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ABSTRACT

This thesis proposes a new method to design differentiator and integrator circuits, which
are composed only of internally compensated type operational amplifier (OA) and operational
transconductance amplifiers (OTAs). The proposed differentiator and integrator are suitable for
integrated circuits implementation in either bipolar or CMOS technologies, since they do not
require any external passive elements. The circuit configurations are presented both in current-
mode and voltage-mode operations, but the attractive features are focus on the current-mode
operation. In addition, the circuit characteristics can be electronically tuned through adjusting the
bias currents of the OTAs. The performances of the proposed circuits and their applications to
realize analog transfer functions and driving-point impedance functions have been demonstrated

by PSPICE simulation results.
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NuBuRinunes
uvylidhugaund
1
j; =
27RC R
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ANNG (Hz,Logarithmic Scale)

3 o 4 a a o P a i1 1 : -
i 317 dyapauemiymvenaestuinsmesnsdindiugaunduaznsdin lidhi lmugaund

o n’: o d a a o 4 o = 1
AnfudgygnatemynyesnessufinswesilfedeudyapuBuwnstwuma q usas

18Rag1ih 3.18
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sUNilBmeIazNeIBUNINIABT A Aanulssyutiunesiugined i 1esanive
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IsuABIMeT RC 15dUANTIADS RC Mvsanieisufiemes lasldeatusuddosudiu rRC
a & o 5 (SR ar
uag NIsdUNINTIALS Tnvldesiuentldes iy RC
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nanguuazlnseadiedn q  luuniszgmi il undnmsiugulumssen
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4.1 unih
d" o Y] Ly ) J:l’
TuyniiveruausndnniseenuuutesadideisuiieimesialuTuuansyuauay
Y | '
Tvuausedudlseneudrommizalnsciueadinldunestusniluaz Tofiie  ansasuns
s ,'. i = o ar '

YszgnalFalunsdunszdifursesnsesmmdsntduiinaudilsddunuudn q 2aes
MU IITOAIVANSATIWYIBYBI99S TABNIsAIVANEAT IV IEmaIIhves Tedieuas
fisneniynoufiuaudngeivilinmninees Wasuuummaan1die guaudfnisinu

Y99I NNTITU ﬁu‘lé’ﬁ'wwﬁmsxﬁswmumsﬁmwmwﬁiﬁ"; o1dsunsa PSPICE

42 mssenuuulsaniesufimeslnal¥eeilusuiluazleiie

421 wsaviosufimeslulnan s

511 4.1 2vsAdilesufiemes TuTuuanseue

514 4.1 naasssarireisudiemes luTnuanszuaiiuaue [39-40] dszneudae
. . .
sovueuilias Teflenuuaeusiyn (dual-output OTA) TasiinTeanunouanuazauiiont
ynwesTofienantsfienenszuaie mymuuauozuuuauad sy Miimuald o, fe
' Ao - P B v o
mARfsasIwee -3 dB veseedueudiazfissaniinimd o >> o, duiudasvoogl

Tl (open-loop gain, A,, (s)) vesssrleudlezlszinusmldiviiu

Ao®, _ B @.1)

s+@, s

Apuls)=
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A . . é 1 ¥ Qs o
Tauh B Ao gain bandwidth product (GBP) vesesuexnilislifuiiunagaivessns s
(de-gain) M o, dmiulsiieledmuald g, uaz g, AvdasIVHIAIAIINN
¥
(transconductance gain) vedledie 1 unzloflie 2 awdwy  auniuileddudwlounszud

v »
(currént transfer function) ¥893995 1u31f 4.1 fimAsiife [n1ARUIN 0]

IO(S)__S; Em2 - _A_G
Iin(s)_B[ng:I_s[B] 42

de A, Aodasvnenszuavensesilsmiiiy g, /g, vnaunsi 4.2) ndadlfiiud

armduiuisznin 1, uaz 7, eglugilvesiensuarivesuiiion (differentiating function)
nsdinldTeRethuuy i Inadez18m ¢, =1,,/2V, uae g, =I,,/2V; Tati v, fie
U59AUANNFBY (Thermal voltage) Felanlszana 25 mv ﬁqmﬂqﬁﬁm 25°C auile
dmuald 1,, uaz I,, Aenszualuduveslediel uazleditez awdiay gauantsi

