileds

ramshaulumalfiaudramseSoussauyanstidygravinadnvesesiuond id

o

fagiil 22 unzpuauiddszSidesdusudlmusaagllddmnaei 23 lufadedesdrdu

Q

daldeznandsmsinsanguaniiane dszdvesdusudlumelfod

maafl 2.3 : gaautilsedrvhestluenil Taeia 1y

R, >1MQ 50 Q<R < 5002
4, >10* (80 dB)
5 Hz < @W,/2T0 < 100 Hz BT > 1 MHz

23.2.1 sanvnausiauglitla
& 9 9 A A v A a
ileennmgnaveInuABIns IMasuIesruuasllaniinsfloundulinnuados
3 v ] ° v a o .
aw (191200 vldestueudldlngjgnesnuuuliidumislnfiuuudIna (dominant
L) L | 9 a9 - = ] ld'
pole) Y89I9DTBYUNUITITAFIBUUILUUFCHOU s (s-plane) M58 UL s = -@,

£ 4
@ W @

dusasvneussugida 4c) yosoousuiiioRn sandeusiuanud sadeuldidiy

0] 1) B
A(S)=AO a _ { —
s+, Stw; Ss+o,

2.9)

e 4, fie AT 1vEIBUTEURUITATRAIUDAT (open-loop de gain) @), Aiv A2IND -3dB VB9
o 1 [y o o A o o 4 .

sodusuil oz @, s wagusTuIlgasIveBLsUgIElaAINAAINUAILE -3dB (gain-

bandwidth product, B) nelAuNINY
w, =B=A4yw, (2.10)
Tvvhudus@Psudasiuf uazoinaumsi 2.9) o ldvuauazoladiauviifuy

. w @
l4(j@)| =———2—’—5— =t @.11)
o’ +o; @
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-1 @
iaz ¢(w) = —tan L (2.12)

Wq

= a wva o ~ < ' ] 4
naneUausImMeaNuivesentueuilumalfiduansldaegin 2.3 sewiuilugrennud

' ' ] v » )
faufennud @, sasvmeussulimagiuazimgeann  naanniuiionuaNmMgInd
@, UAIPATIVBUTIUVBINITZTMAanadIensIMafasunlaainiy -20 dB/decade
o = DL A o ' = ' a o [ Y
wnszneanasauiinnilu 0 dB NdMUININD @= @, wazEenMANLD ¥ AN @, 3

N “unity-gain bandwidth”

|A(w) | dB
&

20 lOg A0 3dB

-20 dB/decade

Q= e
)

0 . a;)b » @ (log scale)
DN
(n)
¢ (@)
A
?" lO:w“ a), » @ (log scale)
| |
I : I
| , I
Sl e e i I
i I
: l
e \:\
V)

Y i d a wa
3UN 2.3 wameuausIMInNudveteuenillumelgia
(N) HARDUAUBIVBIVUIA

(V) NaNDUAUDIUDIUN
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4 = { g 1 o ' i
NANAABUAUBINIIANUD R 2.3(n) uazvInas1eh 2.3 pmundumianud
-3dB W39 @, fimdwnn demhmsAnsanamuilfidaulugn @ >> @, udr waves

[} 1 4 9 [}
ANYE -3dB Seansnashield aeiuaunsh 2.9) Ssaansadszanam ldidu
B
A(s)=— (2.13)
s

r ¥ o 4 @ e (4 IR}
nuwanuNvaedesusuilimihaiiowilulcesduiinsmes hilimsgaudy (ossless

integrator)

] 2] A A ° ] a 9 o
8UN'liﬂﬂ'llllllﬂw'il'l'iﬂﬂﬂ']‘iﬂ’l\ﬂﬂﬂ]ﬁ]\?ﬂ@ﬂll@ﬁ ﬂiu‘lﬂ’N ANUNYPIUAT  HANTSNUNUAD

o [ 4 a 4 v A .
aussaus lumsiauvesesduliswon ladiunud Inad17aee (second dominant pole)

t 4
A @ [ Y

o _ oS ° o t @ R
yossoilusuiliufudeuihmmilsdsdrosuiu duiulunsaiidasnvuneussiugiitla 4

Fegunshn 2.13) SadeuIny tddlu

) fi s b
@p

. o o ﬂ' A ﬂ.l ~ 1
lavi @, An Taduuud Inadigesvesestuend Fuialilegldwinndi B Uszum 2.5 s

4191

a et da a d d
2.3.2.2 DUNUAUBBUHN UDYBUNUAUEBIB YN
4 Y1 a o . . a 4 '8 .
DILUNBUNUAUFOUWN (input impedance) uazenﬁuﬂwmmmw (output impedance)
o a wa 1 LY { 3 o o A ]
yaseotuond lumalfifezlisualsiumuanudlunmsidon  walaomlilnnersand
a o~ S 1 o ' 9 ~ -] S gy | o
sufiunudasnanludnvazvesmanudiumuisssiaufey  Natiiiesnnluilegiiuiges
(] A g ¥ o 1 a
mulueedueui lnvimmzedrsdeestusniiilFrsesvnedyaraunasieninduynuuy
N uFanes (FET differential pair) 93limanudumuduynganndiefeusumni
(] ] 14
Frumusduidesmluleesldnu Seihildlsznaldhdimedunmvesesiluenilaiiou
af s, o ’q ¥ A 9 o o’;’ a 1t a A e
Aanesdmiumsilszgnaldnulufeunng My AWiuMIRNIUIIBUNLALGIUNN
¥ v
veseatuoniifigann wie R, = 00 wu Safinnumiviufivanefee 1dmivinszvuas

1 a o e’dy
ﬂizmmmawﬂmﬂmuwuﬁu
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Tumalfiaduiiuaudieniyn &, vesestueudiim lidlugud udeziimegluys
Yszanm 50 Q <k, <500 Q  edhelsAmulumslFnusetueuilindedses lugduoums

[ 2L o Y d' A' = 9 - [ 3 '
ﬂauﬂammuau i imanunaanaou nasaau R, mllﬂ'lﬁﬂuﬂﬂﬁ\‘i"l‘ljﬂﬂ muuﬁluma

r
a wva

A A ~ v a A do A Ay
ﬂ']'luﬂﬂ;]‘um\ﬂu WANIENUUYDN Ro ﬂlﬂ\jE]ﬂ’Jllﬂuﬂl.llﬂnﬁUﬁlﬂﬂﬂﬂﬂBNWLlﬂucﬂﬂqauﬂnﬂﬂ

A 1 A

v
29959900 NTMTosuIn Asadanyld

2.3.2.3 ussnueenin nszuaeerlian way nszuadaluda
Tumanguimnliiimsfloudyapausuynlidvestueududy aszuamedudunn
[ Jd P d a [} '
uazusanumemue1iynveseetieuiaisfainilugudualuanudiueiad lildidusu
e‘: 3 z:sy A ] J [} v d o
wusistiiiesanany Wawgaduazanu higunediuvesgilnsainieludnsesestusuilios
= Y a [ J 9 g A o a 4
Vuilummag Ififanssdusorhany singiunisdrue iy idyanaduynidugud
o o Y Jd S vy 2~ ' '
Taena 1dus suserimamedmeiiwnansaiounaay 19d 10299 sauyadalimsaounas
vy '
101599 URBNITABUNT (input offset voltage, V) WnTaduynnduler fegiil 2.4(n) wen
dy o [ ~ [ J a 1 a 4
nnindfvivestlieniilFrvsvnedyapanadiumesuynuuy lu na s nnusaees

=Y

v ¥
vz iniudmneihausslinszunad ludannansnsuen wadhgdwunn lindume

Y

Y H
uazdounnnauavesestuenddegtit 2.4(1) Mildndan1dnszuaeorian (offset

1 ' A @ 3 A
current, I,) iunad19sE nIensEuads ludanane nie L=1,, -1,

@) (V)

31 2.4 (n) usedupevlwmduNNVBIBIEN]

@) nszua ludaduynveseeiuoui

[ a I's [ o [
ualumsinsizvinazesnuuuisesewiaen lagldeetueuiidundn Tasialuwin 'l

(] [ o - v @ 9o <3 o 4 [
I8dlumsdeiudyguddviessaudyapuna lilydszduddguds waiosnnuseiu
Ayw ' o = A o &R K [ q’/‘ 1 a =Y 4
povliwauaznszudoewaiiln lignihunnsamiemilsne duiuludiuvesdinoniinus

td )
Hslszanadsemnilywiiesddeerlisnluiees
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2.3.2.4 ¥RUJUANUYBINTAUBUYN
4 ' A o a a ¥ v q ¥
Wetlszanuimaiissnnussdussniandunnuaznszudeawisnouyn lagnuiali
wva £, o o] o ~ 4
nuall aswlpuautiduaasmsdeiunssduvesestuonituaasldasg i 2.5 e v, fie
v a ' . [ ' (2 A ]
UIIAUBUWNNAA (differential input voltage) nanszdana ldhanuduius lumsas
4 '
iuussfuvesestueuihiulianuiuFadueglusig v, <v, <v, Murineanuus iy
~ Ll ~a wa T é 1 Q’JI L e 1 y
gunn v, Jrnlumsdfidnuegriantainiu min v, Tynauenmile1nyeaenadil
udreoilusuilvzidrgdantizdnda (saturation region) AaauliAn hifluFuduvesvetuoud
Y A o w A o 4 o d o '
Tfudsdhdgidesmiledadioieetuenil liisegndldluaseseuaen  uddeddszms
& vad o 7] A a ° o (3
nilvesnuauiiaoudvesestuentl N Hewmiildszgnaldlunudnuagvesases
~ o ) o @ 1 4 3
WsuneuLs Ay (voltage comparator) U INITATINIVIAAANTUAUY (zero crossing

detector) L?Juﬁ'u

51 25 nsmlpuaudAuaaInsduaveseeilioud

23.2.5 oAy

@ ] o [ =

9n310Q (Slew Rate, SR) voseolupuilivualasdasimaasuulasgegaveauss
[ Jd v W a y [ [ 2 ' g . i 2 v A
Auennaedyanuduyniidudyg sz unianuiag (unit-step input signal) Faiumi
' dyd o o w o ~ a a 9 Y =
Uil lumsvonodyguvesestueniliinnuigs aunsoesueldlasldnsdives

* £ 4

dyanugiaauaod dse il

N g

A o 9 [ d 0
Lllﬂﬂ']ﬂuﬂ1ﬂLliﬁﬂuLEJ'WlW‘l’mﬂ"lm”lﬂ

q

Vo =V, sinwt



19

° o & v 9 o
Maseyiusaumsauuy oz 1diiiu

Do

e (V;p@)cos ot

2 o [Y Jd a -3 o o 1 @ [ 4 .
cmmqqqmaamsLﬂauuuﬂammﬂummwmsmmuwmuﬂm‘qmﬂmuquﬂ (zero crossing

point) ¥30 e @r=0,27, ... wazh @r=0 'l

dv
- ¢ = oV, (2.15)
dt at=0
-~ @ 9 - & @ dw dy:ﬂ
Y50 9M518g ABIUANNTUNUTAIUAD
SR 2wV, (2.16)

]
=

aumsi (2.16) ueasldisiunme eetusuilfinsihauduGuduluginnudigy @

9

[ d 1 3 v { 4 4 ]
yUInvBsITeiynAneliaiosndt SR/@ A a1 innudgs eslueuilisdivims

adveaussudunngega lddeondimsiionu a fnaudd

2.3.2.6 SANAIUNISARTYRNIMINNATIN

Y o

s A Ao o a A v o o
aurudAlsemsnilaidifyvesestusuillumegaund fe desihmihiidadaya o

9 [l
TMuA3I (common-mode signal) Nenuad lidseamsenn’ly uazluvuziBorfundesimih

Nuvwdggraunadis (differential-mode signal) Adloulinulsesdnds  uadonnu'li

[}
L

&Y o 4 ° o o o
aunsiuvsannusamesmeluisesesduend WHummaddgyihldsanvnsdugin
4
yosduynaesvesentueudlin liviiu uazdwalinmsdadygia Inuadinlulees
' 2 vaw o P U T P S S
ponllldhinun  Fepuauiiddindniignuaaslugdvedandufifenin “dasidiums
Andgyey 19 IMUATIY (Common-Mode Rejection Ratio) #3® CMRR”
CMRR flo ®asidauszninsanvesdygunadaednsrvenedy g Inuas
o a v a o o
yosootuoudl i ludsuuaaslumiisveuadiua (decibel, dB)  9IAANUAUNUS luAs

