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Abstract 

Some effects of parasi t ic  capacitances on opera- 
t ioual transconductance amplifier - capacitor (OTA- 
C)  f i l t e r s  are studied. In particular,  i t  i s  shown 
that serious s t ab i l i t y  problems may occur if passi- 
ve f i l t e r s  containing capacitor loops of inductor 
cut- sets (structures with non- observable poles a t  
inf ini ty)  are simulated by UTA-C structures w i t h  
a l l  the capacitors grounded. Structures that  avoid 
those problematic effects are proposed for  the 
realization of these f i l t e r s .  

Introduction 

In i t i a l ly ,  considerations about UTA- C structures 
real izing low- pass and band- pass f i l t e r s ,  the most 
usual ones, will be made. Some UTA-C structures 
derived from passive prototypes for  the realization 
of these f i l t e r s  were proposed i n  [1-5]. With ideal 
OTAs and no parasi t ic  elements in the c i r cu i t ,  the 
most. important c r i t e r i a  t o  be used t o  evaluate the 
quality of the realizations are the preservation of 
the sensi t ivi ty  characterist ics of the passive 
prot.otype, and the s ize  (mainly the number of UTAs) 
of the structures.  This i s  just i f ied by two facts :  
f i r s t ,  sensi t ivi t ies  must be kept as low as possi- 
ble because automatic tuning i n  OTA- C structures is 
casy only i n  frequency. It i s  n o t  simple t o  tune 
passive f i l t e r  simulation structures to  correct 
distortions caused by errors i n  capacitance o r  
trwnscouductance r a t io s ,  and the idea i s  t o  rely in 
the low sensi t ivi t ies  t o  t u r n  that  t u n i n  unneces- 
sary. Second, the inain application of OTf-C f i l t e r s  
is i n  mixed analog-digital ICs, where the f i l t e r  
funct,ion i s  onlv a small part of the IC function, 
and it must occupy the smallest possible area and 
consume l i t t l e  power. In [l-31 emphasis was given 
t o  these aspects, and secondly t o  realizations w i t h  
a l l  the capacitors grounded. The on ly  non ideal as- 
pect, examined was the problem w i t h  non- observable 
poles a t  DC i n  band-pass structures 12-31 , that  
turns impractical the realization o band- pass 
f i l t e r s  having f i n i t e  transmission zeros w i t h  a l l  
the capacitors grounded and opt,imal sensi t ivi ty  
preservation. The problem i s  caused by the presence 
of inductor loops or  capacitor cut-sets i n  the 
passive band- pass prototype, that  when simulated i n  
the active realization, lead t o  structures i n  which 
the o u t p u t  offset  current of the OTAs can charge 
continuously a capacitor cut- set  u n t i l  saturation 
is reached. 

When a really practical  f i l t e r  structure , i s  
searched, it must be insensitive t o  parasi t ic  cir- 
cuit  elements and t o  the frequency response of the 
UTAs, and some additional considerations must be 
made. 

The problem with non- observable poles at inf ini ty  

A previously unnoted subtle problem ar ises  when 
a passive low-pass or band-pass f i l t e r  w i t h  f i n i t e  
transmission zeros is  simulated by a structure w i t h  
a l l  the capacitors grounded, and with a one-to-one 
correspondence among capacitors i n  the OTA- C simu- 
lation and reactive elements i n  the passive struc- 
ture .  The passive prototype always present capaci- 
t o r  loops (or inductor cut-sets)  realizing non- 
observable poles a t  infinity that  are broken up i n  
the OTA- C simulation. In the simulations discussed 
i n  [2,3],  these circui t  en t i t i e s  are always trans- 
formed i n t o  capacitor loops, w i t h  the floating 
capacitors simulated by grounded capacitors connec- 
ted t o  the remaining of the loop by UTA structures 
that always present a node wi thout  any capacitance 
t o  ground. Examples are the structures i n  f igs .  2B 
and 2C i n  31, and 4b, 6a and 6b i n  [2] (also 3b, 