4.2) ozveuTmildiiy

L_m_i[b_z_]z

4
1) Bl S[B] =

d::’ “s W v o [ 1 A:id o 1
pItill A, ABOAIIAIUVDY [, U [ HASHINUIINAVBIRUNUNNABIATIAIUYEY
»
8., Ou g, wuldgnyamelifiae
4 o &R &2 ° P - Pl a4
st fITetananITi e sAdesufisme I hilflu awgaunadiiosnin
HAYBIBIALTZNBUMNTITNA (Parasitic elements) vosooruouiluazTefiie dwmivesiluend
ifeRanaliie191n Tnadafiaea (second dominant pole, ay) IRz wIiTlAveseeiliond
1 4
Tunsaidamsadouldiiiu
B o B 1
Apa(s)=— P—=—

s (s+w,) s (1+71,5)

4.4)

1o, =1/, TuvuzilefieiioAanavesInanreluvesledite (internal-

transconductance pole) HAWATWTWAMIMNIWBNTANTIsUeTIsTugiuuT T

i 4
1antine

ng

(1+1.5) *.5)

gn(s) =
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o L.

Taoi g, AosaswerganIIve TefieNA1M0#1 (low-frequency transconductance gain)
L4 [ v
uaz o, =1/7, AsmInamoluledie Aniuaumsnigleunssuavestesluzl 4.1 e

fitedanaves Inadnaesvesestieuilua: TnaneluvesTefieiinuriny

Io(s) =_S_ 1+Tcls Smo2 1 4.6
L,(s) B[ B mol ][1+102S:|[ +TbS] “6)

Tavft 7, waz g, AomTnamolunnzsaswossmuniwesTefiedadt « ¢ =1,2) aw
dwy ualaova'll ¢, =7, uavmamnuﬂ‘l'n Ag, ABBATIVI0ATYRTAINGITUTI

ABINAUNING (g,1/8,01) suaunsd @.6) annsaoulmil@ify

I, (s)

= ) AGO (1+ 'r,,s) 4.7

ninaunsh 4.7) uassbiiunilanduoieTeunssuausaesiisaswaneaziiu llawaw
i (4.2) uaziiasitanemidqeedn o, vadmetusu dudenldestueuilamiies

o ' 4 ' o o v ol
anaa ligwwes LE3s6N duili1  B=2m(4.5)x10° radis  uaziilwadafiaesegh

} 4 [
o, = 21(9)x10°rad/s [2] Aunfudiadidaniaindgevesnesaniesufiioineseeiin
sz 9 MHz

422 19vivesufineshulmmuseiy

711 4.2 nesalesufimmesTuTnuaussdy

H -~ ~ o o d, 4 o \ A
71 42 naanasanimeisuiiemes Tnuauseduiivaues MWeRnsaniliiaune

»
r- )

Touuse@u (voltage transfer function) ¥@deIANIMBITUNIBIARI AT INsIRou IAR

[manuIn nj
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Vols) sl gm|_ |4
V.',.(S)—B[gmz}s[B] “8

H o’ s & ' 1 ar 1

1o A; ABEATINHILNTIAUYEINIBIAWIAY g , /g, vInaun1T (4.8) udasldifiu
1 o o o v 1 LY a 4
NAwduRuETEHIN v, uay v, eglugdvesiladduavidesuditen TunsdinldTesiodiu

uuu luTwarsaunmsh @.8) Woulmildidy

Vols) s|Ip|_ |As
V.(s) B[I,,,]“ S[ B ] (4.9)

