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Abstract
By using a more exact integrating amplifier model Soderstrand's technique for the

design of CMOS - active R {ilters
tained extend the

is reinterpreted, The alternative designs ob-
performance of the realized filters through predistortion to

accommedate inexact integration of the asplifiers used,

1, INTRODUCTICN
There has been considerable interest in active fil-
ters for the obvious reason of circuit ninituriza-
tion since the advent of solid-state devices £6,71.
And due to the relative ease of construction through
the technology of MOS integrated cirecuits, active
filters using the CM(S transistor palr have also
attracted some attention in recent times, In fact
Soderstrand has shown a fascinating and potentially
very useful means of realizing active filters in-
corporating only resistors, CM®S devices, and bias
sources [1, 2], In doing this he approximates ihe
CHIS pair voltage - gain by that of an integrator,
Thus, although valid in a certain tand of frequen=
cles, the designed and actual performances do de-
viate,
Here using a previous technique of frequency vari-
able transformation {3], the method of Sederstrand
is extended to all frequencies for which a first
order transfer function with a nonzero pole ade-
quately describes the anplifier performance. That
is, this paper deals with a mors comprehensive
approach to the design of CMCGC - resistor building
blocks which can be used for the construction of
filter transfer functions, At the end an exanple
is given for the design of a voltage transfer func-
tion which illustrates the improvement in eirecuit
performance that can be obtalned by using the de-~
sign method of this paper,

2, IMFROVED CMOS-R FILTER REALIZATION
The small signal voltage gain of the unloaded CMOG
transistor pair of Fig, 1{a) has been shown to be
given by [1,2]

v
E-(s) = Als) = GB/(s+a) (1a)
1
where
aw 2nf‘c » (radian) cut-off frequency {1a,}
=GB = A(0)a = Gain-btandwidth product (1a,)
s = o+jw = true complex frequency (laj)

In this the cut-off frequency « is dependent upon
the bias voltage V¥, of Fig, 1(a), as is GB, both
increasing with ¥, Given such a CHOS pair, the para-
meters GB and o are readily determined experimenta~
1y, o being given by the 3db radian frequency and
GB being the Odb radian frequency intercept, Also
shown in Fig, 1(b} is Sederstrand's unity gain amp-
lifier, which is simply the amplifier of Fig, 1{a)
operated with blas voltage V large enough o move
the cut-off frequency « above the range of interest
(practically for experimentation V = 7,5v ig used)
and loaded in a conductance 3 to give unity gain,
A(0) = -1,
In bis studies Soderstrand [1] approximates the
CHS palr gain by

A{s) ~ -CB/s (1b)
consequently introducing this approximation inte
the design, However, this approximation can be
completely avoided, while still making use of all
other of Sederstrand's results, by transforming to
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a new variatle

p=ata (2)
for which the unloaded CHOS amplifier gain more
exactly becones

A(s) = A(p) = GB/p (3)
In this, the p-plane is a shiféed s-plane and
"real” frequencies smjw show up as p=~rtjw, that is,
translated o unita to ths left,
Now given a voltage tranafer function

v b+ s + host
_VQ(B) - T(a) ._Ql__is.z (4)
i a°+¢ls+aze

which is desired to be realiged in the true fre-
quency s, we can predistort by shifting the criti-
cal frequencies o units to the right, placing con-
slderations in the p-plane, and then iransforming
tack to the true frequency s-plane via (2), Thus

1(s) = 2( y  Cgetan By 2enlorne”
T e Wny e,
8yt -on, LA, ~20a, Jpta,p
2
+hp+h
-&._.:El_p.__-..gf— (5};,)

a,ta;pt gzpz
Bocause the amplifier gain in p, A(p) = -GB/p,
agrees in form with the amplifier gain, Als) ~
~GB/s, used by Soderstrand, (b} can bte synthesized
4in the p-plane by Soderatrand's circuits, For ex-
ample, Fig, 2 shows the configuration in the case
that b, = 0, Soderstrand’s formulas, and analysis

i
of the clircuit give

a - (GleGliz)/Rj (6a)
8 = o8 /R, (1)
a, = (1/R)) + (1/R;) + (1/n3) (6c)
3, - (calxcazfnl)x(a?/[nuﬂ.?]) (6d4)
By = (OB /R )x(R, /R yeR, ] (6e)
3, = (/8 (R /LRgHR,]) (61)

R... would usually be chosen to be much less than Rl&'
Rj and Rt’:' A numerical design using this technique
is carried out in the next section,

It is of course of interest to know the error
caused by the apmroximation of (1b), that is A(s)
-GB/s, Thus, let us assume that we use A(s)s—GB/s
in synthesizing the desired voltage transfer func-
tion T{s), (&), Consequently, we are assuming in
the synthesis om0 in which case synthesis occurs

from (5) with 2,8, b;=b,. Then use of real ampli-
fiers having A{s) = GB/{s+a}, all with identical
cut-off frequencies o, will shift the critical fre-
quencies o units to the laft giving the actually
realized transfer function, Trenl(s)' as Erepla.ca
o by - in (5a)]
(oot Wb +20, Juerb,a®

