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Research Title: On the realization of first-order current-mode AP/HP filter

Researcher: Assoc. Prof. Dr. Worapong Tangsrirat
Faculty: Engineering Department: Instrumentation and Control Engineering
ABSTRACT

This research project presents a compact circuit topology for the realization of the
current-mode first-order allpass (AP) and highpass (HP) filters. The proposed circuit contains a
minimum number of components, i.e., eight bipolar transistors, one grounded capacitor, and
one biasing current source. The advantages of this circuit are the use of only grounded
capacitor as a passive element, the electronic tunability of its parameters and its potential for
low-voltage operation. -~ Owing to the pole frequency of the filter circuit is normally
dependent on temperature; a low-voltage translinear-based current source circuit for
temperature compensation is also suggested. Some simulation results achieved through
PSPICE program and experimental test results are also reported, which demonstrate the
effectiveness of the proposed circuit.

Keywords : first-order allpass filter first-order highpass filter current-mode circuit translinear
principle
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2.1 a1

wasnsesdayna (fitter) inswsiidunumadgsesvildumedindanssulwiiluane
aanunang waziduesiuseneudfyresseuudeansinsaunaueieg wu Tussuunsnssane
\@84 (broadcasting systems) szuuaTfisudoans (satellite systems) Wudu [1] 29930509
dayqrauansanvsesnidudssniug g Tdgeanuy wuuusnazisenin 29asnsesdygrufines

as =

. =t [y} o Y e aa . e . < 1=
(digital filter) mLﬂmaﬁ]inimatygywmwgﬂ‘l"uﬂuazytymmmaa (digital signal) WSadgegyunlaidl

[ A
<

anusaifiosmanan (discrete-time  signal)  uazlsasnsesdIamuuiiaes ide 2easnses
dygurusunann (analog filter) %'"aLﬂm\minimﬁmmmﬁgniﬁﬁuﬁmiyﬁmﬁﬁﬂawuﬁaLﬁaammm
(continuous-time signal) Tﬂmwsniaaé’mwmamaanﬁgué’qmmmLLﬂqaaﬂLﬂuUssanéaaqlﬁ
8n 2 Ussim Ae 29asnsesdyamiadl (passive filtter) Fuduasasnsosdygnaiiadranan
gunsalmad 1y vamamilvahusgshiunu vieaiewnandiumukasiufiuey uas
23nsesdygaBnUssavnilefe sesnsesdnauaniiv (active filter) Wunwwsnsosdyao
fasranngunsaiussinvuoaiiv 1y sstuent wisdusafuaunsainadv [2110]
iesnnlassnuAdeiitesioanslunsfinuduniuagisunseonuuuinsnsesdyayo
Tnumnszuasudunils (first-order current mode fitter) ~ fuuluuniizsvend i mdnnisfiugiu

o3

e

LYY

vanvesnIygrakazsluuulneiilduesileiduneglouve 1asesnse sy uuousdensusiy
yiladulsgidunan

2.2 wé’nmsﬁugﬂwawaa'snimé'zysy'lmé’uﬁwﬁa
2asnsesdyyasuuriindusesiuiilitunselunsilyussgndldnudunis

Uszuanadgygaueuriensgnansvagiasvils Tasfiinsensesnsesdynmtsziamign

foumunuaiRvesileifudelourensesifiyuiuursassdumyunususunilaied 1)

N(s)  ais+a,
D(s) bs+b,

H(s)= (2.1)

We N(s) Aedayqyrauiaavalulaiuaud D) Aedyayradunmnlulamunaud uay His) Ao
w 1 { L7 QU ‘J
Haiduelaunisnnutvesaesnsesdygin daeandlugui 2.1

HoyryuBumm Fryay oo widunn
D(s) y N(s)
—_— AN TOIE YU —_—
o—— —————o
H(s)

] '
LYY =1

JUM 2.1 ndnnsiugIuvesesnsesdyyiusuiunily

<



s

auns  (2.1) ﬁ]ﬂL‘U‘UTULL‘U‘UVI’JI‘U‘UE]\‘i“N\'iﬂ‘lﬁm’]ﬂiauﬁﬂﬁ]iﬂiﬂﬂﬂmm’lmauﬂ‘uﬂ‘u\‘] Layann

o
[y

ﬂmauummﬁanwmdaumnanmmmuﬂﬂaaLﬁmumﬂuﬁqnmuﬂsaqammmiﬂu:uumqq 1

aunsdl fareludl

vl
nsdif 1 maﬁaﬂwmsﬂau H(s) uml,muwiiaw s =00 ¥3831NaNN1T (2.1) wmw a; =0
nsal U"LmﬁanwmaIau‘luiULmUﬁammnsaamummﬁﬁw (lowpass function) vdotiufe

H(s)=—2>— 2.2
() b1s+b0 @2

nsdid 2 dleflaidudelou HE) mml,muwiiaw s = 0 viseRnauNs (2.1) WU a = 0
I‘ummuﬂUIWWQnﬂuumaﬂ,ammuﬁan%uﬂiaamummam (highpass function) il

as

NNYTT77// 2.3
bis+b, @3

H(s)=

nsdif 3 Lﬂunimmﬂqmjunimmuwnmma (allpass function) mmmumaimmaa N(s)
ﬁs‘hLmuaaguuﬂmmwaaszmumsﬁau s tazauInnstiuswiesInves - D(s) waauwzmmwaa
seunuddeu s iyl