=2

:;’ IS ! e o ’ Ad’d ? o 13 s
nstill A, wRAWNAY I, /1, wazdawuimavesguuyiiniidesasidiuves g, AU
v . »
g VulAgnrassiiaatesaslyl aumsdTeunssduvesisesluglii 4.2 lediifada

or d' = - L T o
waves Innaanaesvesestlusuiluaz Tnameluveslefeiiaumsy

Vo(s)  s[1+T,5 || Zon
Var($) = Bl: Bmot ][:1+Tczs][l+1bs] (4.10)

ualaoialll 7, =7, uazdmuald A, fedasvnuiniuadivessesarivesuiie

b4 ¥
WOSHAUINY g /e o AuTuANNSH (4.10) ansadoulvd @iy

Yols) [A—;"-](Hrbs) 4.11)

Wefinsanaunsh  (4.11) udwlinsudeTsunseduuesisesiasasveonseauiiull

~ aa a2 o . ’ @ o
ATWTUNTN (48) “ﬂziﬂ]ﬂﬂ’lﬂﬂ‘n'Nﬂ'rluﬂq@\‘uﬂu%’ul"uQTWﬁﬂTU1uﬂ')°ﬂﬁﬂQ‘UﬂQﬂaﬂ“auﬂ

-~
30 o,
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gﬂv"i 43 1mmv%aﬂ"lﬂa:1msu°lums€fuﬂﬂ:-rfw1)5nsmﬁ“q;ﬂpmmm?ié’ua"um‘fefi’o"lﬂ%q
Cviuauelu [39) foordoresaiiesuiiemeiMminauedunsizi InidurceseTenz 1de
3104 4.4 Taolie1 Ky = gn/8ms » K2 = A/B = gno/gmiB , K3 = gms/gms W02 Ki = gma/gms
annsodsuilsdsumeTounszuavesnses ldidly [manuon ]

I K,K,+K
() __| KKt K, (4.12)
I (s) sK,K, +1
AAMDIFUNETTUIA ( natural angular frequency , @,) YOINITUAUNIINY
B
w, = Em8m” (4.13)
Em28ms
a1 (sensitivity ) 71 1991000157 (4.13) i 1Al
SZ'; =-Sf:2 =Sy =—S;:; =1 4.14)
Dipteat (4.15)

-1 [ ) o v 0 - o o T °
MU o, veuesaunsoliumldedeassdasnsdivdaswenednannh ¢, ,
? ' 3 oo v &
82 » 8y WOZMIR g o venniit lFTefodunuylyTvaridlia ¢, = 1,/2v, Aniu
1 @, NgnTAITIRAYBUUduTenNIngaTIvmemAINIves TeviBlnziiiaAann

tisen1naan il uganadvesssilueuduas Tedisudanles IS udnruaniamnion

(percentage inaccuracy) YOIRIMUTIYY % 00 NeRsauns
)
( L
2 2
( Ems&mz2 } +4 8ms8m2Th
ow 8mi&miB 8m3&mB
o — =| - ——1- %100% “4.16)
@, 2 8msBmr_ 2

gm3ngB
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4312 YeImesdamnuanNoduivgedlulnuansIE

_K4
- K5
input R output
—’@} Kps | 1 Ky X, z
- Ks
.K7

d

1
N
o
|
|
&

kl
X,
— R R ' ) | e e —_—
| Pl Fsle 1l

o i [ 3=

[ ]
/

g e
7

qilfi4.6 nesnserdyanuandsurugesluTnuenseue

vionlaezunsylumsFunszifaidususuaonialluaadiiii ddegli - 45
;9] ieerdornesanieisuiiemesiinauedunsiei ithineeseSes 18dagii 4.6 Taw
fmualAt K, =4,/B, = 8,,/8,B, + K; = A6:/B; = 8uil8nsB: + Ks=8re/8ns
K, =818 » Ks = 81zl Zus » Ks = E1s/ 8o W% K; = gpu1s/8,s AWEWY NI OMTOU

farsuaieTounszuaunadees 1A

L,(s) __[SZK,K2K3 +3sK K, +K4] @

I(s) | S°K,K,K,+sK,K,+1
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ANINDFNUFTIURA , @, 1zAIUTZNBUAMNIN, Q-factor YBINWITAWNIINY

12
@, =‘:gmlgm38m§BlBZ:| (4.18)
Em28ma8mie
B 1”2
Hay Q= gm9 [gmlgmflgmu Ii| (419)
8mis | Bm28m3&msB:

] ] 1 4
a9 naunIsa (4.18) Beaumsi (4.19) aziinnail

@y Dy e D @y QB D .—1
NS\ LA PN (4.20)
G (4.21)
B PR T .
§2 =-82 =1 (4.22)

§2 =-82 =-§% =5} = Sfm=Sfm=% (4.23)
0 1
SBI =_SBz ='2" (4°24)

WA MUAIY g = 2.5 » 8oz = 8ms » 8ns = Emie W0Z By = B, = B MM (4.18)-

4.19) M1 @, 1oz Q-factor SuToulua iy

w,=22Lp © (425
ng

ng p=S8m (4.26)
Emiz

wiiuim @, vevresamisoliusildedidassdudasidauves g, o g, Taoli

] } 4
danansznuiy Q-factor TuusizfiA Q-factor uaInUsU IddIsnsAIURUSAT I IUYES
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o H 7R v [ o’;’ 3
2. 0 g5 uenvniidiFTeRedunuyluTnansdlia g, =1,/2V, duium o, naz

Q-factor  SagnraIsRaveIgungiindll waileRanariesninau bidugaundveseel

a ¥ 1 Sa o 4 A a -
llﬂuﬂllﬂzIﬂﬂlﬂllﬁ'Jﬂ1ll’ﬂil‘ﬁuﬂﬂ?‘mﬂﬂ‘lﬂlﬂﬁﬂuﬂﬂ\ﬁn13Jﬂl‘lf\11!1]ﬁ§'71]‘1ﬂﬁ , %o
0)0

wefiFudanuamamieuvesiilszneununin ,%%Q Wouldiiu

12
. [gg’;g";gg43 _Zmzimgz +Tb11‘-b2i|
9 9% _ m18m38moD1D2 m1&m3 1”2 —1 x100%
Do l: Em28mi8mid ]
8m18m3&moB1 B2

e

. gngmIS
o ombmi3 g g
%92 - gﬂg[ 81280 Bt ] 8u8uBy T " -1 x100%
Q 83 818 ms8moBiB: (ﬁcg_"_“_gAL._g_m}_g.ué_f +7,7,,)?
818 BuoBiB:  Bmimo ELE X

4313 Nosnseduanam B uRIrHlulmmNsIAY

Zms = 8m7
viu
] .gm8- v 3
> S Yout

H ar 5 o ar & L.
5101 4.7 2vsnsesdanummtsudurin iy Inuausau

ow,

fag

(427

(4.2%)
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LY

vinudenlaszunsulugiit 43 musedunswiesnsesdyanuniuisudy
A o A hrd = = H 3 .74 -y
witnluTnuanseduiiosdrsaesuiemeiminouedunszi fiffuacesienz 14

Fagulit 4.7 nazamnsadouilandudioTounssiuvesses iy

Vour (5) =_( sK,K 4+K1) (4.29)

V() KK ;+1

A o tY

fofmuald K, =- g,5/8ms » K2=A6/B= 8ua/8miB » K5 = 8ns/8my 0% Ky = 8,s/813
o n’: v dd”d -]

Faium o, vevawslunsaifiveimiiiy

s 1 =gngm7B
K:K;  8m28ms

, (4.30)

seifudii o, vensesamnsmliudm ldedndassdensdiveaswoemaini g, ,
y 235 (8 o2 .
g2 s grg W02 g venvwiidlFlededunoylyInadddian g, = 1,21, Autum

Ij o a0 A'AW 1 v o y
@, S hivuiunavesgungil Anam s sensitivity) 1 lA9NTUN13 (430) dziisdail

Spe S8 =80 =8 = (4.31)
\ <S4 (4.32)
iiefanaiiissninaaw liifiugaundvesesiienilunz Tedie i1 % 09 gy
a)O
( 1)
2 2
(gngms ] + 4 8m28msTh
o 8mi8mrB 8mi8mr B
o0 =—| L2 ~Lhaoos @
@y 7 _Bm8ms_ 2
8mi&mrB
\ /
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431420 nsRadunnan B uA VTR lH InsAL SR