Mauvesestusni] deaunmsi (2.6) uerasidanvnedgyaunudunn lindumalids
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LYY o a o [V d - v et v
1NN () Musanvnedygrunnndunnndumalldueniyn (@) el

(7

fu niorufe
AT (5)= A~ (5) = A(s)

[l o t( a wa o Y 1 g/ 9 o Y a
uaznnmaaavesny ligunediuvesgilnseilumelfiaddidnarandidu  dhldina
| 4 ]
anz laugad wiemld 46) uaz 4() Talivhiu dniuaumsi 2.6) Sufoulndld

Flu

Vo= [A+ (s)v* ]— [A"" (s)v ] .17

Y o

imualidyanalnuain v =v' =v gnifeudunssdusunniidveeiuondl Hlk

ussdueiynvesestiouilnnaunsi (2.17) nmediu

Vv, = [A+(s) v A_(s)]vc

A L4 3 a -7 1)
Faluftimen [47(s) - 4(5)] unuds saveedgyanuuuyInuasau (common mode gain)

uag lwhueudenfu Wevihmsfeudgyanamadig v,=v'-v uie v2 =" =v Thiuuseiu

a

° 9/ .:u:y Y s -1 1 1w
Sunnvosentuend vildnsdilusedueninniisviiy

AT (s)+ A7 (5)
.vd

Vo = [A+(s) + A‘(s)][%d} = ;

4 - o & N . . . 2
diomew [4°(s) + A()]/2 unuds SAs1veT U IUULUHAAN (differential-mode gain) d41u
k4
negauRAUdIla iy 4G6)  AaiusadiusznidanvnedyguuuuNan1Resas

vedyauuuy Tnuasiu ¥5e CMRR LAy
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P
ovrr o] L] 47+ 47 6)

21| AT (s)-A4"(s)

(2.18)

wotmmuald v =v + (/2 uag v =v, - (v/2) KagUli 2.6 aumsi 2.17) JadouInad 18T

AT (s)+ A (s) o Ve

V. = : —_— (2.19)
0 2 4 T CMRR

y ' :? v J] 3
'ﬁilﬂ”l'i‘ﬁ (2.19) Llﬁﬂﬁiﬁlﬁui'l CMRR uﬁ‘luﬂmmeﬁammmmsmﬁmaaﬂuau‘ﬂiumsm

@ o A

o v Ay v 4 A <
dyana Inuasaw v, 7 lidesmatiomonfudyanaunadis v, tazanaumsi (2.18) azmuy
' + 3 n’;’ (=1~ UL ‘:3, 1Y a2 awva g ' ]
N A(s) way A(s) 5WNE CMRR AnnimMaunuanud aalumedfiauainuinlugae
4 ; ' 0" ' ¥ & 4 a wva S
AWAR CMRR T leanaltunnndy 80 dB uatiion1wAURianugs CMRR wziifanag
1 < A a ~ N, aJ A o~ [
914 lsimuiiien s ey v/CMRR Tuaunsn - (2.19) wunlanissuinleiiouiy v,

3 [ ' o Qy
M liwavesdyaa Tnuaimlumsdssgadlsauluasemasnaunsaazneld

vd/2

a

/ o [ a 3 o v |
U 2.6 dnvazdyyrudunnHan s dygIMduyn Ivuasuveea ol

=
2.4 Tefie

Tofio 130 19959819A1AU (Transconductance Amplifier) A9 LHAITIWATLUAAIL

L o~ & 4 L 1 o 1 L3 _
Audouswuyianisiinszumerinniludadiulaoassiunasisvesussudunn lag
o o a oa 1 | " W ' °
' Tedievziuvuaiageniiestusnil wazmuisousmsnsiveemanuivesses
ac ad a  J o [ - o

(transconductance gain, g ) lAAIBIBMINeDIAANIOUNT lAaemsiiumdsaunsansyi 1@

' 9 dy =1 [ < = 4' To 9 Yo Y
Tug9nd1e  uenanilefeduiluvasnisesusaini lusududeslddadiuniulums
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v t4
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—
vio ©) 0
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L
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sun 2.7 Tediwlunmsgaund
¥ W d
(n) Fyanual
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v W a [ { 4 Yy
daydnuaiazesauyaves Tofie lumegaund uaaslddegiin 2.7 Fumaeldviuh

4 Sy v P n’: =3 v g & 1 [ v a t +
aszumeyni ideinlefiwiulmudsduiludadu lasnsafuusduaunnmadie (')
Tasanuduiussznienszumeniyniuuswudunnadgereglugldasvmemanuii

é A o
(transconductance gain) 139 g_¥842995 deasamugua lddonszue luda 1, 9anme
uen

g 1 o a [4 [Y 4 4
295 TefeuguuuvadrelaoldluIndrinnudamesuaadlddegn 2.8 Taoh

4 [ -] o/ ! . .
(g,/2)v, fi0 NITUARBARAWNBSNSUTYYIUVWIAERN  WITVNTYYIUNAAI (differential
amplifier) Q,-Q, mihAdurevsnndunnifl Inasuvuueaiivl Aedsesaseunsyue
(current mirror) Q,-Q, TIUNITMAEIINNIsTABUAWNITATROUNTZUA Q,-Q, UAY Qpr
2 v o a = 4 T 1 <
Q,, FeSudFgygnauiildningesmaeunn  nizumeeamawesves Q, sgndaninlditiu
aszuasnedelifutesasRounseud QQ, luvmziinssuadidveieesazfounseue

< ¢ ) o c’: 4 ] [ Y
Q9-Q10 ﬂﬁﬂ NITLLTADALAADIVDY Q4 UUDI AIUUNTEUTDINNNUBIAT ﬁaﬁmmm‘u

lo = 8mVin = &m (v+ = V") (2.20)
. I
Taeh =B (2.21)
e

o ‘é 1 ' o 4 1 d'
uag ¥, Ao useRHAMeY (thermal voltage) Fadimuviiy k77 1ile k Ao Mnsiivesluan
WY (Boltzman) 11111 1.38X10™ J/°K ¢ Aleenalszq Inihfidwindy 1.6X10™° C uaz T he

Py

1 a o [ 1 a 2 A '
mgangiiduysel lumibesessunaiu CK) sefigungil 27°C 9z lds 7, dszinm 26 mv
o’ & \J =y
uaz I, fin Aszua lusaninnwusndgsunsoutsm lddsmsmiugunssuad 199199993
] 1 1 1 [ i
azRounTTUE Q-Q, WIHUNMINABIMS I Iofliedim g muiidesms nszueluda 7, ¥
k4 v
Wuemnsasnumm ldnngumsi (2.21) sndiedaru Aesms g, = 1 mS 9 1dnszua
luge 1,=52 uA
o U o '8 o 3§ o 4
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MHz 19U

Current gain (dB)

Phase (degree)

Frequency (Hz)

v

1 a a a d { o
30 3.4 wareUAUBINIIANNDVBINIIDUTINTINET InuANTZUAM U

(N) WANBUAUBIVUIA

(v) HanpUTUDIYUIHA
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3.3.3 HANMSIASUIUUMIIINUUBIIN0T
d'dy wa a a o a Q [ a
luniinsnadsuguaNliAve9995UNINIINBS Ivuanseuanduaueasglhn 3.3
ar ° I'd
2N s EULUUNSTIUYRe A Tsunsy PSPICE laudenld lofioiwes CA3080
: A oo
(5171, [24] wazeedueudnlFlureeniduwed LM741 fif B = 5.906 Mrad/sec uag @), =
P P A
2.75 MHz [4], [11] g'ﬂ‘l’l 3.4 UAAINAAD LT UDINNANIUNVBINAT (frequency response) U4
nui1es it uausausadaas RN Fusunsnitsas1msasundlas 20
y ¥ ¥

dB/decade 18 1ur19A DA 10 Hz 9udeseua 2.5 MHz wazdimanuaaianaouved

e (phase error) HBoA31 10% lusreanudAsud 30 Hz sudletlszana 500 kHz

(v d du a = d
3.4 MIFanTIzRHInTHDUNIA U
s d” ' £ [ o da a o o 1 ] <t
‘na%’auﬂanmm5mLﬂswnﬂaﬂwauwuﬂuﬂusmumm Y AMTRYULUUYRDIN
d' o . N N L= . . g
IMUYIUT (inductance simulation) 013 mﬂmmmwmmmmﬂﬂ% (capacitance multiplier
simulation) 48¥ FDNR (Frequency-Dependent Negative Resistance) Fudu Tasmsinernees
a a 7 ¢ Ay Yo Y 9 ' o v v o
‘E]uﬂmim@iiﬂllﬂﬂ'izLL'ETETE\?LE)’IVI‘V!'VI‘VIulﬂu'll,ﬁuﬂll'l"U'I\WINNWIB‘VI’I\TIIA‘J’JiJﬂ‘lJIEmLE]Iﬂtl
¥ ' - 2 - @ dut du A o ¢
1]i'lﬂi]'lﬂﬂ'l'ii‘lf@ﬂﬂimW'lﬁ“b"‘/\lmﬂﬂ'lﬂuﬂﬂ °]N5181’13LBﬂﬂi‘uﬂ'liﬁﬂlﬂiT%‘,ﬁWQﬂ%uﬂﬂwuﬂu“H

¥ = Q’: o o 1 ‘ﬂy
uraswiiatuiiasde TUil

~ d’ °
3.4.1 MTQYUUVVVADIAUTIHEINN
= = o o <t 4 .
21'7] 3.5(N) LAAINITMIULD LIV USIUUINYUNTIIA (grounded inductance

. . ~q Y =t o ~ o o o d ta A o
simulation) VIGL‘ﬁLWUQ‘IJaE]ﬂ’N‘UiLLﬂﬂ‘Vl‘V‘]Lﬂuﬂ’dﬂ INNITUATICHNIABUNUAUGDUNN Z,

499299592 IAWAY [Manuan ¥ Wade vl

1

Zin(8) =5 ——— (3.6M)

n .

gmAcB
Tngianumileniauya (equivalent inductance, L, ) Midounyy'ld Sawiidy

L, = ——1 (3.6%)

eq - *

gmAcB

2 G [ P o v Yy acd ad a
FIWLHUNAMANULHULIUITNY] Leq ﬂ"lll'lif]l,!,'ﬂSﬂ'lvl.ﬂﬂ')U’Jﬁﬂ'li'ﬂ'NE]Lﬁﬂ“ﬂiﬂuﬂﬁiﬂﬂﬂ'ﬁ

£ 4 []
Usum g, %38 4, uenINUMIREUUULVATIAMHENIUUIABYAT (floating inductance
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: @ o Y 1 AN A A2 v A 9 9
simulation) UQﬁWiﬂSﬂﬂﬂLLﬂﬁﬂ'Ni]ﬁllﬂ\?'lfﬂﬂUﬂ”liﬂﬂiﬂﬂl,ﬂﬁ]ﬂﬂuﬁﬂ')&WilL“lﬂ%Jiu'NﬂiﬂNﬂ'lu

S L

aunn aauaaalugui 3.5(v)

(M @)

51 3.5 madounnvvaaamienirlaslfuienieasueniiv
= - ° = Jd
(M) MIDEUUVVIAA M UINUDRBLNIT 1A

(V) MIABULLTVRAIANHI NI UADEA?

o
ZI:’ o4 32
> 1B

Q) (v

31 3.6 madounpusesguaey Ihiselfudenisiuendiv
a = J
(M MaouYNsguaNy Mo miisunsig

() MIBOULDYITAMAINY Iy ased)

3.4.2 MIBEUILLIDIPAUNNNY VD

= -~ 4
"N%smimvun,mma%sgmmmaﬂﬂﬁnmnmwﬂsnﬂ (grounded capacitance multiplier
9

A . Y v = a A Jda A A ' W
simulation) 13130uaA9 1AAI3UN 3.6(n) BuRUAUGDUNN Z, ¥992995 lUATAH TR

[MANUIN U ¥1D 12]