N(s) = +D(=s) (2.9)

FailesFunsasihunnaudafisuiuuialud

N(s) ., DEs)
H(s)= S (2.5)
%39 : H(s )— ~by (2.6)
s+by

Fethanuanauaussasisitusuaves His = jo) ”Luszmmm?iﬁmﬂﬁmﬁ'umamﬂi v
mmmmmeﬂiﬂimammmaumwuqaaﬂlﬂmummum el

1) 'miﬂimammmLLwnimmumwam (lowpass filter, LP)

2) Nfﬂiniaaaﬁusgmwuniaamumwmqq (highpass filter, HP)

o
Qs

3) NaﬁnimauvjfmmLmuniaw"mvlﬂmmﬁ (allpass filter, AP)
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|H (jo)|
A

K,

passband stopband

A 4
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3.1 na1in
Wudinsuiin 1sesnsesdygrusufuniiadu (first-order filter) Wuidussrusynaudrdey

[

sgunlun1sduaseitareonkuueesUsenady uueusiand1aq unueg ey SEuy
muauilaundy  szuvfemsuaginsauuien  uazssuuiedesiietn uiu mamadindavild
Nﬁ]iﬂsaaﬁ'fy:ymé’uﬁwﬁdgﬂaaﬂLLUULLasW@um%uaEhwial:ﬁ'iaq [11-{11] uazfikuuTIsRIngT
fenesnuuulasldgunsaiuonfinaiing1e 1wy 2933 CCIl (second-generation current conveyor)
2995 FTEN (four-terminal floating nullor) 34395 CFOA (current feedback operational amplifier)
Wwaz 2993 CDTA (current differencing transconductance amplifier) iusiu usagslsinamuin
Tnssai1nsasneluesgunsniueniinvd fasussnevlufamsdame iiuswauann ¥ilvidy
maammmﬂm’lumumﬁmﬂgumwu‘lﬂﬂiuumanwmiaaammm Snfadidwalauudoadinu
IfhuazAuiuiinsnsunn fufuwuimsisefieandasifadingnisneeueanuuuiansnsas
dygralaslinsndawesliiinulesfigadaziuldininienansdisds [12417]  edrdlsfimu
HepanuirenAdeiidiauetutu ma%uﬁi’%f]uﬁaﬂ%’ﬁaLﬁuﬂivﬁﬂw%quaaaﬁﬂumiﬁumwﬁ
1995 [12)-{13) #1390 mwuENm‘l‘zmsmsnamamﬂummumnaa [16]-[17]
muu"lummaauﬁmmLauamiaanLL'U‘U'm]smaqammmauﬂwmiwmmvLLa‘wmmm
51’\1LﬂswwﬁmwniaaazymmquniaamummaqmazLLUUniaqmunﬂmmﬂmﬁaunu Tnela
ndamesiuululnansfuiusUadiesufumiiuusygdeisunsasvieiuazundednenssua
Snmtleviniis Unmmmsldiadumunadvanmeven  saniuaueiifeide lagunsaiuen
firluazwiadivdautiosan aunsauiudnuiing (pole frequency, £y 1eg31asigdedins
mdidnnsedndlnonisauauanssudludaninmenen | auFeshideniliic Ysiennn

FeulvAviniuvesgunsallueas (no  component  matching - condition) wagdlandufiunud
(3 N .
1019WREN (high-output impedance)

3.2 2995898NUFIU :
Tuhdeilagldnandmannisinuiivgiuvesngunsasdesildlunisfaunsigieainias
Fuganiaue

3.2.1 MNITNUNTTUAVALLDWNA

g‘uﬁ 3.1(n) WARSNAIAUNTEULAVANELD WA LA DR ENANNTUBIRTAEYIBUNTEUaY TR npn
(npn current mirror) Wie i, &k = 1, 2, ., n) fe NITUALBIANAVBINGT Hag p A nszualudanin
Ngusn Mﬂﬂﬂiuu’lmﬁ’lami’l%’mﬂi“LLaLLUUE]mLmEJﬁ’JaJ (common-emitter current gain) mmad
wn (B >> 1) ylsldruduiussed]
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iln
—>
Q
R R
Re
(n)
iin il 12 ln
—> <+ +— <+
o o o ———0
R, D) .
! Y i 2 Y in
(0)
lin linl Ill
o 1 0
iin. |i2
1 e}
i i
iny n
1 9
(m)

ANWAIUDIINT

= ¢
glh’l 3.1 Nﬁ]'imuﬂmt,awmma’mwm
(ﬂ) ugy’a L3

(1) 519a8108A299T (¥) easANYa
= ¢ < -
U7 3.1(0) wannsasauyaneliinressasnunseianatgiatfnalugud 3.1(n) e

(3.2)

Vr

I

A R, fig ANRUAUMIUBUKRAYBL239T 1519816
]E IB
P o o ] a
lag Vr = kT/q Ao wsediupwiou (thermal voltage) fiAnUszanas 26 mv figaumgll 27°C uay

fe nszuadiinmesvadlalon Q, FulliUzun Iy FuunnquantAnIHuYNEIILNTELA
¢ v W = a ° vy o o ¢ o ]
Ma’IEJLEJWW!WNGIu Li’]ﬁ]\??ﬂlﬂﬁﬂL°UEJ‘ULL‘V]Uﬂ']iwqﬂqu%aﬁj\ﬁ]ﬂ:ﬂ@'ﬂUafyaﬂwmﬂ\jgﬂw 3.1(m)