8o = 8x

g-ﬂ

81l out

71l 4.8 2esnsesdyanurIsuALrelu TuAlT Y

nnpdenlaezunsulugii 45 aunsedunsizieesnsesduyunuRduAUTBY
TuTnuausesvuiisedusosaileisufimmesminausduasizd Iiduaseseiees 1ddagl

§ 48 lansutoTounssuvesesionldiiu

Vo(s) _ _{SZK1K2K3 +5K.K; + K, ] 434

V,,(s) 'K K,K, +sK,K;+1

b4

Taofidnnuduiusasiife K, = Ag/B, = 2,2/8mBs K: = Ac/B; = 8al8msBy> Ks =

8ms!8ms » Ki= 87l Bms » Ks = 8ms!8ms » Ks = 8ol 8wy WOT K, = Bmio!&mi1 i1 , o
1 4
Q-factor YB42993 lUNTUUMIAY

)
@, z{gmgmgmuBsz] (435)
Em28ma8mio

12
ay Q = Emil [gngmgmzoBl] (436)
8mo | Em28m38muB2
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WIMUATE g = 85 > 8m2 = &t » &mio = Emu WAT B, = B, = B 1INAUNTN (4.35)

Feerumsdi (436) 1 @, 1Az Q-factor SudioulmaiIdiiiu

w,=4nLp
ng
uay Q=2m
Emii

4.37)

(4.38)

wihudis o, venssaunsadiunldedusassdantnsdiuves g, uaz g,, Taghi

[3 | 4
deransznudumditszneugunmluunsiia Q-factor tiuszannsnyivlddiemsaly

b4
o M Qs A *
qusasINYes g, U g, weneniihidTededuuuyluTvadasdan g, =1,/21;

e Qy’ A 3 o~ L ar 4 'J r ~ \J
FaiumanutiFausssunauazdilizneunu i 14se hivudunavesguvgll e

13 » [] 14
a9 1@ naun1sf (4.35) uazaunisi (4.36) sxiif1Agil

S0 =% = SN =—§H =—S» =5k ‘_%
s==3
—Sf” =wa =1
St = Sta =Sy =S5 =550, =S5 =%
Sp =-5% =%

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

' = 4 * - r w
unziiienanariesninaim hiflugaundvesesiueniluaz Tefioudam %é—"— uaz %22

wou'ldiiu

)
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172
T
5 l:g g;zgggygoB _gmziw ;2 +1:“,L.b2:|
% wo= LomIom3GmIl =12 mldmll lll2 -1 100% (444)
0 [ Bm28maEmio :|
Emi1&ms&murBiBs
e
/2
5 B 12 "‘g_m‘%"fb — Ty,
7,92 _ éﬂ[&&mﬂ;} Smi8mi”y -11x100%  (4.45)
0 8o | 8m28ms8umisB: _&M.—M.{.fusz

8.18ms8miBiB:  8umi8mniB

432 vsdeumuiauivysygInih (Capacitance Simulations)

.1.

~.Nl
=u|—1;
0q
&
l°°+
4

mi= ng- :
| = [ 14
e =V SR S 11N
i 4.9 2eesouwudafudss fhuuiounsmd
i . A — AR\, #*
+ in . | l
R Do o o
. b _:
| i "I I
—_—— e — — _—_ _ 4

111 4.10 2esisunpudaivisze thuuuoeds
] )

& o a a Sl o o w
dioinssadilesufimmesminausindunnsiithnes@ounudaivlszy I

fhuvudeasnsdmnsonanslddegii 49 Taolieduymdudiuaud (input impedance) A4

g
U [arUIn a)
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R
zZ, (s)= S [ A ] (4.46)

uazen g Iihmuy (equivalent capacitance , C,, ) i dfiA iy

C

eq

= gm.?AG
1] ”

A A A 1 o = @ o o J
diefianatiieaninaiy liilugauadvesestueniuas Tofie aawduusssnienszia

os v

v b4
unzusunRAd Yo ssesdudeil

*

V) B [(lwczs)(l”css)] @)