1 B
Zin(s)=2| 262 670

S| &m
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oAy A 1eruaya (equivalent capacitance, C, ) Ifuiy

Em
C. =|=m (3.7%)
“1" | 4GB

; - iy gy 3 2 -
qumsii G.7v) wanddiifiuhmhenugltihene ¢, Aldduaneianivamnsonlaou
£ 4 ]
udasmlddwmsmunua g, 3o 4, uennniimndimsde Tefiemudh lumediu
BUWNUBINIAUN 3.6(%) Avzannsadunsiziises@euuunissguanug iy

avYA7 (floating capacitance multiplier) 188nd

3.4.3 FDNR (Frequency-Dependent Negative Resistance)
2993MIFunTIed FDNR uuuiflvunsiaduans lddegiin 3.7(n) mdufiuauddunn

Z_ 992995 1 lawihdu [manun ¥ Hiade 43]

1 BB
Zins) == 414628187 550
S Em

\
o A

Wufe 2eestinaausimifu FDNR Afifeedsznou D (D-element) tvi1fiu

D - gm
Ac1462B1B>

(3.8%)

1 o v a o s o
Taoh 4, uaz B, fie sas1venenszud uazm GBP veswaluanilvesrsesduiinsmesii
o o o [ L) ' v o
i (=1 uaz 2) muday dnsumsdunseriaees FDNR uuvassdnannsosi 14 lasms
AB2993A93UA 3.7(¥) Wuu 912993 FDNR # ldviuauenuinlsrannasidginsel
=t L% 1 1 é =] 1 L4

waddanmousnuazanssdiuuden ldnn 4, uae g Felinnuuanais ldoiandnms

Fans12112995 FONR uuudn linezdludsmsed laomsls setusudl lofie use 2995

'o | [] [l o s q’/’ Y] [

mewiunszue ndulludesdsldnuswiuginsaimadivionmouen sauemsifuuse
o 3 [ o ]

persznoy D vernesiussdudnuuemsUiuudaniana (mechanically tuned) lnums

wlsagUnsaimadv



-T2

Z * nviduiinamed 41 esduiinaines #2

' )

)
N fo

-T2

ATduINTAeT #1 - aivaduNinInes £2

(V)

3
AY A

Y o d o]
31 3.7 msduns12rii9es FONR Teoldudenisesuanii
= Jd
(") EDNR (U UHuNgIn

(¥) FDNR L1y vase9?

3.5 29esnsedaanalnuanszuanuylunleasinn

3.5.1 29snsesdgaadvuanszuauvylunleaninfinaue
2995 nsosdyg s inyanszuauunluateasiinndfua lda035a15n19
dlannseiing (electronically tunable active-only current-mode biquadratic filter) Ninaue

e d‘ é o ' =~ N o o
uaaldasg Ui 3.8 aeilsnduielounszuavesnses munu [manuan a ¥ade a1l

2
Typ(s)= lap(s) _ s

I,(s)  D(s) o
s(gmbAGlBl]
_1Ipp(s) _ Ema
Tpp(s)= ) Ds) (3.10)

T, p(s) = 1L26) _ AG14G251 55 .40
Lin(s) D(s)
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Az B
oz D(s) = 52 45| EmbLGLTL || (4G14G2B1B>) (3.12)

8 ma

4

§ [ ' a a d ~
Taui 4, uaz B, fin Sanueunszua uazi GBP veseiluewilvesssduiinsmesaiin
o W ~ <3 v o { o

PG =10z 2) Mudey aumsih 3.9) fs (3.12) TAuaadldimiuineesnsesdygiuiih
o 's o o ' a 9 & 9 [ A
ueansndunneiilsnFudioTounszuauuy luareaniin ldmuilsndunioudu Ao

Herdunsosrunnudas 7,.(s) (highpass filter) AINFUNTDIEUUAVANUD T, (s)
) ghp BP

HP

o ] o 10 & §
(bandpass filter) LazHeAFUNTBIAIUANUDM T,,(s) (lowpass filter) TaeTisuiludeulaon

14
(Y J ~
wlasgiuuuuesrses sawnalnaenmsldglnsaimadvinmeuen

5U 3.8 29vsnsesdgyiv lnuanszuauny luareasinnnyliuar 1dd1635nsme

ad a o <3 -~ ] g
adnnseting lasldudonisasueanidlundn

d d e . g 2% ey
MINAUMIN (3.12) Wersunuaums luaeasiinndgduuunaly deil
- ) 2
D(s)=s5“+s E + @)

12 1AMANUATINETIUIA @, (natural angular frequency) LAZAIY5ENOUAMAIN (quality

factor) N3© O-factor Y9499 VAL
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0, = \/AGlAGZBlBZ (3.13)
- 0 = 8ma 428 (.14
gmb \ Ac1B1

dnsumanylidemsnasunyasesidseneuueniv (active sensitivity) A1N1IDRLULLTAS

o dy o 9
1809l [maruIn A e A2)

1
By _ @ _ P _ W _1
S Ao s SB1 SB2 > (3.15)
0 =@\ 60— 0 _N\h
S i1 S A6 SB1 S32 3 (3.16)
{taz SQ ——SQ =) (3.17)
Ema Emb

2 < va A = o Y v -] [ Y P dy
Fuzmuhnuauiavessesi lddimanuluesiindesnimieniiunils  weanniimn
wmsuSumld 4, =4, =4, uazidenld B, =B, =B ud2 nnaumsi (3.13) uag (3.14)

s o J
w2 ldwisiimes @, uaz O-factor ¥932993 Amaiiiu

@, =AgB (3.18)
uay 0= Ema (3.19)
Emb

fhifeaumst (3.18) FWdumad , venesthummsafezulsi g Taems iy
M 4, vevessuiinsnes s lashideansenude o-factor s Tuvmefinsudse
O-factor MNAUMIT (3.19) &uawmmﬁ%:ni:‘v‘iﬂf-ﬁﬂumsmmué’msm’auswiw 2, MO
2o uaﬂﬂmf:ﬁ'awuiﬁmwﬂwﬂwaﬁumqmwgﬁﬁﬁdaé’mwmﬂnmm 4, uazsnsaiu
g./2., 1Wondae ﬁaﬂ"'umﬂﬁnsinu:memwsﬂimﬁ'mutymiwmnszuﬁﬁ"lﬁ'ﬁ'u.ﬁuﬂﬁaﬂqﬂ

' = 4 @ 1 -, ad a d
MRimisilives @, uay Ofactor vesRvsENsadiumiddaeismimedidnnseding
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o \ L] _ é o o
(electronically tunable) uazm1ToUsumldednsdaszlsiannnansynudfiuuaziu

o |J o = . )
(independently tunable) wag e liTufunavesgunniidna e (temperature insensitive)

Faethafi 1: Feamsesnuuiasesnsesdyano Tnuanszuauy lumeasniin fagil
fisg lﬁ’ﬁﬂmﬁuﬁﬁﬁaﬁ' f,= 2T = 50 kHz Wag Q-factor = 1 Suneumseenuuviife
aoluil

Funouii 1: #09M3 O-factor = 1 Founnaumsi (3.19) Sudenly 8 =8 =1
mA/V

Fumout 2 : frfion1doetuend i B = 5.906 Mrads unzdoans @27 = 50 kHz
Fufunnaumsii (3.18) Sanveenszuavensesduinsnesiilslusesielfui Ag,

=Ag,=A,=0.053

3.5.2 aussoueMsOueeesnsaii bidlldmugaund

A o & & A s Qe ot
wammmwaﬂsz‘nmueamﬂmﬂﬂszna’umiwwﬂmaaaaﬂuam’]wumeammuzﬂﬁ

‘o a A o 9 sl J A a 4
NINTUNNANUNVYDIWNITNUUTUB 513"lﬂﬂJB5l°lfuﬂﬂ1ﬂ’l111ﬂa']ﬂLﬂaﬂuﬂlﬂﬂW'ﬁ'ﬁJLﬂﬂi 600

dd"d * 1w o 9
iae Q-factor mamwﬂuﬂsmuummmu [MaAnUIN A MU A3]

/5

-1:x100%  (3.20)

%—2 =1| 1+ (41 Bi7p )(AGZBZTbZ Z 5

ma

LHag

1
EmalcaB g /2
[1 “(JE—G—Z—&J(TM +Tp )]“[1 +(AGlBlbe{AGZB2Tb2 - smb )]
0, %€ _

Emb ma

Q Emb }é
1+ (4g1B17p1 AG:szsz—g

x 100%

ma

(3.21)

laoh @, =1/7,,, @, = /T, uaz @, uaz @, fe laduuud Inadfiasvesesiluoui

1]
@ A

é b { o L3 M 1 1 g
Annilauazainaes MuAAY  taznaumsN (3.20) uag (3.21) NUMANYAMIARADY

d4a & o

o 1 a o o W
adavumsom taatosadld madSuamsiiwes lues IdtanuduRusitluldau

v
Sou'ludsse la)dl
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Emb >> (AGZBZ )(rbl + sz) (3.22)

Ema

3.5.3 HAMSREUIVUNIINNIUYBIIIDS
weilumsnaaeumsinuvessesnsesdygn Ivuanszuauuy lualeasiiiniith
v Y
wue luiilldldmsdounuumsihauvessesdieTisunsy PSPICE Tasiidesmuauay

wenl¥ginyel luasshitiamani@miluluauiidedn 333 3U7 3.9 uaawwaneuaupIng

Y

o

i
AMUTYBI995NTB muaunmiwuﬂﬂszLmﬁﬁuauaﬁ'agﬂﬁ 38 iifeponuunieesmusieds
105 £ =50 kHz waz O-factor = 1 Taemsdium A, =4, =4, =0053 uaz g, =
8 = 1 MA/V

Current gain (dB)

Frequency (Hz)

JUN 3.9 waRRUTURINIANNDVDIINT B /=50 kHz Ay O-factor = 1

gﬂﬁ 310 LAAIHANDUAUBINIANUATDIININTBINULIUANNA eutlsi 2,
i g, =0.1mANV, 0.5 mANV uaz 1.0 mA/N mudidy Tuvmzii g, = 0.1 mAV waz 4, =
0.1 nnioulyilvin g O-factor V09299505 ndY 1, 5 uaz 10 MuUSFY Ham I
uppuaaldiniudl Q-factor fummsnuﬂsm"lﬁ’fma&ﬁnmeﬁﬂﬁmﬂmsmmn g, Tawlhi

AINANTENUABAUMUIANND @), VYBINDT
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Current gain (dB)

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

JUN3.10 marBUALBINIANNAYEIIRINTRIILIIIANNA Wethmaulsa g

B AR i e % e i b et e X At e e T s o S o

co9
n — O
O O W

o<
Ny O
QA Q

I

Current gain(dB)

Frequency (Hz)

U9 3.11 WARBUAUBININANNDVDIINITATOINULOUANLD Hovhimsudsa 4
G

uazieuaasldifuduauiavesases lumsmugumanud @, Awmsulsm 4,
v ' *
Tunsaifive1dd5ua g, uaz g, IRTiMAAIIAY 1.0 mA/V 1Az 0.1 mA/V mudidy e 1
Y g g = ' a4 '
18 O-factor = 10 AuiunanEUTUBINIANUAYBIIVINTDIMUUDUANNAWBILTM 4,

uaas 19As3UN 3.11 nnmsdounuumsiaunuihmanud @, #1dauwihi 48.98 kHz,
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2 9 Y o v oA Y o =
97.72 kHz wag 484.17 kHz Falvimalndifosiumn ldonmsmnalumeangugnnaums

it 3.19)

[ 3
3.6 299INIVINYY IMAAIADT I KHAN ST

v
@ L @ o

™ a [ 4 o
Tagma lmatinlumsdansiziasesnsesdygududy » vy aunsanszi ldaes
asn A ac ° 9) ° (3 a ' v A Y
7 Ae Ausnihldlashimsasesnsesdyanauu luaseasnanundemamaanuie 14 14
[ =1 v o o d'sl Y as dydd o 9
29snTdyaMueATINSUALR » muiidesms deRvediimstinfemnsadunse 14
o o Y] ] Ast A [ 4
vansilanrunieuiuluiees@er daudinaesredoma@eunuunNees LC Laanos