12

sada a

3.2.2 wasduiinsmeiniinsgadewuudivalimdiinnsedng

UM 3.2(n) wannasBudiinsine siinsaapdeuuudiusnldmedidnnsedind (electronically
tunable lossy current integrator) aqﬁliaugawwlw%nszﬁé‘i’cgcymmmmLéﬂmmimmm‘lﬁé’fagﬂﬁ
3.2(0) 1087 g = I5/Vr A0 A1ANTNANYAYRINTIUTANDT Q; UAT A AB SasduRuiisiineiuns
nuawes Q, MU Qs INMTIATIEIRIATAFYIUVLIALEN YIlTle

_io_l_ gm3A
T~ (3.3)
lin  &m3 +sC

PNEuNT 3.3 aunsaldsuwnunisvihiurenasduiinawesifinsagydslugui 3.2(n) ladsgua

U 3.2()

<+
o——¢ 7 ——O
g
C~ g,,,3 v, Alb

in 8,34 <2l
gm3 +sC

Q)

o a a sala = 1Y) ' 1Y a g a
5U# 3.2 199sdufiinawmesnimsgadsuuudiualimeBidnnsednd

LY L3

(M) wazidennT () vsauya  (A) Fydnweivedins
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3.3 'Nf\]iﬂiasiﬂﬁlmq EuElUﬂUVI‘IJ\‘IIﬂSJﬂﬂiuLLﬁVIUW tHuD
‘Vmﬂﬂ'ﬁﬁ\‘iLﬂi']""‘WNQ5ﬂiﬂﬂﬁﬂ]m1m9ﬂﬂU1ﬁuﬁiﬂﬂJﬂﬂ5uLL?W]‘L!'\Lﬁu@lﬂﬂﬁﬂ’)ﬁ]ﬂuuﬁﬂﬂlﬂﬂ\ﬁ'ﬂﬁ

YU
e'dd

3.3(n) Gm::mu’mﬂssnﬁ]ﬂiﬂmmﬁ)immizLLaaaummwm“lugﬂw 3.1(n) war9asdUNNTABTAN
nsgaydonuuuiudildmedidnnsedndluguil 3.2(e) faduiiensasanguil 3.1n) uae 3.2(n) aq
luiﬂw 3.3(n) ud 51agidnesnsasdyynsudunilduaanseuaiiiaus lngldnsudamesuu
"Luiwmimuamluiﬂw 3.3(0) uazilevhmslianeisasiarldaruduiusdsd

_ioi =1— gmBA
i; gz +5C

n

(3.4)

aun13 (3.4) wandldiiudn nndruakufisinnesuemsuamnas Qq (A) DE1UMINEANLET 1519y
anunsadanszifleidunsesdgudusiunilaassiuiuy faseluil

. i i i i
ci’ i’l ) <2 gm3A _01> ‘_0&0
I gm3+SC
I i
—iny, <2
{1\
(n)
+V
[
I %

PAl

S‘U‘VI 3.3 WANN1SEIUATIEIINDINTDS UEQ maumwuﬂmmnivLLameaua

(n) MANNITAAATIEI9S () NsFuaTghasinelonsiudamasuuuiulnals
Wadvuald A = 1 wda aunis (3.4) aznanedu

iHP — Tout =1- Em3 — sC

Lin Lin Em3 +sC sC+ Em3

(3.5)

P vV 2 ' s L. ) ¢ @ ] P LYY P
Fawan AL nimu‘Wqﬂ“tjumaiaummaWiag’lugﬂﬁumﬁmwﬂimmummmqqaumuwm
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e wiunleh A = 2 uda aunis (3.4) avegluglvasileddunsesuynanuddudunils vie

_ii!ﬁ lout=1_ 2gn13 =SC_gm3 (3.6)

Iy i gm+sC sC+gp,s

in

FdlNanaUaURIMIGHAWINNAY

V.C
dd ] (3.7)

p=rw —2tan']{

B
wazilaidunseadygramsassguiuuidansieildainaunis (3.5) uag (3.6) sradidumisnnud
Twa ¥991995 Wiy

Em3 IB
a, =——=—-
"= Twc (3.8)

o

dunns (3.7) uae (3.8) LLamlﬁ'Lﬁu'hmmmﬁiwaLLasNamauaummaLWﬂﬂJamd%ﬂsmﬁtymmﬁ
131Lauaﬁu’uaﬁmimmsﬁﬂﬁﬁ'samimuqunssuaiua”a lg 3MNNBUBN LLaxﬁwaniwmﬁaqmnqmmﬁ
59UT9BNAE

g‘u*?i 3.4 meﬁaazL’é‘EJma%nimé’zgzgmﬁﬁwLaualugﬂﬁ 33 10UMNUA i WY i AD

NILUADIANATDINIINTANTDHIWYNAUALALN TBRIUANINDZI AR

R U

= : 4 ' o o
JUN 3.4 2993nsesiuynanuiuagnseauaudgeiiLaue
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3.4 NanizwuLﬁaaa'mmsv'iwwﬁ‘lahﬂu‘lﬂmuqmmﬁ

3.4.1 nansgvuiiiosnneliiaunsdiuvesasasiounszua

1NNTOBNUUVINATUINGIY 15U s8I ﬁu’uﬁmqamm B >> 1) uslumsloiue
dasmenenssua B vemsudawesildlunssindiaditasmils Sudddinssuauaremsndames
firlidugud vildieidudrelounssuaninaunis (3.5) uas (3.6) veresnsesdygafiiiaus
Tugui 3.4 nanewt