L(s)  $Bco8umssS (1+’L‘,,s)(l+’L'c,s)

walaom'hl 7, =7, =7, =7, nozdmuald 4, Aesaswmeiimuidwensesiive

¥ » 1 4
tufiiemes iAWY g /e . AaTHANNTT (4.48) Tunsadounlidsei

Vals) B (l+7.s)
L,(8)  5Ago&mass (1+7,5)

4.49)

mnmmﬁuﬁuﬁ'sz'm'wnszummzusqﬁ’ﬂﬁmﬁagmgmvﬁ'mnaumr’?i 4.49) fmnamyIndh
muyavesnssmuanlsm Iddomsliud A, unzmie ¢ uensnihavs o
lﬁmJszg"lﬂﬁmumﬁsnnmﬁﬁmmﬁnﬂ's"uﬂ;ﬂﬁ'zflu’mnﬁnuuuuﬁmﬁnﬂszQ‘Mﬁnwuaaa
wlReonilaomsi§Tedie 2 uuumeuewiyndegfi4to
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433 1OIRUUVLA YYD (Inductance Simulations)

||H

8.5
gmlf:gmj
i *
l_ll.
v, 2
g i md gy B B
in > -g mz-i- 1

jui4.12 wesRouULAMlENIHULRRLH

msAsunuuAntenilsuar ldnuaiouns e laslFressaiideis ufiiewme s Tnua

° 1Y { & 1 a a t @ 4
arzueninerusuaas 1dAz 4.1 Ferduymduiinaudvesasesiiadedl [manuan ]

Zeq =g [_&miG_] (4.50)
gm4gm53

[ 4

A o ° A1 1w
ﬂiﬂluﬂ’numutJ’Ju‘_l’diJga‘UENNilS Leq AUMNY

L,= [M_] (4.51)
Eme&msB
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nnaNnsi (4.51) ssiudmanumiisnivesssannsondsar lddsmsdium A, |

8ns > 8ms WOZMIB g . ilofammifissninmin hifhugaundvesestlueuilins Tefiieuds

as

¥ t 4
awduiuissninnssiaazusssufgadyaadhvessesdludell [mesuina]

Vo(S)  SAco8uos [(1+rc,s)(l+*cc4s)(l+1:ds)

= @.52)
Iin(s) BgmMgMOS (1+TbS)(1+Tc2S)(1+TdS):|

Tavh 7, =7, =..27, =7, uazmadmuald 4, Aedarvmenanuddivesises

9 v 1 4
aesufiemesiisuiniy g, /g ,, AuiuaunITh (4.52) annsodoulnaldneil

Vin(s)___ Ago8mo3 (1+Tcs)
I,,(s)  Bgupi8mos (1"'7:55')

4.53)

y o o Lo o
wenwninvessunuuaanulszy ihnuudsunsnaisaunsodfud gt @ouiwy
armmileninwunesia et TaonisiinTedie 6 aslursesdagil 411 Taodmuald
8me = 8ms

433 193 FDNRs (Frequency Dependence Negative Resistances)

f’vf—;g\'ﬂ

» B sl . B

.k+

i
J k+

Al

P a o ¢
jﬂﬂ4.l3 NITRBUILUY FDNR HUUINBUNTTIA
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< 1 15-""

o3
[
e/

—

‘gm;_ fit--

711 4.14 N es@EouILY FDNR ILUBEAY

‘197 Frequency Dependence Negative Resistance %39 FDNR li‘luﬁuﬁuﬂwfﬂﬁ%ugﬂ
é A s 1 9 ] 9) 4' [ 3 1 o
lm‘unuwmmmmﬂmmmmsnwnﬂuﬂm‘uuazmmﬁmmuﬂﬁmmmwwuﬂgﬂu
AR VBNAINILNITZUT [41)
[ 4
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D'=C (4.62)
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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.