A ~ey dy % o )

WAFNAULVY (passive LC ladder prototype) ¥#435m 3t dsuanvaulaas 1d5uanuiioy

] 1 o dy ﬂ' o b o ' lﬂ'
L‘?JHBEJNlﬂﬂ m:n::nTﬂsmgwﬂumawiaﬂymzuﬁlumeuiuﬂummam"hmmszﬂaﬂu

IS

' ~ (; & o 4 = ~ o as lﬂ'
wilasigunsalluagesiisnd [101-112] Feudnmshldluinoiinusinldiieismshaes

: dy o W Y ' g ~ = 0’1‘ 1 dy
tfuiuguddgfosuiu Taviliswazidvauaziunoudge 11il

3.6.1 2995 LC tanines Inuanszuauuuidannma itmm

ifipan1nudnntsesnuu Bt aus vy UM TN 1ERIOLEDNULLIIINTBY
Ay 1uenIADs INUANTEIA (current-mode ladder filter)  InelFooiupuiluas ToMeiily
yaemavsienfivndni lerinaieiuodeTasaad s leapfrog 1U99M13 LC LaaAes
waaiihnesduun  sefudouiedesnisanTasadioilluesiens LC uanned
TnuanszuauuusFanwmesimm (resistively terminated current-mode ladder LC network) ﬁ
fdufiuaudAaIUIY (paralle] impedance) HAZUBATINIAUFADOYNTH (series admittance) Ha

319 3.12 @enou

!N [
| Y i T
-
= °~¢
A
hh

314 3.12 2993 LC uaames Tnuanszumnui daiivinesum
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v W @ W 1 a 9 v
ﬂ’)'lll’dllwuﬁ,ﬁjﬂﬁuiﬁﬂuﬂ‘l]ﬂizLLﬂiuLmaZﬁ']‘il"l‘ilﬂﬁ’Nﬂi ﬁ']ﬂJ'liﬂL;lUuE]ﬁ‘UTUulﬂﬂﬁ

aumsaelyi

I =Is_ﬁ_12 , N=414

RS
I =1V, s Va=N-V;
I3=12—I4 " V3=Z3I3
, (3.23)

de =YgV v/ Ye=Vs=V,

Iy-=1g 1, stV Vo =24q1
ag /= o

Ry

aumsi (3.23) annsnun@sunaaaiuudon laezunsuluzl 1nsead 19y Leapfiog 92
18317 3,03 Teeiidganaueniynvewdazuenszgnilonndu S wasudyymves
ydenrounih dofunnudenlaozunsuiuy Leapfrog tazninguauiAveseetueuiluas
Iaﬁmc‘*ﬁa"lﬁ'ﬂa'n"hJ1’1’1@#’1’1&%:ﬂw'lﬂ"l%’gﬂu*ﬁugm;ﬁaeammmaﬂiﬂmaﬁaumpmuamﬂa‘f

TnuanszuauuylFuionisesuoaniduvan

! <
51U 3.13 vAenlaezunsulnssadauny Leapfrog ¥942495 LC Uannes Inuanszud

wuUIFanimesimm
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3.6.2 MIVOANVUINVINTBINIUAINDA
o 3 (3 Jd ' A o 44” 99 ¥
dmfuduneumsdunsgvuazesnuuuiesnsesiiuanudd lunildldees
nsperuANUBAS U AL Tnuanszua (3"-order LC ladder lowpass network) fa3lil 3.14
[ 14 k4 '
Wuaees Le uaameidunuuiie liludedaansiuneumsesnuuuaees  duiuiieh
= [ d o §
manfouiteniulassadiereses Le uaawes nuanszuanalilugdin 3.12 92 ldanu

v
L.

UWUT A5
1
Zy=— , h=— up Zy=—r (3.24)

UNUMTUNITN (3.24) ad luaumsn (3.23) o214

N

4l I3
Vy=—= B 7NN A (Y o
. sCy s ol : sC3
r (3.25)
Vl V2
L=1,———~-1,, [ =—= , Ay =1r—=1
1 K} Rs 2 2 SL2 3 A 0,

dothaumsi 3.25) Tu@eunanaduuienlaozunsulugvesTnssadrauuy Leapfrog v
IRaegit 305 Falsznoudimasimdyanauaz9assuiinanes AsETivIER
AUYBIAN UL HINBYNTUNNIT LC tpamesmadndunyudosgdounuudiy
2vvsueniiifonidusludnuus veersesduiiinsmed Wi msgaduiidvunszualdiiiv
1159AU (current-to-voltage lossless integrator) Lmz'sws%uﬁmimeﬂﬁﬁmiqmgl,ﬁuﬁtﬂ?;uu

useruiunszua (voltage-to-current lossless integrator) MuAAY

v @

310 3.14 29snRwIUANNBMBUAVT N THNANTTIA



M d Al ‘:' ;
51 3.15 vden laezunsuTaseadiauuy Leapfrog ¥843993 N30 UANNAM

duauay Inuanseua

|e—_= —»|

g % - ln.

Emi. = BiC;
V,:ZCI,.‘
()
AN : ' I1
> Emj=
L=%g w781
(M

H o P ¢ 4
3UM 3.16 MIFanTITHAINYLIINDT LC iaanesauLLUAIselieuiluaz Tefie
(7) DUNUAUFAIWVUIU

4
(V) uaﬂﬁmmummmaqﬂsu

o A o o - a a d 3 [
wanmsiiiauedsldmmsdounuuisesduiinsmes neresanuuzdvesuond
S 2 P 4 Jd
uaz Tofile H3995@ounUUAINYBIINNT LC uanmesauuuy lumnvnuuazmeynsy
' v » H '
ansouaasladegli 3.16 antudioimsiiouResiugdi 3.14 wazgd 3.15 wazaums

9

= o ' = o a Jo A
N (3.25) ‘uzmmmmmmmmmsmmasﬂmmwiwaammu"lﬂmu
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ol

gmi = BiC; We i=1,3,5,7,... (3.260)
1 P
uag gmjzﬁ Wwe j=2,4,6,8,... (3.26%)
J=

Taen waz B. (k=i Y39 j) Ao oasnvenemanuiived lefiean k tazA GBP vo9
Sk k J
Ao o W [ q,: 4 [ - 4 o H
potuauildan k muddy FaiunNees LC uanmeiauuuuasgln 3.14 Wehmsunui
~ =1 (]
MNVUULAZ T BYATHYDIIIMesReunuD U 3.16 ez ldasesnsesru

@ W

o 3 =] @ @ ~
anuamsuduay Inuanszuanlfuaemersueniiifundndagli 3.17

=

H‘-Iz.

“ W

1 LY 1 4 ; a <3 [
7111317 Anwinevhmanudismsuduan nuenssuailFudenieesueniividundn

Y o Y [ :: Ao ' = Jd
ﬂ1ﬂ1ﬂuﬂ1‘ﬁ R K TR muumlmsaammmwanmuﬂmmimmawmawﬂu

v

AIMUIINAUTINY
g - =B)C gm2 = 1 iay =B3C3 (327
m=p Eml 1“1 » 8m2 Byl v 8m3 3L3 :

v k4 v
gauiuagl1diesdlszaoduiinsmes luasesiumhmihi@ounuungdns suvesiuiy
Y ~ ° =1 9 3 dyu ° ' Y9y A
Uszquazdunionihlurseswadddunuy  Aeidsenunsaimsudsm 1daeismams

ad a o o ' o =
ﬂlaﬂﬂiﬁluﬂﬁiﬂﬂﬂ'liﬂ'J‘iJﬁ]llﬂ@li'ﬁlﬂ'lUﬂTﬂ'J'lilu'l"U'ENIﬂ‘VlLi’)
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4 3 v {0 9y
woliithlatedunenlumsesnuuunesnsesiunnuam Inuanszud lasldmme
k4
yfensvsueniindnsanngdnsalmadvnnmeuen velifinrsandrdusuneuludedi

fi2¢0id

o ’ o H [
¢9e1a# 2 : 9177995 LC uaawesauuy degilii 3.14 desmsesnuuiulcesnses
1 Ao o w o 4 4 Ao oo
AMuANNaRIsuaUTN Ivuanssuauyinmesnesn Ruanudineow (cutoff frequency,
£ 1Ay 100 kHz
& 4 { 1 8 4 .
Yumeun 1 : 911519 91 lumanuln 9 %z"lﬁ’mumuaa"lacv (normalize) ¥®4

gulnsalmadnluasesduuny die @, = 277, = 1 rad/sec Ty
R,=R, =18 , C,=C,=1F uaz L,=2H

o 4 3 o 4 . 1 q’: y
Jumeut 2 : vimiukinisAussusa’lad (deormalize) Argnsaiwiadluduneud 1
2 e o 9 Y a A o o dyd
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7 0.4450 1.247 1.802 2.000 1.802 1.247  0.4450

8 0.3902 1.111 1.663 1.962 1.962 1.663 1.111  0.3902

9 0.3473 1.000 1.532 1.879 2.000 1.879 1.532 1.000 0.3473

10 0.3129 09080 1414 1.782 1.975 1.975 1.782 1414 09080 0.3129
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L,
o R TSR
s QD i ¢ G § R,
o i

n C, L, C; L, Cs £ L, L, R,

(7) Ripple width = 0.1 dB
2 0.84304  0.62201 0.73781
3 1.03156 = 1.14740  1.03156 1.00000
4 1.10879  1.30618  1.77035 — 0.81807 0.73781
5 1.14681 1.37121  1.97500  1.37121  1.14681 1.00000
6 1.16811  1.40397  2.05621 1.51709  1.90280 0.86184 0.73781
7 1.18118 = 1.42281 - 2.09667  1.57340 2.09667 = 142281 1.18118 1.00000
8 1.18975  1.43465 2.11990 1.60101  2.16995 1.58408 « 1.94447 0.87781 0.73781

(¥) Ripple width = 0.5 dB
3 1.5963 1.0967 1.5963 1.00000
9 1.7058 1.2296 2.5408 1.2296 1.7058 1.00000
/) 1.7373 1.2582 2.6383 1.3443 2.6383 1.2582 1.7373 1.00000

(M) Ripple width = 1.0 dB
3 2.0236 0.9941 2.0236 1.00000
5 2.1349 1.0911 3.0009 1.0911 2.1349 1.00000
7 2.1666 1.1115 3.0936 1.1735 3.0936 1.1115 2.1666 1.00000
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M319N 93 uﬁmﬂmﬂﬁuugﬂmm?\ (Frequency Transformation)
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Realization of Leapfrog Filters Using Current Differential

Buffered Amplifiers

Worapong TANGSRIRAT!?), Nonmember, Wanlop SURAKAMPONTORNT, Regular Member,

SUMMARY In this paper, is shown an approach to realize
leapfrog structures obtained from proto-type passive RLC ladder
filters using current differencing buffered amplifiers (CDBA) as
active elements. The use of the CDBA’s provides advantages that
the realization procedure is simplified and the number of active
components required is reduced. The approach is quite suitable
for the realization of band-pass ladder filters, which generally re-
quires a complicated structure to simulate LC series and/or par-
allel resonant branches by the conventional opamp-based leapfrog
filters. A simple circuit configuration of the CDBA suitable for
high frequency and low power supply voltage applications is also
presented. As design examples, a fifth-order Butterworth low-
pass ladder filter and a sixth-order Chebyshev bandpass ladder
filter are designed. The effectiveness and the correctness of the
proposed approach and the characteristics of the proposed filters
are verified and examined through computer simulation.

key words: current differencing buffered amplifier, CDBA, low-
voltage circuit, leapfrog filter, active filter

1. Introduction

Recent advanced technologies of integrated  cireuits
make devices in an IC so small that the internal electric
field may become extremely high, thus the power sup-
ply voltage of circuits must be restricted to a low value.
In addition, with the popularization of portable equip-
ments, single battery operation of equipments is now
most essential. High frequency operation of circuits is
also a key word today. In these respects; realization
of low-voltage high-frequency active filters is one of the
most attractive and important issues in many signal
processing fields.