element realizing the floating capacitor i s  always 
seen as a grounded inductor, sometimes in an LC 
series tank (as i n  the example below). A small 
parasi t ic  capacitance from that  node to  ground i s  
i n  paral le l  w i t h  this circui t  and i s  equivalent i n  
the passive prototype t o  a small inductor in series 
w i t h  a capacitor loop  (or a small capacitor i n  
paral le l  w i t h  an iiiductor cut- s e t ) .  This  new ele- 
ment eliminates the pole- zero cancellation a t  inf i-  
n i t y  caused by the loop (or cut-set)  and introduces 
a new pole by i t s e l f .  The effect i s  that  a single 
parasi t ic  capacitance introduces two new high- fre- 
quency poles in the f i l t e r .  In the passive proto- 
type it can be observed that a small positive in- 
ductor i n  series w i t h  a capacitor loop (or the 
dual) introduces a pair of complex poles w i t h  very 
high Q i n  high frequency because it resonates w i t h  
very low impedance capacitors that  virtually shoFt- 
c i rcui t  the f i l t e r  terminations and remaining in-  
ductors a t  the resonance frequency. With some 
structures,  it is also possible t o  this parasit ic 
capacitance t o  be equivalent t o  a negative inductor 
(or capacitor) i n  the same situation. The effect i s  
the creation of two poles i n  symmetrical positions 
i n  the real  axis ,  and the result ing f i l t e r  is un- 
stable.  Both situations can also occur i n  most 
other OTA- C simulations of passive f i l t e r s  proposed 

even with f 1 oating capacitors). From t h i s  node, the 
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i n  the l i t e r a tu re  [4-51. 

In the case of parasi t ic  complex poles, w i t h  
ideal OTAs the observed effect  i s  of one or more 
sharp peaks in the high- frequency rejection band, 
accompanied by sharp - 180 degrees phase transi-  
t ions.  When an excess-phase i s  taken into account 
i n  the OTAs transfer function, however, the complex 
high-frequency poles are easily moved t o  the right 
complex half- plane, turning the f i l t e r  unstable. 
The effect  can be observed even i n  discrete  reali-  
zations of these OTA-C f i l t e r s ,  where parasit ic 
capacitances are very small coinpared t o  the f i l t e r  
capacitors. When the f i l t e r s  are tuned t o  h i  her 
frequencies, they begin t o  osci l la te  in high $re- 
quency even when the effects of excess-phase i n  the 
passband are s t i l l  negligible. In integrated ver- 
sions, where parasi t ic  capacitances are only one or  
two magnitude orders lower tha,n the f i l t e r  capaci- 
t o r s ,  t h i s  problem may be much more serious. It 
must be noted that the r a t io  of the resonance fre- 
quency t o  the passband end frequency i s  proport io-  
nal t o  the square root  of the r a t io  between the 
f i l t e r  capacitors and the parasi t ic  capacitances. 
I n  integrated realizations t h i s  r a t io  i s  low,  and 
SO the osci l la t ion frequency is sufficiently low t o  
the problem occur, being n o t  masked or  avoided by 
c i rcui t  losses a t  high frequency, as may happen i n  
discrete  versions. 

The instabi l i ty  caused by real axis pole pairs 
can be detected i n  frequency response simulations 
by a smooth transit ion of -40 dB/decade in the gain 
curve, w i t h o u t  effect i n  the shape of the phase 
curve. 

+ c2 

U i n  

R1,R3 = 1 
C 1  = 1.90941 " 
L2 = 0.90421 
C2 = 0.14536 
C3 = 1.90941 
c p  = 0.01 

Fig. 1 - Normalized OTA-C f i l t e r  simulation for an 
e l l i p t i c  low-pass f i l t e r  ( l e f t )  w i t h  1 dB passband 
ripple from 0 t o  1 rad/s and 40 dB minimum attenua- 
t ion at the stopband. A small parasi t ic  capacitor, 
Cp, is considered connected as shown, being equiva- 
lent t o  the parasi t ic  inductor LCp shown i n  the 
prototype f i l t e r .  I n  this and i n  the other 
drawings, the transconductances are unitary unless 
when otherwise indicated. 