) SC+ g,38
o= (l-g,) ——2L (3.9)
sC+g,,,3

Ly

Z.Ai=(1—8,,)[50_&'3(1_28")} (3.10)

SC+gm3

{ 1 1 ] Vv
1989 En(p) =—_/3( : Ao ARanateluMsEINIuASE LEYaS NS AST IO UNTE LA Qo-Q, Q;, UaE
1+£_

4
QrQs Uaw By, A onTIveEnIziavemIuTamosuiin npn Lagwlln pnp MudRy

C by C, iy
B o2 VARBEE. =22
+
B
<:> C,r r,Zv, &Vs
E Eo . . o E

U7 3.5 asvsayanslidhusmandanesiuululnardnsalddefiernaunsaiuds

3.4.2 WaNsENULLBRINgUNTalusls
wsauyanuliiussmsudamesuvululndisnsddafienrgunsaiurl (parasitic
Y = el'tg L=l 1 2/ J o aa 4
element) uamsleiaguat 3.5 Tagludiil r,  fo Arpoisdiunmwdsszrinwvaivedfinme
(base-emitter resistance)  Cj Ae AAMuYIWTwlseIvaiundinmes (base-emitter
capacitance) wag and C, A AAugliiludssswinwvatuareaaaines (base-collector
. v & i o a { | o 2 ¢ P
capacitance) fsiullevihnslirsigiisasluguil 3.4 Jelmilaefddmansenuidesningunie

v

a i d o &/ L 1 =
wliwewTuiainesluguil 3.5 Taehl C; >> ¢, awhlildlerdudalounssuavonsestunsdld
whitu
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I ]
C+4C,, +C
s Py 1r
Emp+—— 1+ Emplp
ipp "np 4
— =Ky (3.11)
lin .
C+4C, +C
s _ﬂp—ﬂp +1
. &
mp
L " ]
_ L -
s C+4C,, +2C,, _ Emptap
4 4
L m— 1l+——
iap _ g Tmp Empzp
ua : il (3.12)
C+4C,,p+2Cﬂp
S +1
=5
' K 2¢ 1
Tned n= 4 (3.13)
ik AN\ S
EmnTmm

WaY Grnnioh ey Crmnip) WAL Cngp) AB ANV8Y Gy I Cr e C, V0T TFARDSYEA npn wazyila

]
1

pnp AudAy | Taealy C; >> €y agvibilavhumisnnudinalunsdiilegi

U

NS (3.14)
C+4C,

o ° ' e o o
WoaRNANITZNUINAWALSINGRINALATS (3.14) NTlfonansuaueImIIALDYBII99T L51A5IEeN
AVIUENNUSAWOIUN G >> & WA C >> 4C,,

3.5 msyaweRavasgnmiisaudns

aslanaalunaudundiin ﬂmauﬁ’ﬁ‘luﬂﬁﬁwwﬁﬁwﬁmamwsnsaaé’zgzywmﬁﬂwLaua‘luguﬁ
3.4 Huinanssnulasnssieguugisauiduandiluauns (3.7) uaz (3.8) Meluhdeiadls
nanfdsnsuneransznuidiessngampiseutig
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| 2/ o Y ¥ . .
3UN 3.6 LaneRTAETounseuaiausaUsudnsvenenseudla (current  mirror  with
. . P ' Qs Y a
adjustable current gain) [181-[19]  WeUszuwin B >> 1 wazodendnnimaudilles
(translinear principle) agleinssuaodinnvasiasviriu

Il
Ip = ?—33 (3.15)
B2

TN Iy, gy 4% Ig3 A nszualudaainaneuen

5U'3.6 19958YoUNsEuanannsaUSudns1wenenseuala

Q T 11 R
[ e
-

{ ' o I v & 2 {
UM 3.7 aastenseuafionfelassaiaiugiuanisasasieunseualugud 3.6

a 1 J o YR ¢ v o
UM 3.7 uannwesdenssuafiendelassaiisiuguanisesasiounssualugui 3.6 JEERYE
LNeRsazaUNTELa Qop -Quip, Quar -Quar WAEFIFUMIY R Aetunnudnnisnsiudiiiesagle

ICSR + VT ln(—lgs‘] + VT ln(ﬁj = I/T ln[lc—’]} + VT ]n[@]
Igs Igs Igq Igg

“ Ve (Ioploglss]
e Tos= _Th{w_sg] (3.16)
R 1C5]C6[S71S8

137659
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yMiviauns (3.16) nmmﬂu

I =—Lha (3.17)

2 dan . v
Tnefl o fe Sadiuiundinmeivemsudanes Qo MU Qyy Fslunstlll o = 1/0.37

Temperature-
dependent
current source

L lll"

U7l 3.8 2sdenszudludadmivnisnivenasesgumgilsaudng

's'LJw 3.8 LLamawsmanivLLa"Luaaa'msumimLGzJawamaaamwnmaumwu%aua GR
'Uiuﬂa‘Uﬂ']FJ’J\‘ﬁ]'iE“{uV]ﬂ‘LJﬂiuLLﬁVIﬁ']iJ’liﬂU’iU’em’ﬂ‘UfJ’]EJﬂi“LLﬂléﬂ,uiUVl 3.6 LLa“”Nﬁ]i‘i]’lEJﬂiuLLﬁluiﬂVl
37 muunsmmmmwmamﬂi lo FeAMUINNILANATUNUAINTELE oy 2I0ENNTT (3.17) ae‘lu
Ip3 VOIEUNTS (3.15) Fearld