Co oo, Py ooy o
Comparison of the desivad T(s), (4), with the one
actually realized bty Soderstrand, T , al(s) of (7},
exhibits the error introduced hy the approximation
s~ g+ o, Numerically, this 18 carried out in the
design of the next section,

3., EXAMFIE
Experimental measurement, and 2 check by the SPICE
routine, gives for the unloaded RCA type CA3600E
CMOS palr biased at V = 2,5v

T ea1t®) = (7)

GB = 25.43x106ra.d/sec (&)

£, - 1.1x10%z, o = anf_ (8b)
while at ¥ = 7,5v

l/gn - 162n (8c)

Let it be desired to synthesize a tandpass filter
with denominator specified by Q and w, - Zﬁfo. Thus,
we desire, using (5},

T(s) = (wos)/[mi + (mO/Q)s + 32]
~(2m)?(z 2. ) + (2nr )p
(em) L e2+£2-(5 £ fQH(2m)[ (£ O/Q)Eafc]p
+p (9b)
For Q = 2? (maximally flat denominator), f =2MHz,
and the above amplifier, (9a) becomes

(%a)

=T(p) =

T(s} =

‘+ﬂx1065 (10)
1(2n) 251024 2nx30%s+s2
and from {9b) we obtain
-(2,2) (2n)%x10 2 +timx10%p
(2m) 204+ (1.2) 2= 13(2., 2) Tx20™%+ (4m) (B1,1) x

105 (1)
Since b, in the expression for T(p) is zero, for
this example H6 in Fig, 2 is infinite, that is,
only Rb, and R_ are connected to the summer, Applyw
ing (6a) « (6F) we determine the values of the
resistances as
Ry = L.b, Ry = 6.4, Ry = 7.8

Rl;/a? = 5.3, ":/H? = 1.4

T(p) =

(12a)

(12b)
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which on impedance scaling by multiplying by 10°
give values in kilchnms,
Using Soderstrand's approximation

__jZ,Z)(2n)2x1012+hnx106s

(2m2[0(1.1)% 2(2,2) 10 24 () (F34
&

TreaI(a =

1.1)x10%+s% (13)

Figure 3 shows the magnitude~-frequency responses of
both the desired transfer function T(s), realized

by the method of this paper, and the transfer func-
tion Treal(S}' realized by Soderstrand's method, As
can be seen, the curves agree from MMz up, But
below 5MMz the curves differ considerably showing
that the assumption of an ideal integrator intro-
duces large distortion in ranges below about s,

4, DISCUSSION

By making use of a more exact model for a CMOS
integrating amplifisr, we have shown how Soderstr-
and's technique for the design of CMOS active-R
filters can be improved upon. Within frequency
ranges which may be of interest, the resulting
design pgives a better performance in terms of its
actual frequency response as Fig, 3 shows,

It is of interest to note that for a given transfer
function to be realized, (52) indicates the condi-
tion under which one or mere of the coefficients of
the denominator of ihe transformed iransfer func-
tlon will be positive and hence realizable by a
stable predistorted circuit. This meana that to
ensure stability of the designed network, an inte-
grating amplifier with appropriate cut-off frequen-~
¢y nust be used, Compatible cut-off frequencies may
be sought by varying the bias voltage, Of course the
limit of this voltage "tuning” sets the limit for
the practical applicability of the CMOS inteprating
amplifier in such a design,
The cireuit configuration given for the second
degree filter realization, Fig, 2, is for the case
where the bi of the transformed transfer function
(5b) are positive, If the b, are less than zero, the
¢ireuit changes only through the addition of a unity
gain amplifier, Fig, 1(b), where appropriate, to
provide for the negative sign,

If it Is decired to realize a higher degree trans-

fer function, the transfer function can bte factored
into degree two, or one, portions, the realizations

of which can be put in cascade, Alternatively, any

set of state - variable equations can be realized hy

working in the p-plane with the circuit of Fig, 1

() acting as a p-plane integrator, In the genaral

rtate - variable realization case one does need to

watch the practical resistive loading effect of the
sumpers, but with large resistors possibly obtained
by impedance scaling this 1s not of real concern
for the casecade structures, Of course degree one
functions are readily handled separately, though
for theoretical purposes they are Just special cases
of degree two functions with some zero coefficients,
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T Figure 1, Basic CMCS Active-R Building Blocks
%a; Inverting integrator - circuit and symbol
b} Inverting unity gain amplifier - gircult
-V -75v and symbol

ll Il

Vi ‘ : Va Ve Yo

(a) (b)

Figure 2, Second Degree Filter
Realization Using CMCS
Transistor Pair
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Figure 3, Magnitude-Frequency Response of Both the Uesired Transfer Function T(s)
and Soderstrand - Realized Transfer Function Treal(r’)' vhaded region

indicates area of invalidity of ecurves due to unity gain amplifier also
tecoming an integrator,
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