For  example, f i g .  1 shows the realization of a 
normalized 3rd order e l l i p t i c  f i l t e r  using the 
technique proposed i n  [2]. The ideal frequency 
response i s  shown i n  f i g .  2 ,  curve ( a ) .  A sniall 
parasi t ic  capacitor introduced i n  the node without 
capacitance to  ground has the effect in the fre- 
quency response shown i n  curve ( b ) :  hi h q complex 
poles are created a t  high frequency. f -simulation 
(not presented) shows that  w i t h  less  than 0.1 de- 
gree excess-phase i n  the transconductances a t  the 

passband border. the complex poles i n  curve ( b )  are 
moved t o  the right half- plane, instabil izing the 
f i l t e r .  If the polar i t ies  of the two marked OTAs 
are reversed, the ideal response i s  not  changed, 
bu t  now the introduction of the parasi t ic  capacitor 
has the effect  shown i n  curve (e) :  the effect of 
the presence of a pair  of symmetrical real  axis 
poles i n  high frequency can be observed. 

These considerations may t u r n  impractical the 
direct  simulation w i t h  grounded capacitors of any 
passive f i l t e r  presenting capacitor loops o r  induc- 
t o r  cut-sets ,  including the ones w i t h  best sensit i-  
v i t y  preservation [2]. The real  axis symmetrical 
poles can always be avoided by proper ordering of 
OrA polar i t ies  (as i n  [1-3]), b u t  the problem of 
the high-Q complex poles remains. Their effect can 
be minimized by adding losses t o  the f i l t e r ,  or by 
using an adequate compensation i n  the OTAs t o  de- 
crease the Q of the parasi t ic  poles, bu t  this re- 
mains t o  be studied. 

0 

dB 

-80 
01 rad/= 10c 

- -  - - - I  
F i  . 2 - Frequency responses obtained for  the OW-C 
f i f t e r  i n  f i g .  1. (a) With ideal OTAs and no para- 
s i t i c  capacitances. (b) Considering the parasit ic 
capacitor Cp. (e) Reversing the polar i t ies  of the 
marked OTAs. 

Additional problems related t o  parasit ic 
capacitances 

Due t o  the low rat io  between f i l t e r  capacitances 
and parasi t ic  capacitances i n  integrated realiza- 
t ions,  a t  least  two more problems can be identi- 
f ied.  The f i r s t  i s  the formation of parasit ic 
transmission zeros: Differential- i n p u t  OTAS w i t h  
b o t h  inputs floating p u t  a parasit ic capacitance 
between two nodes, that  when returned t o  the equi- 
valent i n  the passive prototype, i n  most cases i s  
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soon t o  be in the riglit place t o  produce a pair  of 
, j w  :\.xis t.ransinission zeros [7,9] . Examples are 
sc>vcr;il structures in [ l - 3  . The r a t io  of the fre- 

also proportional t o  the square root  of the rat jo  
o f  the f i l t e r  capacitors t o  the parasi t ic  capacl- 
Imces,  being low i n  integrated realizations.  This 
prohlrm i s  n o t  very serious, as it cannot unstabi- 
Iize the f i l t e r ,  b u t  the distortion in the f i l t e r  
c1iarac:teristics may be significative.  If the f i l t e r  
hiis transmission zeros and floating capacitors [I , 
ttir effect, of ttie parasit ic capacitances can b e  
mostly ahsorbed by discounting the i r  values from 
t)Iic' c:apacit,ors realizing the zeros. 

The second problem i s  more serious: If the OTA-C 
ure i n s  internal nodes wi thou t  any capacitor 
ted and with resis t ive impedance, a capaci- 
from one of these nodes t o  ground introduces 

;i.nother pole, usually i n  the negative real  axis,  t o  
t.hc f i l t e r  transfer function. The effect  i s  resem- 
hling of the one of a high-frequency pole (or  ex- 
w s s -  phase) i n  an OTA transconductance: the f i l t e r  
poles and zeros are moved t o  the right side.  In 
int,egi-ated f i l t ,ers .  the introduced poles can easily 
I)c 0 1  lower frequency than the equivalent ones 
ii1t.l-oduced by the OTAs, and the effect  of parasi t ic  
(.a,pacitances increasing the Q of the f i l t e r  poles, 

ibly causing instabi l i ty ,  may be more signi- 
1,ive tlian the effect  of the excess-phase of the 