> IBlVT

0= [,k (3.18)

s (3.18) uansliidiudn nszualerdwnvenisiidulsiusssiudasdunssualuda o/, uaz
wseumuseu vy JeliAnduiugnmgiiseutng

Qs

Mesnsesdygaivtausiuui 3.4 asiiuiranud o, Aauns (3.8) SAudsiunse

a1

funszwaluda /; wazilauusansutunssiuanudou Vo delumntsinnnsludansasming g

[

299591ensudludacieguil 3.8 fagldfagui 3.9 vietufieninauns (3.8) fiu (3.18) ezl
Inaraesasviiv
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(dp 1
Jo —( 1, ](ZnRC) (3.19)

-d! 1 1 d ddy Ic‘{ L a ¥ 5 Qs J
FeaziiuiAnanlna £, vessaslunsiiiivzlifuiunavesgaumglisoudn dnnsdsanansaudse
IhhemsmuaudnsdnTEualuda s/l

1
Temperature- L‘N
Q

dependent
current source
of Fig.8
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On the Realization of First-Order
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Abstract. 4 compact circuit topology for the realization of
the current-mode first-order allpass (AP) and highpass
(HP) filters is described. The proposed circuit contains
a minimum number of components, i.e., eight bipolar
transistors, one grounded capacitor, and one biasing
current source. The advantages of this circuit are the use
of only grounded capacitor as a passive element, the elec-
tronic tunability of its parameters and its potential for low-
voltage operation. Owing to the pole frequency of the filter
circuit is normally dependent on temperature; a low-
voltage translinear—based current source circuit for tem-
perature compensation is also suggested. Some simulation
results achieved through PSPICE program and experi-
mental test results are also reported, which demonstrate
the effectiveness of the proposed circuit.

Keywords

First-order filter, allpass (AP), highpass (HP),
current-mode, integrated circuit.

1. Introduction

First-order filters are one of the important circuit
blocks and their use may be found in a variety of analog
signal processing applications, such as, feedback control,
high-order filter design, and many other engineering
applications in the field of instrumentation and telecom-
munication. As a result of the well-known advantages of
current-mode operation, a number of current-mode first-
order filters have been developed in the literature [1]-[11].
Traditionally, they were implemented using active building
blocks, such as, second-generation current conveyor
(CCID), four-terminal floating nullor (FTFN), current feed-
back operational amplifier (CFOA) and current differenc-
ing transconductance amplifier (CDTA). However, the in-
ternal structures of these active elements typically involve
larger number of transistors, resulting in the high-freq-
uency limitation of the filters. Also, the complexity of the
active building blocks dissipated considerable power, and
occupied a large chip area. To reduce the power dissipation
and " chip |‘area,'several! current-mode/’ first-order. filter
realizations based on the use of transistor-level circuit were

reported [12]-[17]. In [12] and [13], current-mode first-
order AP filters including a floating capacitor have been
described. The resistorless universal first-order filter in
[14] contains twelve of bipolar transistors, one grounded
capacitor and four current sources. Types of filter response
can be obtained only by changing the values of current
sources, The filter of [15] employs four passive com-
ponents, and requires passive component matching condi-
tions. Moreover, it also requires additional active elements
for output current sensing. The work in [16] proposed
a resistor-free realization of an active-only voltage-mode
first-order AP filter using four NMOS transistors and five
biasing current —sources. 'However, active component
matching condition is required. Although an interesting
circuit configurations for realizing first-order AP filter
based on log-domain technique were recently presented in
[17], the circuits still contain a large number of active
components; i.e., ten bipolar transistors, one grounded
capacitor, and seven current sources.

In this paper, a simple bipolar technology-based filter
topology that can simultaneously realize both current-mode
first-order AP and HP current responses with electronic
tuning property is presented. This topology employs eight
transistors, one grounded  capacitor, and one biasing
current source, instead of complex active elements. Since
the proposed circuit is resistorless, it provides very useful
advantages from integrated circuit implementation view-
point. Its pole frequency (f;) can be tuned by the external
bias current. The circuit also offers the following advan-
tage features; low power consumption, no component
matching conditions, and high-output impedance.

2. Fundamental Circuit Blocks

In this section, current-mode active functional blocks
that will be used as fundamental circuits in filter synthesis
are introduced.

2.1 Multi-Output Current Follower

Fig. 1(a) shows the basic multi-output current follow-
er based on an npn current mirror, where iy (k=1, 2, ..., n)
is the output signal current, and I3 is the external DC bias
current. Assuming that the common-emitter current gain is
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much greater than unity (8 >> 1) and the dimensions of all
transistors are same, we get the following relation:

b =i, . n

Fig. 1(b) shows the AC small-signal equivalent circuit
of Fig. 1(a), in which R; is the input resistance of the
current follower and can be expressed as :

Vr  Vr

R =—"=— 2
e @

where ¥y = kT/q is the thermal voltage (~26 mV at 27°C),
and Ig is the DC emitter current of the diode connected
transistor Q,, which is approximately equal to Iz. Thus,
from the basic circuit operation, the block diagram of the
multi-output current follower shown in Fig. 1(a) can be
represented as Fig. 1(c).