Active RC filter is one of the candidates of filters
that may have possibilities of integration and high fre-
quency and low voltage operation. Leapfrog structure
that simulates doubly terminated LC filters has been
highly appreciated since it inherits the low sensitivity
natures of the proto-type LC filters [1]. Active RC fil-
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ters including the leapfrog filters require active build-
ing blocks such as operational amplifiers, transconduc-
tance amplifies, etc. From the view points of high fre-
quency and low voltage application of the filters, low
gain amplifiers such as unity gain voltage buffer and
unity gain eurrent buffer would be the most reasonable
active blocks that could have a wide gain bandwidth
and operate at a low power supply voltage. Current
conveyor (CC) is a building block that only consists
of a unity gain current buffer and a unity gain voltage
buffer and many realization of active filters using CC’s
have been proposed [2], [3].

Recently, a new active building block, current dif-
ferencing buffered amplifier (CDBA), has been pro-
posed [4],[5]. The CDBA is a kind of extended CC
and composed of a unity gain current differential am-
plifier and a unity gain voltage buffer. Acar and Ozoguz
showed a realization of filters using the CDBAs that is
based on the signal flow graph representation of trans-
fer functions [6]. As this method only realizes the given
transfer function, the filters have no direct relation to
low sensitivity LCR filters, thus the sensitivity may not
be necessarily low.

In this paper, an extension of the method to the
leapfrog simulation is shown. Using the CDBA’s, the
signal flow graph of leapfrog filters can be simply re-
alized and each element of the proposed filters corre-
sponds to an element of the prototype LCR filters one
by one, thus the low sensitivity nature can be guaran-
teed. Especially, the structure is quite suitable for the
realization of bandpass filters that generally require a
complicated feedback and feedforward paths and one
by one correspondence between the elements will not
be guaranteed by the conventional leapfrog realizations.
Together with the filter realization, a bipolar transistor
realization of the CDBA is also presented. The circuit
can operate at a low power supply voltage of 2.0V and
has a wide frequency bandwidth of over hundreds MHz.
As design examples, a 5th order lowpass and a 6th or-
der bandpass filters are simulated by SPICE to show
the availability of the realization.
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2. CDBA-Based Leapfrog Structure

2.1 Leapfrog Realization of Ladder Structures by
CDBA’s

Figure 1(a) shows the symbol of the CDBA, which has
four terminals. The current and voltage relations be-
tween these terminals are defined by [4],

vp=0, v,=0, i,=i,—1i, and vy =v;, (1)

From Eq. (1), we can obtain the equivalent representa-
tion of the CDBA shown in Fig. 1(b) that consists of
a unity gain differential current amplifier and a unity
gain voltage buffer. It must be noted that the input
impedances of the terminals p and n are zero. The dif-
ferential input current i, —i, is converted to the output
voltage vy, through an impedance connected at the ter-
minal z. A realization of a wide band and low voltage
CDBA will be presented in Sect. 3.

To illustrate the leapfrog realization based on the
CDBA, let us consider the ladder structure cireuit of
Fig.2. Here we concentrate the discussion on the re-
alization of doubly terminated LC filters and thus two
resistors, Rg and Ry, are connected at the input and
output terminals, however, these two elements can be
arbitrary for general cases. This structure is character-
ized by the following expressions;

Vi

L=1Is Rs Iy,

Wi =214,

L =Y2(Vi - V3),

Vs = Z3(I> — 1),

I2n = Y2n(V2n—1 - V2n+l)7

and
Vant1 = Zont1(I2n — Lo), (2)
: . iy,
ip iz Ypo— ot U,
Ypo—s—p z[—>oY; v, In
§ : Y= Yy ——t v,
'ﬂ CDBA Iw L B _yw
Ypo—s— n Y W D ip-in
1
(a) (b)
Fig.1 (a) Symbolof CDBA. (b) Equivalent circuit of CDBA.

Is

Fig.2 Doubly terminated ladder network.
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where Z; and Y; are the impedance and admittance of
the elements, respectively.

Using the above expressions, the current and volt-
age relations of the ladder network can be represented
by a block diagram shown in Fig. 3. Figure 3 indicates
that the circuit repeatedly uses two basic structures
shown in Figs.4(a) and 4(c). Using the current and
voltage relations of the CDBA given by Eq. (1), we eas-
ily find that these two basic structures can be realized
using CDBA by the circuits shown Figs. 4(b) and 4(d),
respectively, where R is a resistor having an arbitrary
value.

To illustrate the method, a fifth-order LC ladder
low-pass filter shown in Fig. 5 is employed as an exam-
ple. The resulting CDBA-RC structure of the filter is
shown in Fig.6, where C; = L;/R?. The inductors
in the prototype LCR filter are converted to capacitors
through the CDBA of Fig.4(d).

2.2 Effects Caused by Non-ideal Characteristics of
CDBA

There are some non-ideal characteristics in the param-
eters of CDBA. One of them is the gain of amplifiers.
CDBA consists of a current differential amplifier and a

Fig.3 Block diagram representation of leapfrog structure.

Iy V=1, Z,

F—o

: PcpBA”
by ? PAngl — In z
Ty Ity
Zy

Iy =YV
Vst Vg ——{ P w—o—'w»j_—’
. R llCDBAz R
VO e
I Rzyk

Fig.4 Sub-circuits and their realization using CDBAs.

Fig.5

Fifth-order LC ladder lowpass filter.
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Fig. 6 CDBA-based leapfrog realization of Fig. 5.

voltage buffer which should have unity gain. However,
in general case, the gain is not necessarily unity due to
parasitic elements and non-ideal characteristics of ac-
tive devices. If the gain is not unity, the output current
and voltage of CDBA are written as,

iy = ki(ip - Zn) (3)
and
UV = kyUs, (4)

where k; and k, are the gains of the current differential
buffer and the voltage buffer, respectively. Substituting
Egs. (3) and (4) into the output current and voltage of
Fig. 4, we can easily find that the gain errors of k; and
k, change the values of Z; or Y;, which correspond to
the change of element values of the filter. Since the
change in the reactance values of doubly terminated
LCR filters will not much affect the filter characteristics
in the passband, the errors of the gains will not be a
serious problem.

Another non-ideal effects should be resulted from
the errors of the value R in Fig.4(d). The errors of
the conversion factor R? of the impedance R?Y; at the
terminal z and the value of the resistor R connected
to the terminal w lead to a change of the value of the
inductor in the prototype LCR filters, thus the effects
caused by these errors would be small in the passband.
However, the matching between the two resistors in the
input terminals p and n must be aceurate enough.

The input impedances at the terminal p-and n can
be included in the resistors R connected in series to the
terminals. The output impedances at the terminal w
and z become a loss of the impedances connected to the
terminals, thus the output impedance of the terminal
w must be small enough and that of z must be large
enough compared to the impedances connected to the
terminals.

2.3 Bandpass Filter Realization

In this section, the proposed technique will be extended
to realize LC bandpass filters. In the case of bandpass
filters, parallel and series LC resonant branches are fun-
damental as shown in Fig. 7. We cannot directly apply
the structures of Fig.4 to these braches, since the el-
ements connected to the terminal z may not be real-
ized without inductors. The parallel and series reso-
nant branches of Figs.8(a) and 8(c) are characterized

M 1§ —
1 Ly G v

" 14 I:J’W\—_ié—‘llg—i’
AR } of T %
1 1

Fig. 7 - Sixth-order LC ladder bandpass filter.

—— W Vi
1 P cpBA )

» n z
x af
Vi L; ':> I
'i % ) 'y w p -

“4) CDBA
z n—>o

Vi=Ze U= Y, V) ICM
(a) (b)
v, OR =
¥) &) CDBA
n
1, /L c
J J J

&)L R -~

CDBA
=Y (Vj-Zc; 1)) . 2 Bnf—o°

j
() I (d)

Fig.8 Realization of resonant branches by CDBAs.

by the following equations:

V= Zoli-Yu¥) = (h-32)  ©
§=1,8.5, -, 941
L=Yu-Zo)= - (V-2)  ©
SLj SC]'
j=2,4,6,---,2n.

The second terms in the parenthesis must be converted
again using an additional CDBA as shown in Figs. 8(b)
and 8(d). Thus, the doubly terminated LC bandpass
filter of Fig. 7 can be simulated as shown in Fig.9 us-
ing Figs. 8(b) and 8(d). The proposed method is quite
suitable for the realization of bandpass filters. All the
elements of the filter correspond to the elements of the
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Fig.9 The sixth-order bandpass filter using CDBAs.

prototype LC filter, thus we can expect low sensitivity
natures in the passband.

3. Realization of Low-Voltage Wide-Band-
width CDBA

In this section, is discussed a realization of the CDBA
using bipolar transistors that has a wide frequency
bandwidth and can operate at a low power supply volt-
age. CDBA basically consists of two building blocks;
a unity gain current differential amplifier (unity gain
current subtractor) and a voltage follower.

3.1 Low-Input Impedance Current Subtractor

Figure 10 shows a low-input resistance input stage of
the current subtractor (7], where Vg1 and Ip; are the
bias voltage and current, respectively. Assuming that
all transistors have a same size and ignoring the base
current, we obtain the following relations;

lin = te + ﬂZim (7)
and
Vin = Telle, (8)

where s is the current gain of the transistor Qs. From
these relations, we obtain the input impedance given

by,

Vin ~, Tel

iin ﬂ2 (9)
where r.; is the small signal emitter resistance which
is given by 7.1 = -I‘—/Bll and Vp is the thermal voltage.
Equation (9) shows that the circuit has a low input
impedance.

The unity gain current amplifier based on the
above input stage is shown in Fig.11. A biasing cir-
cuit composed of the transistor Qg and the bias current
source Ips are added to provide the bias voltage Vpi.
The current mirror transistors Qs and Qs provide the

output current i,,; which is given by,

Tin =

iout = —ﬂ2ie = _—'ﬁQ—l'iz’n = —iin. (10)

Ba +

Fig. 11

Unity gain current amplifier.

Figure 12 shows the current subtractor circuit,
which consists of two unity gain current amplifiers;Q; —
Qs and Q7 — Q11, and a current mirror of Q12 and Q13
that provides the output with a difference of the two
output currents of the current amplifiers. Thus the out-
put current of the circuit can now be expressed as

fout = ip — in. (11)

3.2 Voltage Buffer

The high-input impedance voltage buffer based on a
simple emitter follower is presented in Fig. 13, where
a complementary pair of two-stage emitter follower is
utilized to maintain a high input impedance. The input
impedance at the terminal z is approximately given by,

re 2 g (3 +Ru), (12)
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Fig.12

e +

4
Fig.13 Unity gain voltage amplifier.

where 8, = B14 = Big >01.0, Bpr=" b5 Pr7(>
1.0, Te = Bela = Tels ©EW T8.= Tel7, and Rw is a load
resistance connected to the terminal w. The output
impedance at the terminal w is low and given by

EE__}_ R.
SR Buby’

where R, is a converting resistor connected to the ter-
minal z. For example, if R, = 1k, R, = 10k,
Vr =26mV, Ipy = Ips = 100 A and.8, = G, = 100,
then r, and r,, are approximately equal to 10.1 M2 and
130 €2, respectively.

(13)

Tw

3.3 Low-Voltage CDBA

The hole circuit of the low-voltage CDBA is shown
in Fig. 14, which consists of a current subtractor of
Fig. 12 and a voltage buffer of Fig.13. All bias cur-
rent sources of the circuit are realized by current mir-
ror circuits and set to be equal to I. Since the circuit
uses only two transistors and two bias current sources
between the positive and the negative supply voltages,
this circuit can operate at a low power supply voltage of
2(VBE + VoEgsat), where Vg and Vo pga: are the base-
emitter voltage and collector-emitter saturation voltage
of transistors, respectively.

Assuming all the transistors have the same param-
eters, the current differential gain of Fig. 14 can be ap-
proximately expressed by,

Current subtractor.