1.i.a.irsc:onduct,aiices. The structures w i t h o u t  noli- ob- 
s ( ~ ~ \ ~ i \ l ) l e  poles presented in [I ,3]  may present t h i s  
prol)leni, as they use resis t ive nodes t o  add cur- 
i ~ i i t ~ s .  This problem can be reduced by the use of 
l o w  impedance levels i n  the resis t ive nodes and by 
t~oc.1iiiiques similar t o  the ones used t o  compelmite 
fo r  t . he  escess- phase of the transconductances. 

IXfect of the frequency response of the OTAs 

OTAs are usually sufficiently simple so that the 
frequency range i n  which they are vir tual ly  ideal 
elements i s  much higher than the useful frequency 
ra.ngc of comparable operational amplifiers, fo r  
rxample. Even so, OTA-C simulations of passive f i l -  
t e r s  are rather sensit ive t o  phase deviations i n  
the transconductances [6] . Simulations shows that a 
I degree deviation i n  phase is sufficient t o  seve- 
i ~ l y  d is tor t  the characterist ics of most f i l t e r s ,  
inoving t o  the riglit side the poles and zeros, and 
t,ii(. prohlrm o n l y  worsts as the order of the f i l t e r  
itnd the  (1 of the poles increase. The effect  can be 
cffwt,ively corrected by predistortion of the pas- 
sivc. prototype, or  even some tuning, b u t  it appears 
t o  be better t o  correct the phase deviation of the 
t,ranscondnctances usin some form of internal com- 
pensation i n  ttie OTAS (i101 o r  external active com- 
pensation [7]. As the error introduced is propor- 
t ional t o  the number of OTAs i n  the c i r cu i t ,  speci- 
a l ly  OTAs forming loops ,  it i s  desirable t o  use 
ci rcui ts  as simple as possible. The effect  of re- 
s i s t i ve  losses in the circui t  is usually opposite 
t o  the effect  of parasi t ic  capacitances and trans- 
conductance excess- phase, being no t  a so serious 

Practical OTA- C f i l t e r s  

quc~ncy of these zeros t o  t 1 ie end of the passband i s  

problelll ['i] . 

From the considerat ions above, some conclusions 
caii be obtained about what structures are the most 

practical  t o  the construction of OTA-C f i l t e r s  by 
the simulation of passive prototypes. 

For low-pass f i l t e r s ,  there are no problems w i t h  
non-observable poles a t  DC, and o n l y  the introduc- 
t i o n  of new h i  h frequency poles by parasi t ic  capa- 
citances shalf be avoided. Capacitor loops or in- 
ductor cut-sets can be simulated, i n  an one capaci- 
tor per element basis,  on1 by capacitor loops.  The 
structures proposed i n  [lr are acceptable. I n  the 
structures that preserve a l l  the passive elements 
i n  [1] , i f  single- i n p u t  OTAs are used, as needed 
fo r  dynamic range equalization, a l l  the important 
parasi t ic  capacitances (OTA inputs and o u t p u t s ,  and 
bottom plate capacitance of floating capacitors) 
can be absorbed by the f i l t e r  capacitors ( i f  they 
are predictable, l inear ,  and no t  too high). Even 
w i t h  differential-  inpu t  OTAS, it can be observed 
that no parasi t ic  capacitance can introduce new 
poles i n  those structures.  For realizations w i t h  
a l l  the capacitors grounded and f i n i t e  transmission 
zeros, the structures wi thout  non- observable poles 
i n  [I] may be an alternative.  I n  those structures,  
several parasi t ic  capacitances cannot be absorbed, 
b u t  they can on ly  introduce new poles a t  the ne a- 
t i ve  real  axis.  The structures suggested in 821 
(see example above) for  f i l t e r s  w i t h  f i n i t e  trans- 
mission zeros, although being the ones that best 
preserve the sensit ivity characterist ics of the 
passive prototype, always present the problem w i t h  
non-observable poles a t  inf ini ty .  May be used on ly  
if parasi t ic  capacitances are small, so the circuit  
losses i n  high-frequency can lower the Q of the 
introduced poles, and an adequate compensation for  
the OTAs frequency response is possible. 