@
Lin 4 b by
<+ <+ 4+
——0  ——0 - ————O
Ri \/ Im \/ iin .......... \/ lm
®
lin N Iin > ll
[ 1 o
iin N ¢ i2
1 o)
i i
in "
1
(c)

Fig. I. Multi-output current follower; (a) transistor circuit,
(b) small-signal equivalent circuit, (c) its block.

2.2 Tunable Lossy Current Integrator

Fig. 2(a) shows the basic tunable lossy current
integrator. The matched transistors Q; and Qg construct
a simple current mirror-with capacitor, C connected parallel

to the mirror input. The small-signal equivalent circuit of
Fig. 2(a) is shown in Fig. 2(b), where g,;3 = Iy/Vr represents
the small-signal equivalent conductance of Qs, and 4 is the
emitter area ratio of the output transistor Q4 to the input
transistor Qs. From the figure, it can be readily shown that
the current transfer function can be given by

l‘o_] - gn13A . (3)
tin Em3 +sC

According to (3), the block representation of Fig. 2(a)
can be drawn in Fig. 2(c).

+V
1 A
Q, Q,

i i
Zliny, <L
[, O
1y C= Iy
(a)

®
i g4 410_1
o—=> | _°m¥ VST
gm3+sc

(©

Fig. 2. Electronically tunable lossy current integrator; (a) tran-
sistor circuit, (b) small-signal equivalent circuit, (c) its
block.

3. Proposed Current-Mode AP/HP
Filter

The generic conceptualization of the proposed first-
order filter block is shown in Fig. 3(a). As can be seen, the
configuration comprises two sub-blocks: a dual-output
current follower of Fig. 1(c) and a tunable lossy current
integrator of Fig. 2(c). Using the circuits from Fig. 1(a) and
2(a) in the proposed filter topology of Fig. 3(a), one readily
obtains the resistorless bipolar technology-based filter
configuration shown in Fig. 3(b). Analysis of the proposed
configuration of Fig. 3 gives the following current transfer
function,
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_ gm3A . (4)
Em3 +sC

out 1

This transfer function allows designing two different types
of first-order filter realizations by setting emitter area of Q4
(4) appropriately.

i i. i i i
S I | gt |
gm3+sc
iin| | .iin

(®

Fig.3. Basic principle of proposed first-order current-mode

AP/HP filter; - (a) block diagram, (b) bipolar
technology-based realization.
For A =1, (4) becomes :
iHP =io_u1_ =1- Em3 _ sC (6)

iin Lin Em3 +sC SC+gm3

It is apparent from (6) that, in this case, the circuit realizes
the standard transfer function of first-order HP filter.

In case that 4 = 2 (i, is mirrored from i;, with a scale
factor 2), the following transfer function is obtained for the
first-order AP filter response:

iA;P= iout =1- 2gm3 — sC—g,,,3 (7)
in iin gm3+SC SC+gm3
with the phase response of
¢=7r—2tan_l((—0;/7—c). ®)
B

Both AP and HP types of first-order current-mode
filter have the same following pole frequencies.

@w, = g—gl -Je )

Equations (8) and (9) clearly indicate that the bandwidth
and phase response of the circuit in Fig. 3(b) can be easily

tuned via a DC bias current /5. Note at this point that the
filter parameters are actually temperature-sensitive,
because Vr is directly proportional to the absolute
temperature 7.

In Fig. 4, the complete circuit diagram of the
proposed one in Fig. 3 is demonstrated. Variables i4p and
iyp are the allpass and highpass current responses,
respectively. Here, the current i4p is realized by adding Qs
to provide double emitter area.

+V ol
Lq Q ;AJ »-J QsJAJ
Q Q
i i
e

Hlol : ™Q,

Fig. 4. Complete circuit of proposed tunable first-order
current-mode AP/HP filter.

4. Non-Ideal Effects

In this section, the effects of the current mirror
mismatches and transistor parasitic elements on the
proposed circuit in Fig. 4 are investigated.

4.1 Effects of Current Mirror Mismatches

In ideal case, the current gain f is large enough, the
transistor base currents are assumed to be zero. However,
in the actual design, transistors have finite /. Therefore, the
base currents cannot be ignored. Taking into account the
effects of non-zero base currents in the proposed circuit of
Fig. 4, the current transfer functions in (6) and (7) can
respectively be rewritten as the following forms:

j sC+g,4€
M (1= ) — 2k (10)
Lin SC+gm3
and
i sC-g,a(1-28,)
f”i=(1—«9n){-—3——p (11
Iin sC'+gm3
where
1
& =
n(p) 1+ﬂ"(p)
4

are the current transfer errors associated with the current
mirrors Qo-Q2, Q7, and Q3-Qg, and S, are the current
gains of npn and pnp transistors, respectively. In practice,
B usually depend on the process of integrated circuit
technologies, and vary with the change in operating
temperature, biasing 'voltage-and current.
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4.2 Effects of Parasitic Elements

The transistor parasitic effects on the proposed
AP/HP filter are considered in this sub-section. The small-
signal model of the bipolar transistor with parasitic
elements is demonstrated in Fig. 5. In the equivalent circuit
model, some parasitic elements are defined as: base-emitter
resistance (r,), base-emitter capacitance (C,) and base-
collector capacitance (C,). By using the simple small-
signal model of Fig. 5 and assuming C, >> C,, the current
transfer functions of Fig. 4 can be approximated as,
respectively,