22 H
ip — in = (14 a15)(1+ azs + azs?)’ (1)
where
H= ImpGmn
(gmp-+ 29mp) [97m + Grn(gmn + grn)]’
2C
A ~—1
Gmp + 29zp
D) (2C7m+cun)grrn+(Cvrn+2cun)(gmn+2g7rn)
Gmn (Gmntigrn) ;
and
NG (2Crn + Cun)(Crn + 2C’,m)' (15)

9mn (gmn L 2g7m)

In the above expressions, gmn(gmp) and grn(grp) de-
note the transconduetance and the conductance be-
tween the base and the emitter of npn (pnp) transistors
and Crn(Crp) and Cupn(Clp) denote the emitter-base
and the collector-base capacitances of npn (pnp) tran-
sistors, respectively. The denominator of Eq.(14) has
three poles and can be expressed as

oo (A (L 2) 5] o

where p; is the pole of Eq.(14). Usually the poles po
and p3 are widely separated and if we assume p3 > po,
Eq. (16) becomes as

Di(s) = (1—1)31) {1—£+£)J. (17)

By equating the coefficients of Eq. (17) with those
of Eq. (14), the poles can be obtained as follows;

_ Gmp + 29mp
P = —m: (18)
- —(gmn + Gan)
p2 = 9 I
(2Crn+Cun) (gﬁ) + (Crn +2Cpun) (1 + —gﬂf'-})
(19)
and

9rn Imn + ng
= + . 20
#a (C,m +2C,m - 3Crn & C,m) )
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current subtractor

buffer

Fig. 14 Circuit diagram of the proposed low-voltage CDBA.

The gain of the voltage buffer with a load of R,
can be approximately given by,

Vi H N(s)

0 008 Tl bt S 1

v, 1+4+bys+ bys?’ (21)
where

H In9p

1 (Guw + 9p)9n + ng?fp)7

N(s) = (1 + %s> (1 T g’is> -
9n 9p

by = (G'w = gp)Cnn + (Gw % gn)pr
(Gw + gp)gn + ngwp

y

and
j oL C1rnc'1rp
(Guw + 9p)9n + Gugrp ’

In the above expressions, g, = gmp + Grps In = Gmn +
. BE G = 1/R,,.
The denominator of Eq. (21) can be rewritten as

11 2
D2(3)=1—s(—+—)+ -
Ps  Ps Paps

2
= ——, (22)
P4 P4aps

by

where we assumed that ps > ps. The poles psy and ps
can now be obtained by comparing the coefficients of
Egs. (21) and (22). Thus we have;

(Gw + 9p)9n + Guwrp

=— 23
i (Guw + 9p)Crn + (Guw + gn)CwP (23)
and
% 5 Gu+9n , Gu+t9
Ps = ( o + Crr a (24)

In order to figure out the high frequency lim-
itation, let us assume that Cr, = 825 x 1074F,
Crp = 898 x 10°1F, C,, = 4.14 x 107F, and
Cup = 4.22 x 107 F. The poles p3 and ps are non-
dominant and can be neglected in the calculation. The
poles p1,pe and ps approximately locate at 1.50, 2.67,

and 2.14 GHz, respectively. Thus the high frequency
limitation of the eircuit is due to the lowest pole p;
that is determined by the parameters of the pnp tran-
sistors eonsisting of the current mirror, Q12 — Q3. The
pole p; locates at a high frequency, though, for higher
frequency applications of the filters, these pnp transis-
tors must have smaller parasitic capacitors.

H of Egs. (14) and (21) gives the DC gain of the
amplifiers, and if the transeconductances gmn and gmp
are not large enough compared with g, and gxp, there
may be errors in the gains of amplifiers. The current
gain of current differential amplifier and voltage gain of
the buffer at DC are given by,

1z 1

= 25
e (25)
and
o 11
it g 26
-4 g (26)

where &; and €, are the gain errors of current and volt-
age amplifiers, respectively. €; and ¢, are derived from
Egs. (14) and (21) as,

p -+ 2 29xn
a3, I:gmn‘l'gwn <1+ gg )] -1, (27)

Qmpgmn mn

and

Gw(gmn + grn + gvrp) . (28)
(gmn o gvrn)(gmp I gwp)

When 0.7 um BiCMOS process parameters are em-
ployed under the bias current Ig = 100 A, gmn =
228 x 1073 A/V, gmp =2.14 x 1072 A/V, grp = 4.17 x
107°A/V and grp, = 4.38 x 107 A/V. ¢&; of about
6.12% is expected and &, under a load resistance R,
of 10k(2 is approximately 4.65%. As mentioned in 2.2,
these errors directly affect the values of capacitances
of the filter, however, the change of transfer charac-
teristics in the passband remains small due to the low
sensitivity nature of the prototype doubly terminated
LCR filters.

The performances of the CDBA of Fig. 14 were
simulated using PSPICE with 0.7 pm BiCMOS process

1

Ev
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Fig.15 Frequency responses of the gains of CDBA. (a)
Current gain, (b) voltage gain.

parameters. The power supply voltage is £1V and the
bias current Ip is 100 nA. Figure 15 shows the simu-
lated gain-frequency characteristics of the CDBA. Tt is
clearly seen from the figures that the gain bandwidth is
wide and reaches around 1 GHz. The frequency depen-
dencies of the impedances 7,,7,, and r, at the termi-
nals p, n, and z are shown in Fig. 16. The impedances
begin to change at about 1 MHz, however, they still
have satisfactorily good values at the frequencies of
100 MHz. The DC offset current at the port z with a
load of R, = 1k was 3.23 uA and the DC offset volt=
age at the terminal w with a load of R, = 10k was
1.98 mV. The total power consumption was 1.84 mW.

4. Design Examples and Computer Simulation

To illustrate the effectiveness of the method, two ex-
amples, 5th order lowpass and 6th order bandpass fil-
ters were designed using the CDBA’s. The CDBA-
based filter of Fig.6 that simulates the 5th order fil-
ter shown in Fig.5 was designed at the —3dB fre-
quency of w_zqp = 100 Mrad/s (15.9 MHz). Selecting
Rs = R;, = R = 1k(), we obtain the passive element
values as; Cl = C'5 = 6.18pF, CL2 = CL4 = 16.18pF,
and C3 = 20pF. The simulated responses of the filter
are shown in Fig. 17.

Sixth-order Chebyshev bandpass filter of Fig.9
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Fig.17 Frequency responses of the fifth-order lowpass filter.

was also designed to have the center frequency of
100 Mrad/s (15.9 MHz), the bandwidth ratio of 0.45,
and the passband ripple of 0.1 dB. Selecting Rg = Ry, =
R = 1k, we obtain; Cy = C3 = 22.9pF, Cy = 3.92 pF,
Cr1 = Cpr3 = 4.36 pF, and Cpo = 25.5pF. The simu-
lated responses of the bandpass filter together with the
prototype LCR filter responses are shown in Fig. 18.
Both simulation results reveal that the frequency
of the filters shifts about 10%. This is resulted from
the errors of the amplifier gains that change the values
of capacitances of the filters. The capacitance value
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Fig. 18 Frequency responses of the sixth-order bandpass filter.

changes correspond the value changes of the reactance
elements of the prototype LCR filters resulting in the
shift of the frequency and not in the gain change in the
passband. Therefore, we cannot observe gain errors in
the passband as shown in Figs. 17 and 18.

5. Conclusions

A realization of leapfrog ladder filters using current dif-
ferencing buffered amplifiers (CDBA) has been shown.
CDBA basically consists of a unity gain current differ-
ential amplifier and a unity gain voltage buffer and does
not require high gain amplifiers, thus high frequency
performances can be expected. CDBA is quite suitable
for the realization of filters with a leapfrog structure,
especially bandpass filters that contain parallel and se-
ries LC resonant branches can be well simulated with a
simple configuration. Since each element of the CDBA
based filters corresponds to a reactance element of the
prototype LCR filters, the sensitivities in the passband
become quite low. Two examples of CDBA based fil-
ters simulated by PSPICE showed a small error only
in the filter cutoff or center frequency, even though the
amplifiers in the CDBA have errors of several percents.

The method proposed in this paper requires n
CDBA'’s to realize an n-th order filter. We need to
consider how to reduce the number of CDBA’s without
loosing the features of the CDBA based filters. The
CDBA used in this paper can operates at a power sup-
ply voltage of 2.0V (£1V) that is limited by the num-
ber of transistors between the power supply and the
ground. We may need to consider the operation of cir-
cuits at a lower voltage than 1.0V for some applica-
tions. These will be our futures works.
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ABSTRACT

In this paper, a possible realization of a current differencing
buffered amplifier (CDBA) in the low-voltage operation is
proposed. A leapfrog simulation of the current-mode ladder
network using the CDBA as active circuit building blocks is then
introduced. In order to demonstrate that the CDBA considerably
simplifies the leapfrog structure of the current-mode ladder
filters, a fifth-order Butterworth low-pass filter and a sixth-order
Chebyshev bandpass filter which require a minimum of active
components will be presented. PSPICE simulation results are
employed to verify the correctness of the realization procedure.

1. INTRODUCTION

During the past few years, comparing with voltage-mode
techniques, current-mode signal processing techniques have
been received a wide attention due to its wide bandwidth, low-
voltage operation and simple implementation of signal
operations such as addition and subtraction [1]. ' At present, a
number of current-mode circuit techniques, such as second-
generation current conveyors (CClIs), current feedback
amplifiers (CFAs) and current mirror-based circuits, have been
developed. Among these topologies, the CCII has been proved
to be a flexible and versatile current-mode building block, which
can be widely found in many realizations of the active network
synthesis. However, CCll-based circuits in voltage-mode
designs require some additional devices when they are used for
cascading sections due to the high-output impedance of its
output port [7]. Also note that it may require a large number of
active components in some circuit implementations.

Recently, a current differencing buffered amplifier (CDBA)
has been first proposed [2], which is particularly suitable for the
current-mode operation and realization of continuous-time
filters. The CDBA can offer such as high-slew rate, wide
bandwidth and simple implementation [3]. Therefore, the goal
of this paper is to propose a simple design procedure for the
implementation of the general current-mode ladder filters,
widely used in analog signal processing systems, by using
CDBAs. The realization is derived based on the use of leapfrog
simulation corresponding to the passive RLC ladder prototypes.
The presented method shows that the CDBA-based leapfrog
simulation is simple and suitable for realizing of the current-
mode ladder filters. Most importantly, current-mode ladder
filters with CDBAs employ less active components than compare
with CClls-based ladder filter implementations.

2. CIRCUIT DESCRIPTION
The circuit representation of the CDBA is shown in Fig.1 and its
current and voltage characteristics can be described by the

following relations [2-3] :

V=0, v, =0, =i,=i, and v,=v, (1)

p P
ip i,
v & p zf—>—ov,
i CDBA i
n
v, o—»— n W —»—o v,

current subtractor

buffer amplifer

Fig.2 : Proposed realization of CDBA in the low-voltage operation
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It should be noted from the above expression that the differential
input current i,-i, is converted to the output voltage v, through
an impedance connected at the port z. Thus the CDBA basically
consists of two blocks, current differencing circuit (current
subtractor) and voltage follower. The proposed realization of the
low-voltage CDBA in bipolar technology is shown in Fig.2,
where group of transistors Q;-Q, and Q;-Q,, function as low-
input resistance input stages [4], and complementary NPNs and
PNPs Q,4-Q;7 form the buffer stage that forces the w terminal to
the potential of the z terminal.

3. CURRENT-MODE LEAPFROG LADDER
FILTERS USING CDBAs

An approach to derive CDBA-based current-mode ladder filters
from passive RLC ladder prototypes is presented in this section.
Due to the doubly terminated RLC ladder filters share all the low
sensitivity and low component spread of the RLC prototypes [5-
6], this configuration has been receiving considerable attention
and popular. These active implementations are conventionally
designed by based on the representation of signals as voltages.
But in the current-mode based implementation, the input,
intermediate and output signals are usually represented as
electrical currents that seem to be recognized to offer potential
advantage for useful both in continuous-time and in sample-data
signal processing. To demonstrate the procedure for the design
of a CDBA-based current-mode ladder filter by the leapfrog,
consider a popular ladder structure that uses to realize the doubly
terminated RLC ladder filter shown in Fig.3. This structure can
be characterized by the following expression :

11=13—%—12 . h=hZ4
Va=V,-V3 » L Ehh
L=L-I, & V=12 @
Vn =Va1 —Var1 NN =2V

and Iy=ly 1=l » W=1Z,

As shown in Fig3, a LC ladder filter structure can be
represented by the block diagram of a leapfrog realization as
shown in Fig.4. Observe that in this figure the repeated use of
two operations of Fig.5(a) and 5(c) makes up the complete
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circuit. By using these operations, it can easily be realized by
the active-RC circuit involving CDBAs. For the CDBA-based
realization, it can readily obtain the CDBA-RC circuit by
interconnecting the corresponding sub-circuits of Fig.5(b) and 5
(d) according to the overall block diagram representation of
Fig.4.