R 1  L 2  C2 

v ; "Tw";  ;o 
- Cl L 1  C3  L 3  R3 - 

I C 2  I L 2  

V i  

T C l  T L 1  T L 3  T c 3  

Fig. 3 - OTA-C simulation for  a passive all-pole 
band-pass f i l t e r .  

For band- pass f i l t e r s ,  non- observable poles a t  
DC and inf ini ty  may cause problems. For f i l t e r s  
w i t h  f i n i t e  transmission zeros, the less problema- 
t i c  structure i s  the structure without non- observa- 
ble poles presented i n  [3 ] .  It  cannot present pro- 
blems of DC saturation o r  high-frequency oscil la- 
t i o n .  I t  has res is t ive nodes, however, and a great 
number of OTAs. The other structures proposed i n  
[Z- 51 for  band- pass f i l t e r s  w i t h  f i n i t e  transmis- 
sion zeros a l l  present problems w i t h  non- observable 
poles a t  D C ,  inf ini ty ,  o r  bo th .  For all-pole appro- 
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ximations, the method presented i n  [3] can be used 
direct ly ,  result ing a structure l ike the one i n  
f i g .  3 ,  that  i s  also equivalent t o  an uiibalanced 
version of the structure proposed i n  [6] fo r  ladder 
simulation. 

OTA- C OA f i l t e rs  

Another solution t o  the problem of parasi t ic  
capacitances, i s  the use of structures based on 
Miller integrators made w i t h  operational amplifiers 
(OA), using the equivalence shown i n  f i g .  4.  

Fig. 4 - Equivalence between an OTA-C integrator 
( l e f t )  and an OTA-C-OA Miller integrator ( r igh t ) .  

A l l  the parasi t ic  capacitances t o  ground are 
then connected t o  vir tual  grounds o r  op .  amp. out- 
p u t s ,  result ing a c i rcui t  very insensitive to  para- 
s i t i c  capacitances. A realization for a 3rd order 
e l l i p t i c  low-pass f i l t e r  i s  shown i n  f i g .  5 .  The 
circui t  is a conventional RC- active signal- f low 
graph realization fo r  t h i s  k i n d  of f i l t e r ,  with 
resis tors  replaced by OTAs. This structure is simi- 
l a r  t o  the one proposed i n  [S I ,  b u t  with f i n i t e  
transmission zeros. The increase i n  complexity i s  
not high, as the operational amplifiers may be very 
simple. It is interesting t o  note tha t ,  as the op. 
amp. inpu t s  are fed by current sources instead of 
res is tors ,  t he i r  input offset  voltages are not in- 
portant. The realization does no t  present problems 
with non- observable poles at inf ini ty  , because the 
capacitor loops of- the passive prototype continue 
to  ex i s t ,  although i n  a modified form. 

c2 . .  

F i f :  5 . - OTA-C-OA simulation for  the 3th order 
e l  i p t i c  low pass f i l t e r  shown i n  f i g .  1 .  

Conclusions 

It was shown that the problem w i t h  parasit ic 
capacitances i n  OTA- C continuous- t ime f i l t e r s  may 
be very serious, specially i n  the simulation of 
passive f i l t e r s  w i t h  f i n i t e  transmission zeros, and 
that attempts t o  par t ia l ly  solve the problem by the 
use of structures w i t h  a l l  the capacitors grounded 
may introduce worse problems. Solutions may be t o  
r e s t r i c t  OTA-C simulations t o  a l l -pole  f i l t e r s ,  the 
use of structures that can absorb a l l  the important 

parasit ic capacitances i n  the f i l t e r  capacitors, 
structures without non-observable poles, o r  the use 
of parasitic- insensitive structures incorporating 
simple operational amplifiers. 
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