C+4C,_ +C
s p . wlL 1 .
) gmp+r_ 1+__ng@
He -, ? (12)
lin
C+4C, +C
s| ——2 14
V4 4
L gmp r@ J
and
- ¢
1= 4
C+ 4Cy, +2C,, Emp'ap
s >
4 4
' Emp 1+
ap _ g i Hap 5 (13)
. n
lin
C+4C,,p+2CM,
s +1
A
I gmp r@ ]
where
1
Ky=—7—, (14)
1+
Emnlmn

and gy, Fmip)s Cnipy A0A Cpungyy are the g, rr, Crand C, of
npn and pnp transistors, respectively. Since normally C,>>
C,, then the circuit has the non-ideal pole frequency
located at:

N
Emp +——
~_®

Yo =TCcrac,

(15)

It is observed from (14) and (15) that the effects of tran-
sistor parasitic elements produce a small deviation in the
frequency responses of the proposed filter. Therefore, to
obtain an ideal filter response, one should select as:
&) mip) >> 4 and C>>4C,,.

C A C, 2
Bo L J¢ —.C
+
B
<:> C,r r,.Zv, V8V
E Eo o E

Fig. 5. Small-signal equivalent circuit of bipolar transistor.

5. Temperature Compensation

As mentioned earlier, the apparent disadvantage of
the proposed filter parameters shows a strong directly
related relationship with the absolute temperature. There-
fore, a biasing circuit configuration to obtain temperature
insensitivity will be suggested in this section.

Fig. 6 shows the basic scheme for an npn current
mirror with controllable gain, where transistors Q,, to Q,
function as a classical Seevinck’s translinear gain cell [18]-
[19]. Assuming that £ >> 1 and the translinear conditions
are satisfied, the translinear relation that exists between
their collector currents gives the output current I, to be
expressed as:

Iy, = Iplps

(16)

182

where I, I, and I; are the external DC bias currents.

Fig, 6. npn current mirror with adjustable current gain,

Fig. 7 shows a circuit diagram of a low-voltage bi-
polar translinear-based dependent current source, which is
obtained from the basic circuit of Fig. 6 by inserting
current mirrors Qo, -Q;1,, Q12 -Q14; and the resistor R. From
the figure, applying the translinear principle, we have the
following relations:

IosR+Vp ln(l—ci] +Vy In(lc—sj =V h{icl) +V; h{lﬂj
Iss Is6 Ig Igg
or

I
ICS =ﬁ1n(IC7IC8 SSISS) ) (17)

R ICSIC6IS7IS8

Assuming that Igs = Ige = Ig = I, I = Icm = Ipa, Ios =
]Cg = 101 and setting IC6 = ICll = 037134 ThUS, (17) turns to:
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(18)

V;
IO[ =?T1na

where « is the ratio between emitter areas of transistors Qy,
and Qyy,, and in this case &= 1/0.37.

Fig. 7. Low-voltage current

source.

translinear-based dependent

+V

Temperaturc-
dependent
current source

NS ll%

Fig. 8. Suggested biasing circuit for temperature compen-
sation.

The schematic diagram of the suggested biasing
circuit is shown in Fig. 8. The circuit consists of a basic
circuit in Fig. 6 and a low-voltage translinear-based circuit
in Fig. 7. Therefore, the output current /o, of the circuit can
be obtained by substituting /o, from (18) into /g of (16)
and can be written as:

_ lBlVT

In=
" IR

(19)

The above expression reveals that the output current is
directly proportional to the thermal voltage V7, which is
itself directly related to the absolute temperature 7, and the
bias current ratio of Iy;/Is;. Consequently, the circuit that
a bias condition is strong inversely depend on the absolute
temperature can be corrected by this temperature-
dependent current source.

From the proposed first-order current-mode AP/HP
filter in Fig. 4, it is seen that the @, of (9) is linearly related

to the bias current I and inversely temperature dependent.
Therefore, for the reasons given above, a biasing circuit to
obtain temperature insensitivity will be required. Consider
the temperature compensated filter circuit of Fig. 9, where
the bias current Iz of Fig. 4 is replaced by the current
source Io from the biasing circuit of Fig. 8. Combining (9)
and (19), the pole frequency £, is again given by:

(In L
Jo _[132 ](mc)
where it can be readily shown that now the f, is insensitive

to the temperature and also can be controlled electronically
by changing the bias current ratio Ipi//z,.

(20)

+V _
Temperature- Q Q
dependent Q; 4 2 Q
current source
of Fig.8
1
. lls_lo . .
Lin Lap p
o L
C~

G e O

Fig. 9. Proposed tunable first-order current-mode AP/HP filter
with temperature compensation.

6. Simulation Results

To verify the theoretical study, the proposed current-
mode AP/HP filter in Fig. 4 was simulated using PSPICE
program with the  transistor model parameters PR10ON
(PNP) and NP100N (NPN). The circuit was supplied from
DC voltage of +V = 1.5 V. The DC bias current /3 = 26 uA
and capacitor C = | nF resulting in the pole frequency of
£, = 159 kHz were chosen. The simulated frequency
responses of the propose AP filter is shown in Fig. 10,
which demonstrates ‘a constant unity gain for several
decades between 1 kHz and 10 MHz approximately. For
the above designed component values, the time-domain
response of the proposed AP filter is shown in Fig. 11.
A 10-pA peak sinusoidal input current with a frequency of
159 kHz was applied to the filter, showing a 84° phase-
shift in the output to a sinusoidal input of the filter. This
result is close to the expected value, which is equal to 90°.
The total harmonic distortion (THD) variation at the AP
output with respect to the amplitude of input signal current
was also studied, and the results are shown in Fig.12. The
results show that the THD for a sinusoidal input signal
level (few pA to 20 pA) variation at 159 kHz is found
within 8 %. The total power consumption was found to be
169 pW, which is a considerably low value.
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Fig. 10. Simulated gain and phase responses of the proposed
AP filter in Fig.4.