5 —=1p W [—o¥, =12,
A ), N CDBA
IA-/ ° Vk o—— 0 z
L=i
'Ihl ;ﬁ l t b
(a) ()
i L=YV,
2a 1 . AT e o
v Yy, =AM~ p w - —=
kel 1 CDBA
¥, o= MA— 0 z h=z,
T
" - Al
iama © i .

©) (@
Fig.5 : Sub-circuits and their realizing operation using CDBAs

Fig.6 : Current-mode fifth-order Butterworth
RLC ladder lowpass filter
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Fig.7 : Current-mode fifth-order Butterworth lowpass filter using CDBAs



As an application of this proposed design procedure, a
current-mode fifth-order Butterworth RLC ladder lowpass filter
shown in Fig.6 is realized as an example and the resulting circuit
is shown in Fig.7. It can be seen that only five CDBAs are
employed for implementation of the fifth-order filter. Therefore,
in general, n CDBAs are required for realizing of the nth-order
filters. This means that the circuits using CDBAs can reduce the
number of active components by 50% comparing with the CCII-
based circuit implementation [7].

W@ »3
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>
>

=
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(@)
7 1 1
¥ oM\~ P w AW\
CDBA T"
(¥) Z,) n z j_ x
I Ly G L,
=1 » . w2
WA W P W
CDBA
L=Y¥,-ZI)
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i
(b)

Fig.9 : Sub-circuits of the filter of Fig.8 involving CDBAs
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Furthermore, this method can also be used to apply in the
design of RLC bandpass filter. Consider a current-mode sixth-
order RLC bandpass filter shown in Fig.8. The corresponding
sub-circuits of the filter using CDBAs are shown in Fig.9.
Based on their realizing operation using CDBAs, the obtained
circuit can be shown in Fig.10.

4. SIMULATION RESULTS AND
DESIGN EXAMPLES

In order to verify the correctness of the above given filter
realization procedure, the low-voltage CDBA of Fig.2 was
simulated by PSPICE simulation using the 0.7um BiCMOS
process parameters. The power supply voltage is £V = +1 volts
and all bias currents /p, which is realized by current mirror
circuits, were set to be 200 pA. Fig.11 shows the simulated
current and voltage transfer characteristics with R, = 1 kQ and
R, =10 kQ, which is clearly seen that the cutoff frequencies in
the order of a hundred MHz are obtained. The simulated
responses demonstrate that the circuit behaves the linear
response over a wide operating range.

0
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2

g
__\
\i
% 10
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g
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Frequency (Hz)

Fig.11 : Simulated frequency responses of the CDBA of Fig.2
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Fig.10 : Current-mode sixth-order bandpass filter using CDBAs
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Abstract: A circuit building block for realizing a
continuous-time active-only current-mode integrator is
presented. The proposed integrator is composed only of
internally compensated type operational amplifier (OA) and
operational transconductance amplifiers (OTAs). -~ The
integrator is suitable for integrated circuit implementation
in either bipolar or CMOS technologies, since it does not
require any external passive elements. ~Moreover, the
integrator gain can be tuned through the transconductance
gains of the OTAs. Some application examples in the
realization of current-mode network functions using the
proposed current-mode integrator as an active element are
also given.

- 1. Intreduction

In the last decade, the realizations of various active
circuits utilizing the operational amplifier (OA) pole have
received considerable attention for their potential
advantages such as attractive for monolithic IC integration,
ease to design, and suitable for high frequency operation
[1-2]. Several OA-based active-R capacitor-less circuits for
realizing analog transfer functions have been reported [3-4].
Presently from the above reasons, there is the strong
motivation to design resistor-less and capacitor-less filter
circuits utilizing the finite and complex gain natures of
internally compensated OAs and OTAs. Due to the active
only nature, the resistor-less and capacitor-less active filter
would be attractive for its integratability, programmability
and wide frequency range of operation. Many
implementations in active-only filter design are available in
the literature [5-7].

It is well-known fact that an integrator is an important
circuit building block, which are widely used in analog
signal processing applications, such as, filter design.
waveform shaping, process controller design, and
calibration circuit, etc. However, the implementation of a
continuous-time current-mode integrator that employs only
active elements has not yet been reported. Therefore, a
circuit configuration for realizing active-only current-mode
integrator is proposed in this paper. ~The proposed
integrator consists of one OA and two OTAs. Since no
passive element is required, the integrator can be
implemented in integrated circuit form in both bipolar and
CMOS technologies. The integrator gain can be
electronically tuned by adjusting the transconductance

gains of the OTAs. The various realizations of active-only
analog signal processing circuits employing the proposed
integrator will also be presented. Finally, the workabilities
of the proposed integrator and its applications have been
simulated based upon a LM741 type IC OA and a CA3080
type IC OTA.

Iin 8l 8%,

(a) (b)
Fig.1: The proposed active-only current-mode integrator
(a) circuit implementation = (b) circuit representation

2. Circuit Description

The proposed active-only dual-output current-mode
integrator implementation and its representation are shown
in Fig.1. It consists of only an OA and OTAs, where the
dual-current-output OTA2 is implemented by using single-
ended output OTAs in parallel connection [8]. If @, is the
3-dB bandwidth of the OA and by considering the OA for
the frequencies @ >> @,, the open-loop gain Ap(s) of the
OA can be approximately given by

AOA(S):"AULEE (1)

stw, s

where B represents the gain-bandwidth product (GBP) of
the OA, which is the product of the dc gain 4, and the 3-dB
bandwidth @, Let assume that g,; and g,, denote the
transconductance gains of the OTAl and OTA2,
respectively, then the current transfer function of the
current-mode integrator can be expressed as:

1) _B(&w |_B @)
Iin(s) S[g,,,,:l SAG

where Ag denotes the integrator gain, which is the ratio
between g,, and g,,;. Eqn.(2) indicates that the relationship
of the currents 7, and 7,, is in the form of the integrating



action as required. It should be noted that, for ordinary
blpOlaI OTAS, gm = IBI/ZVT and &m = 132/2VT, where Vr is
the thermal voltage and I3, and /p, are the bias currents of
the OTA1 and OTA2, respectively. Thus, eqn.(2) becomes

L(s) _B|lsn|_B 3)
I,(s) S[IBI] SAG

Now Ag is the current gain that is the bias current ratio
between Iy and Iz. In this case, the temperature
dependence of the transconductance gains g, and g, of
the bipolar OT As are also compensated.

Deviation from the ideal performance that predicted
from the eqn.(2) is due to the parasitic effects of the non-
ideality characteristics of the OA and OTAs. If the second
dominant pole w, of the OA is taken for consideration. the
OA open-loop gain Ap4(s) can be rewritten by

_B o, _B_ 1 )
s(s+w,,) s (1+71,5)

Apa(s

where 7, = 1/@,. For the OTAs. let @, = 1/7, represents the
effective transconductance internal-pole of the OTA and
g is the low frequency transconductance gain. The OTA
open-loop gain g,,(s) for general case can be described by

g"'(s)—(ngy) gmo( A: ) ()

L‘

Therefore, the frequency response of the current-mode
integrator in Fig.1 that including the second dominant pole
of the OA and the transconductance internal-poles of the
OT As can now be given by

=[§] 1 [ 8mo2 | @2 =5 | D) (6)
s 1+7ps || gmor | @c2 [ @1 —5

where @, and ., are the effective transconductance
internal-poles of the OTA1 and OTA2, respectively. It can
be seen that if the conditions (®,; = ®,;) and (@, O, >> ©)
are satisfied, then eqn. (6) becomes frequency independent.
Let us define that Agy = g,02/g01 is the dc integrator gain,
as a result, it can be reasonably reduced to

1,(5) =[AcoB] 1 %)
1,(s) s 1+71,s
One can see that the frequency characteristic of the
proposed current-mode integrator has a dc current gain
equaled to eqn.(2) and has a high frequency dominant pole
located at @,. Hence, the OA pole @, should be the major

high-frequency limitation of the proposed current-mode
integrator.

14(s)
Iin (s)
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3.Application examples
The following sections will concentrate on the
usefulness of the proposed current-mode integrator. Some
application examples to realize driving-point impedance
function elements, current-mode biquadratic filter and
current-mode nth-order filter will be demonstrated.

3.1. Inductance simulations

Fig. 2(a) shows the circuit diagram of a tunable
floating inductance simulation. From this circuit, it can
easily be shown that the value of the floating simulated

inductance is
L, :[ ‘ ] ®)
gm3AGB

It should be noted that the equivalent inductance L., can
properly be tuned by electronic means through the current
ratio A and/or the transconductance gain g,;. In addition,
the circuit in Fig.2(a) can easily be modified to simulate a
grounded inductor by replacing the dual-output OTA2 with
the single-output OTA2 as shown in Fig.2(b).

(a) (b)

Fig.2 : Active-only inductance simulations

3.2. Electronically tunable active-only current-
mode biquadratic filter

Fig.3 shows the circuit diagram of the tunable current-
mode filter based on the use of the proposed current-mode
integrator, where i;p , igp, and iyp are the lowpass, bandpass
and higpass current-output terminals, respectively. The circuit
parameters @, and Q-factor of this filter can be written by

®, =4/ 461 46,B,B, 9)

and 0 —Eme. f.ALBL
8ma \ 4aB,
One can see that the filter also enjoys orthogonal tuning of

w, and Q-factor via the transconductance gains of the OTAs
and it’s also temperature independent.

(10)

Fig.3 : Active-only current-mode biquadratic filter
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Fig.4 : (a) nth-order current-mode filter representation
(b) nth-order current-mode filter realization using only active elements

3.3 nth-order current-mode filters
The standard current transfer function of an nth-order
lowpass filter is often expressed as the following form :

1,(s) _ a,
I(s) s"+b4s" +. +bs+by

(an

One can straightforwardly realize the nth-order current transfer
function of equation (11) by cascading the proposed current-
mode integrator of Fig.1. The system diagram thus obtained
can be shown in Fig.4(a) and the coefficient of the standard
function in terms of the circuit parameters can be expressed as
follows :

&
b,. =45 ; Ay = Sl (12)
gma,l
bbn-k — 4B, M, = Sm (13)
n+l-k gmaJr
and G _ Emno (14)
b() gma,O

where Ag, and B, represent the current gain and GBP of the
k-th integrator (for £ = 2, 3, ... , n). For this
implementation, » active-only current integrators and two
additional transconductance elements that employed for
realizing the output proportional gain block (g,,0/€ma0) are
required. Fig4(b) shows the nth-order current-mode filter
realization based on the use of only active components. In
addition, if coefficients a, and b, are equaled, then two
additional transconductance elements will also be
eliminated.

4. Design examples and Simulation results

In order to verify the theoretical study of the proposed
current-mode integrator, PSPICE simulation results are
included. In this simulation, the OTA is modeled by

employing CA3080 type OTA with a macro model [8] and
LM741 type OA with the gain-bandwidth product B =
5.906 Mrad/s is used [5]. Fig.5 shows the simulated
frequency responses  of the proposed current-mode
integrator. The results show that the circuit acts as an
integrating function with a slope -20 dB per decade for the
frequency range from 10 Hz to 1 MHz and has less than
10% phase error from the frequency range of 30 Hz to 500
kHz.

120 == o= e e e oo 0

(22180p) oseyq

Current gain (dB)

Frequency (Hz)
Fig.5 : Frequency responses of the proposed integrator

The performance of the floating inductance circuit of
Fig.2(a) is demonstrated through the use of an
electronically tunable active RL low-pass filter in Fig.6(a)
with the external resistor R; = 1 kQ. The bias current ratio
A = Ip/Ipy (= gma/gm1) 18 set to 0.5, 1 and 2, while g, and
gns are respectively set to constant at 1 mS and 0.4 mS
thus the cut-off frequencies f- are approximately equal to
200 kHz, 400 kHz and 800 kHz, respectively. The
frequency responses of the low-pass filter are shown in
Fig.6(b).