2. THE PROPOSED CURRENT-MODE
DIFFERENTIATOR

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

Fig.l ~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 ay is
the 3-dB bandwidth of the OA and by considering the
OA for the frequencies @ >> aj, the open-loop gain
AOA(s) of the OA can be approximately given by

A
o2 o 8 M

s+, s

Apu(s) =

where B denotes the gain-bandwidth product
(GBP) of the OA, which is the product of the dc
gain A, and the 3-dB bandwidth w,. For the
OTAs, let gm; and gpm2 denote the
transconductance gains of the OTA1 and OTAZ,
respectively. Therefore from the elementary circuit
analysis, the curmrent transfer function of the
current-mode differentiator shown in Fig.1 can be

derived as

L&) _5|&m =s[ﬁ]

Iln(s) Bl:gnl] B (2)
where AG denotes the differentiator gain, which is the
ratio between g2 and gy /. Equation (2) indicates that
the relationship of the currents I, and i is in the form
of the differentiating action as required. It should be
noted that, for the bipolar OTAS, g = IB1/2VT and
gm2 = IB2/2VT, where VT is the thermal voltage and
Ig] and I are the bias currents of the OTA1 and
OTA2, respectively. In this case, the temperature
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dependence of the transconductance gains gy, ] 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,(s) =s[1+r,s][l+rc,s][ ;T ] 3)

Iln (s) B gllOl l < Tc2s
where 73 (= 1/wp) is the second dominant pole of
the OA, and 7; (= l/wg) and gmpi 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 = 7¢2) and let us define that
AG0 = gm02/gmo1 is the dc differentiator gain,
then equation (3) can be reduced to

= s[-‘i;;"-](l +17,5) (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 OA has the gain-bandwidth product
B = 27(4.5)x10° rad/s and the second dominant pole is
op = 2n(9)x10° rad/s [7]. Hence, the major high-
frequency limitation of the proposed differentiator is
approximately located at 9 MHz.

LG
1, (s)

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 = gm7/8m6, K2 = AG/B = gm2/gmiB, K3 =
gm5/8m3 and K4 = gmq/gm3. The current transfer
function of this configuration can be given by
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L(s) __(sK.K,+K, ‘(553)
I.(s) sK,K,; +1

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

mo = gulgnJB (6)
Em28ms

Clearly, the natural frequency a, 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.

.K‘

>N K, -_J K,
1 K’

i

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

as follows :

B
(s)= —[ ] )]
2 8ms s
where the magnitude of the grounded simulated
capacitance can be given by
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It is seen from equation (8) that the magnitude of the
equivalent capacitance Cgq can be electronically
controlled by the current ratio AG and/or the
transconductance gain gpm3. 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).

|
L | |

Py

T > Diogpnal

e e e e - e e - e —

2
W
X7
'
ol

e e o - e e — o ——

(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

¥ 8 s
L., _[gmguB] -

Since the ratio of the bias current AG and the
transconductance gains, gy (i = 3, 4, 5), are electronically
will also be electronically variable.

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 _ . 120
0

g .og
a - g
S ot

1205 100 1k 10k wbt MM

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

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 =8mS5 = 8m6 = gm8
=1 mS. The simulated responses for the high-pass
output are shown in Fig.6 with g, 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).

20
go
g
L.

40

1k 10k 100k IM M
Frequency (Hz)
Fig. 6 : Simulated frequency responses of the
current-mode filter in Fig.2(b)
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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 Ry = 1 kQ, g;ms =1 mS
and gm3 = 10 mS. The simulation results when
the bias current ratio AG (= gm2/gml) 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.

+ I /I”-o-
v (\J] ) (2 v
in eq out

(a)

Sos

°u; ik lbk 100k ;IM M
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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AN ACTIVE-ONLY CURRENT-MODE DIFFERENTIATOR
AND ITS APPLICATIONS
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e TnuanszuryiialmidioenuunTaolfeetiuoni]l (Operational
Amplifier, Op-Amp) ttaz 107t (Operational Transconductance Amplifier,
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Abstract
A novel continuous-time current-mode differentiator, which is
composed only of intemnally 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 tumed
through adjusting the bias currents of the OTAs. The performances of the
proposed differentiator and its applications to realize current-mode transfer
finctions and driving-point impedance functions have been demonstrated by
simulation results.
current-mode

Keywords: differentiator, circuits, driving-point

impedance functions
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