Fig. 13. Monte-Carlo analysis of the AP frequency response for
10.% Gaussian deviation in the capacitor value.

Phase, Gain
(degree) /(dB)

4

ZDOW 20
g 10
z 1ol SV Wl A T NN e
g ...........................
¥ o
5> W A . 07 AL LALE. - - Ngl - - JI R B
-10
Thme (8} ARIANN TR —
1K 10k 100k M 10M

Fig. 11. Time-domain response of the proposed AP filter; at Freqticncy (H2)
operating frequency of 159 kHz.
Fig. 14. Monte-Carlo analysis of the AP frequency response for

10 % Gaussian deviation in the'g,;-value.

The electronic tuning aspect-of the proposed HP filter
is shown in Fig. 15, in which the gain responses for three
different. values —of ~/z are’ given. As expected, the
corfesponding pole frequency is varied from 61 kHz, over
159kHz to 306 kHz for a variation of Iz from 10 pA,
26 uA_to 50 pA, respectively. This confirms that the
proposed circuit is electronically adjustable by controlling
the bias current /5.

THD (%)

o > 4 6 8 10 4 16 18 20 :

i, (peak) (4A) 104
Fig. 12. THD variation with applied input current signal ‘
amplitude.

To evaluate the effects of the active and passive
component tolerances on the filter performance, Monte-

, —— Simulated

Current gain (dB)
.'5

- === Theory
Carlo statistical analysis is performed. In this study, 200
simulation runs with 10 % Gaussian deviation on capacitor
and g, values are applied to the proposed filter. ! -:
Simulation results of Monte-Carlo PSPICE analysis are e poseennenanennoses e i it
given in Figs. 13 and 14, respectively. They demonstrate Frequency (Hz)
that ‘the proposed -filter -works -well against.component Fig. 15. Plot of ‘magnitude characteristics of the HP filter with

tolerances. various 75.
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Fig. 16. Variation of £, against temperature.

The dependency of the pole frequency f, on
temperature was also simulated. For the temperature
compensated filter circuit of Fig. 9, we set Iz =5 uA,
Ig; = Ips = 50 pA, R = 100 Q and varying the temperature
from 0 °C to 100 °C. The simulated f, against temperature
are illustrated in Fig.16, which display the values of f, for
the case of the uncompensated circuit in Fig. 4 and
compensated circuit in Fig. 9. The relative sensitivities of f,
with respect to temperature of the uncompensated and
compensated circuits, which is given by

sfo =(ef,/ /,)HoTT),

are approximately equal to 75.15x10? and 17.55x107,
respectively. It is clearly seen that the compensated filter
gives much lower temperature sensitivity.

7. Experimental Test Results

In order to further verify the proper operation of the
proposed AP/HP filter in Fig. 4, the circuit has also been

tested experimentally. To perform the measurements of the
proposed circuit, the readily available transistor arrays CA
3096 by Intersil have been used, and the measured circuit
was extended by voltage-to-current and current-to-voltage
converters realized by commercially available CFOA
AD844s with £5V dc power supply voltages. The circuit
configuration used for experimental test is shown in
Fig. 17. The experiments have been performed with
R| =R2=R3=R4: 10 kQ, C = 33 nF and VB=3 \"
(I = 300 pA), which ensured that f, = 55.65 kHz according
to (9). In measurements, v;, = 0.5 sin (27 ) V (peak) was
applied to the circuit. Fig.18 shows the experimental values
for the AP gain and phase responses with respect to
frequency. The experimental test results for time-domain
waveforms and Lissajous figure with 90° phase difference
at the pole frequency, which verify the circuit as a phase
shifter, are demonstrated in Figs. 19 and 20, respectively.
Fig. 21 also shows the measured output spectrum of AP
filter.

8. Conclusion

A very compact circuit, consisting of eight bipolar
transistors and one grounded capacitor, has been presented
to implement first-order current-mode AP and HP filters. It
features low-voltage operation, and smaller power con-
sumption. The circuit also provides an ability to vary its
important parameters by means of the external bias current.
In the absence of the external resistor, easily integrable
version of an electronically tunable first-order current-
mode filter block is obtainable. In addition, a synthesis
method of a low-voltage bipolar translinear-based biasing
circuit' with a current linearly proportional to absolute
temperature is also introduced and applied to compensate
the temperature sensitivity of the proposed filter. We have
shown through simulation and experimental results that the
operation of the developed circuits is agreement with the
theory.

Tl T -
© ©

Fig. 17. AP/HP filter configuration used for experimental test.
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Fig. 18. Experimental results for the AP filter of Fig.17.
(a) gain response, (b) phase response.
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Fig. 19, Measured input/output waveforms for the proposed AP
filter at the pole frequency.
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Fig. 20. Lissajous figure for the proposed AP filter at the pole
frequency.
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Fig, 21. Measured spectral plot for the proposed AP filter at the
pole frequency.
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