Fig.7 shows simulated responses of the tunable current-
mode multifunctional filter of Fig.3, when 4Ag, = A, = 0.05
and g,./gm = 0.1. This filter is designed for w,/2® = 50
kHz at the unity Q-factor. All the simulated results shown
above imply that the proposed integrator exhibit reasonably
good agreement with the predicted values.



Voltage gain

04

Frequency (Hz)
(b)
Fig.6 : (a) first-order RL lowpass filter
(b) frequency responses of the simulated RL lowpass filter
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Fig.7 : Simulated frequency response of
current-mode filter of Fig.3
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Fig.8 : Simulated frequency response of
nth-order current-mode filter of Fig.4

To illustrate the current-mode filter using all active
elements of Fig.4(b), a design of a third-order Butterworth
filter with a cut-off frequency of 100 kHz is an example.
The normalized transfer function for this filter can be
written by

1,(5) _ 1
L(s) & +2%+2s+1

(15)

The active-only filter realization based on the circuit of
Fig.4 is constructed, in which the transconductance
elements g,.0 and g,50 will be eliminated due to the
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coefficient values @y and by equal to unity. Thus, by
calculating the circuit parameters we obtain : g, = 0.424
mS, g2 = 0.212mS and g3 = 0.106 mS, while g, (i =
1, 2, 3) are set equal to 2 mS. In addition, the values of g,
can be used to change the cut-off frequency. The simulated
frequency responses are shown in Fig.8 that exhibit
reasonably close agreement with theoretical results. It is
also shown that the cut-off frequency can be tuned
electronically through adjusting the transconductance gains

(gma.l = 8ma2~ gma3)

5. Conclusions

This paper presented an alternative scheme for realizing
continuous-time active-only current-mode integrator. The
proposed integrator is realizable with only internally
compensated type OA and OTAs, and does not require any
external passive elements. Because of their active-only
nature, the integrator can be easily employed to realize active
network functions and are suitable for implementing in
monolithic integrated form in both bipolar or CMOS
technologies. Since the proposed circuit utilizes an OA pole,
it is also suitable for high frequency operation. The simulated
results have been used to verify the theoretical analysis.
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ABSTRACT

A novel continuous-time current-mode
differentiator, which is composed only of internally
compensated type operational amplifier (OA) and
operational transconductance amplifiers (OTAs), is
proposed.  The differentiator is suitable for
integrated circuit implementation in either bipolar
or CMOS technologies, since it does not require
any external passive elements. Moreover, the
differentiator gain can be electronically tuned
through adjusting the bias currents of the OTAs.
The performances of the proposed differentiator
and its applications to realize current-mode transfer
functions and driving-point impedance functions
have been demonstrated.

1. INTRODUCTION

Presently, their has been a strong motivation to
design resistor-less and capacitor-less filter circuits
utilizing the finite and complex gain natures of
internally compensated OAs and OTAs. This is due to
the fact that they are very suitable for high-frequency
operation and for monolithic integration [1]. Some
implementations in active-only filter design based on
OTAs and OAs are available in the literature [2-3]. It
is well accepted that a differentiator is an important
circuit building block that is widely useful in many
applications, such as, in automatic control systems,
communication and instrumentation systems [4].
Although some differentiator circuits have been
reported [5-6), the implementation of a continuous-
time current-mode differentiator that employs only
active elements is not yet available.

Therefore, a new circuit configuration for
realizing an active-only current-mode differentiator is
proposed in this paper. The proposed current-
mode differentiator consists solely of the active OA
and OTAs. The differentiator can be implemented
in integrated circuit form with small chip area,
since no passive element is required. The circuit
characteristic can be tuned by adjusting the
transconductance gains of the OTAs. In addition,
since this circuit provide high output impedance,
filter networks in cascading form can be easily
implemented. The workability of the proposed
differentiator and some applications in the
realization of active transfer functions have been
demonstrated by simulation results.

T

2. THE PROPOSED CURRENT-MODE

DIFFERENTIATOR
A
— Mh e
A + py Iaz i
- 8 | g +
= m2 - ==

= - b~
out

Fig. 1 : The proposed active-only
current-mode differentiator

Figl shows _the proposed current-mode
differentiator. It is constructed only with an OA and
dual-current output OTAs, where the plus and minus
current outputs of the dual-current output OTA indicate
the positive and negative polarity, respectively. If wg is
the 3-dB bandwidth of the OA and by considering the
OA for the frequencies @ >> @y, the open-loop gain
A0A(s) of the OA can be approximately given by

B

~

A0,
S+@, S

Aoa(s) = (&)

where B denotes the gain-bandwidth product
(GBP) of the OA, which is the product of the dc
gain 4, and the 3-dB bandwidth @g. For the
OTAs, let gm; and gp2 denote the
transconductance gains of the OTA1 and OTAZ,
respectively. Therefore from the elementary circuit
analysis, the current transfer function of the
current-mode differentiator shown in Fig.1 can be
derived as

L,G) _ 5| 8m =s[fg]

[in(s) B Emi B
where A¢ denotes the differentiator gain, which is the
ratio between gm2 and gp /. Equation (2) indicates that
the relationship of the currents /, and /i is in the form
of the differentiating action as required. It should be
noted that, for the bipolar OTAs, gmJ = IB1/2VT and
gm2 = Ip2/2VT, where VT is the thermal voltage and
ImmdlgzamthcbiasamemsofﬂleOTAl and
OTA2, respectively. In this case, the temperature

(2)



dependence of the transconductance gains g, and gm2
are also compensated.

In case of the non-ideal performance of the current-
mode differentiator, the parasitic effects of the OA and
OTAs are taken into consideration. Therefore, the
frequency response of the current-mode differentiator
in Fig.1 that including the second dominant pole of the
OA and the transconductance internal-pole of the
OTAs can now be given by

1,(5) _ [l+r,,s ][Ht,,s][ &m0z ] 3)

I (s) B ast L 1+7.8
where 75 (= 1/@p) is the second dominant pole of
the OA, and 7p; (= l/wc;) and gmo; are the
transconductance internal-poles and the low
frequency transconductance gains of the i-th OTA
(i = 1, 2), respectively. Since these poles are
usually equaled (or 7¢] = 7¢2) and let us define that

AGO = gm02/gmo1] is the dc differentiator gain,
then equation (3) can be reduced to

2(8) _ | Hso
16) —s[ 5 ](l+rbs) (4)

The frequency characteristic of the proposed current-
mode differentiator has a dc current gain equaled to
equation (2) and has a high-frequency dominant zero
located at wp. For example, the commercially
available LF356N QA has the gain-bandwidth product
B = 2n(4.5)x10° rad/s and the second dominant pole is
wp = 2n(9)x10° rad/s [7]. Hence, the major high-
frequency limitation of the proposed differentiator is
approximately located at 9 MHz.

3. APPLICATION EXAMPLES

In the following sections, we will demonstrate the
usefulness of the proposed current-mode
differentiator. An application to realize current-mode
transfer functions employing the proposed
differentiator as an active element is introduced. Some
application examples to simulate driving-point
impedance function elements are also presented.

3.1 General first-order active-only current-mode
filter

Fig.2(a) shows the basic block diagram used to
generate the general first-order transfer function [8).
Based on the use of the proposed differentiator, the
general first-order active-only current-mode filter can
be implemented and shown in Fig.2(b) with the gains
K1 = gm7/gm6, K2 = AG/B = gm2/8miB, K3 =
gms/gm3 and K4 = gmq/gm3. The current transfer
function of this configuration can be given by

80

157

I(s) _ [sK,K,+K,
I,(s) ( sK,K, +1 ) ®)

The natural frequency @, for this case can be
written by

m m. B
- g Ig 3 (6)
En28ms

Clearly, the natural frequency @, can be properly adjusted
through the transconductance gains of the OTAs. In

addition, for the bipolar OTAs, the temperature sensitive
on the parameter ay, is also compensated.

'Kl

z K, K,

Fig. 2: General first-order building block
(a) block diagram representation
(b) circuit implementation

3.2 Capacitance multiplier

Fig. 3(a) shows the circuit diagram for the
application of the current-mode differentiator to
realize a grounded capacitance multiplier circuit. Its
analysis yields the driving—point impedance function
as follows :

B
Z,(s)==
()= [8..: % ] D

where the magnitude of the grounded simulated
capacitance can be given by

Ceq = %A-G- (8)



It is seen from equation (8) that the magnitude of the
equivalent capacitance Cgg can be electronically
controlled by the current ratio 4G and/or the
transconductance gain g;3. Moreover, the grounded
capacitance multiplier of Fig.3(a) can conveniently be
converted into a corresponding floating capacitance
multiplier by using only an additional dual-current
output OTA2 as shown in Fig.3(b).

+: -8..,
=
(3
==l
e |y
Zh

I

(b)
Fig. 3 : (a) grounded capacitance multiplier
(b) floating capacitance multiplier

3.3 Inductance simulation

An application of the proposed current
differentiator to simulate a tunable grounded
inductance simulation circuit is shown in Fig.4. In
this case, the magnitude of the simulated
inductance can be given by

___I: EmsiAs jl
gmlngB
Since the ratio of the bias current AG and the
transconductance gains, g (i =3, 4, 5), are electronically
variable, the simulated-grounded inductance magnitude
will also be electronically variable.

L

eq

&)

Fig. 4: Inductance simulation
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4. SIMULATION RESULTS

PSPICE simulation has been carried out to
verify the performance of the proposed current-
mode differentiator. In this simulation, the OTA is
modeled by employing CA3080 type OTA with a
macro model, whereas the dual-current output
OTA is constructed by using paralleled-connected
single-ended OTAs [9]. The pA741 type OA with
the gain-bandwidth product B = 5.906 Mrad/s is
used {2]. Fig.5 shows the simulated frequency
responses of the proposed differentiator. The
obtained results prove that the circuit acts as
differentiator with a slope +20 dB per decade from
10 Hz to 1 MHz and has 10% phase error from
about 30 Hz to 500 kHz.

20

0

Current gain (dB)
g 3

100 1k 10k 100k SMO
Frequency (Hz)

Fig. 5 : Frequency responses of the proposed
current-mode differentiator

IM

To verify the characteristic of the first-order
active-only current-mode filter, the filter of Fig.2
(a) was constructed as the high-pass filter with the
transconductance gains having the following values
: gm2 =10 mS and gm3 = gm4 = &mS5 = Em6 = 8m8
=1 mS. The simulated responses for the high-pass
output are shown in Fig.6 with gy, ; varying from 1
mS, 0.5 mS and 0.1 mS. The filter cut-off
frequencies are obtained from 103.69 kHz, 52.43
kHz and 10.56 kHz, respectively, which is the
same as the expected values given by equation (6).

1k 10k

100k M M
Frequency (Hz)
Fig. 6 : Simulated frequency responses of the
current-mode filter in Fig.2(b)



The tunable active RC low-pass filter of Fig.7(a)
has been chosen to demonstrate the performance of
the grounded capacitance multiplier in Fig.3(a).
The filter was built with R; = 1 kQ, gp7 = 1 mS
and gm;3 = 10 mS. The simulation results when
the bias current ratio AG (= gm2/gmi) is
respectively adjusted to 1, 5 and 10 are shown in
Fig.7(b). The theoretical cut-off frequencies are
100 kHz, 20 kHz and 10 kHz, where the simulated
cut-off frequencies are approximately equal to
106.75 kHz, 20.38 kHz and 10.13 kHz,
respectively.

R
—W- -
+ LA
in Ctl vul
(a)
12
08
8
&
Sos
) ik ik 100k IM_ SM
Frequency (Hz)
(®)

Fig. 7 : (a) first-order RC low-pass filter
(b) frequency responses of the RC low-pass filter

5. CONCLUSIONS

An alternative scheme for realizing a
continuous-time active-only current-mode
differentiator is presented. The proposed
differentiator is realizable with only internally
compensated type OA and OTAs and does not
require any external passive elements. Because of
its active-only nature and provides high output
impedance, the circuit is cascadable structure and is
very compatible with integrated circuit
implementation in both bipolar or CMOS
technologies. Since the proposed circuit utilizes an
OA pole, it is also suitable for high frequency
operation. The simulation results that agree well
with the theoretical analysis are proved to
demonstrate the feasibility of the proposed
differentiator.
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