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Design theory behind the development of discrete frequency

rejection circuits

by Yishay Nezer, B.Sc.

We often need to separate a wanted signal from periodic interference.
for example, when a whistle or a power-
simple cases a filter which has zero tran
transmission at all other frequencies

or high-pass filter, an almost ideal notch
moreover it can be voltage tuned or ev

The major class of notch filters, both
passive and active, is of the second
order and has the following transfer
function:

G(s) =‘ij+ ”,’02,,7
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where w,is the rejection frequency and
Qo is the figure of merit of the filter,
which is given by Q,= -(X((L where A is
the rejection bandwidth defined by the
3dB attenuation points. Some typical
frequency response curves are plotted
in Fig. 1 with Q, as the fixed parameter.

Many passive notch networks are
known. This article will deal mainly
with RC networks, since the use of coils
is inconvenient, particularly at low
frequencies. The best-known RC notch’
network is the symmetric twin-tee
illustrated in Fig. 2(a), for this network
wo=1/RC and Q,=1/4. The function is,
of course, realized only if the network is
fed by a voltage source and subjected to
an infinite load.

Another well-known notch network
is the Wien bridge. This network is
characterized by w,=1/RC and
Qo=1/3. The left side of the bridge
shown in Fig. 2(b) is composed of equal
resistors and capacitors and, in order to
obtain an infinite null, the other two
resistors must satisfy the relationship
r;=2r, The notch response, however,
can be achieved even if the correspond-
ing components in the reactive side of
the bridge are not equal. The rejec-
tion frequency will then be
we=1/RR,C/C, but the ratio r/r,
will no longer equal two. An important
special case occurs when R;=2R, and
C,=C,/2; we then have r,=r,.

Fig. 1. Normalized phase and-
magnitude response curves of a noich
filter for several values of Q,.

This may happen,

line hum is disturbing a radio programme. In
smission at one discrete frequency and unity
is sufficient. In contrast to a practical low-pass
filter can be realized with only one section;
en automatically track the interference.
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A drawback of the above two
networks is that in order to vary the
centre frequency and still maintain the
infinite null, two or three closely
matching ganged . variable components
must be used. Several RC bridge
networks are known in which a single’
component is sufficient to control the
rejection frequency. However, their
practical significance is limited because
the frequency response becomes sever-
ely asymmetric as the rejection fre-
quency is varied.

A more acceptable variable network
was proposed by Halll. It is shown in
Fig. 2(c). This network can be tuned by
means of a single potentiometer and the
tuning law is we=1/RCy/a(l Za) which
in theory spans the whole frequency
range. In practice the tuning range is
quite limited due to the extreme non-
linear dependence of w,ona. However,
this network has unity gain on both
sides of the nuil frequency, irrespective
of the tuning.

However, unlike the twin-tee and the
Wien bridge it is asymmetric on a
logarithmic frequency scale. This fol-
lows from the fact that the transfer
function of this network is not given by
expression (1) but contains an addi-
tional real pole and real zero.

A similar potentiometer tuned null
network based on the twin-tee was
proposed by Andreyev?.

All the networks discussed so far are

characterized by low selectivity. In
fact®, no passive RC notch network,
however complex, is capable of achiev-
ing Q, higher than 0.9. If the notch filter
must be passive, a relatively high Q,
may be achieved by. including an
inductance as in the bridged-tee
network shown in Fig. 3. In order to

achieve a complete null this network
must satisfy the two conditions:

wg2=C,+ C,/LC,C, and
wf=1/rRC,C, (2)

The figure of merit will then be
Qo=2 wel/r, ie. proportional to the
quality factor of the coil.

Active notch filters

As has been mentioned above, passive
RC notch filters suffer from a low
selectivity. A theoretically unlimited
selectivity can be obtained by the use of
active notch filters, These can be built
by various active realizations of the

: transfer function given by expression

(1). Simple active circuits are based on
passive null networks in which the

‘selectivity is raised by means of nega-

tive feedback.

One such scheme is shown in Fig. 4
and the effect of feedback can be
explained as follows: When the feed-
back loop is open the network is simply
a passive null network with a passband
gain of A, represented by curve (a) in
Fig. 5. When the feedback loop is closed,
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the network tends to maintain a voltage
gain of Ay (1+ Ap). However, it fails to
do so where the forward gain is low, i.e.
in the vicinity of ®, As a result, the
response curve is compressed as shown
in curve (b) and the rejection band is
narrower. As an additional benefit, the
active filter can now be cascaded
without being subjected to loading.

The calculated transfer function of .

the active notch filter is:
Ag s+w 2
1+ A, s2+urs/(1+AdQu+0

G(s)= @)

A different realization is shown in Fig,
8 which relies on a single, less-than-un-
ity gain amplifier. It can be seen that
there are two feedback paths in the
configuration, a positive unity-gain
feedback which renders the effective
gain of the amplifier equal to K/(1-K)
instead of K, and a negative feedback
which subtracts the output voltage
from the input. If K/(1-K)=A,, this
method is equivalent to the former and
the transfer function is:

_ §é+w 02 )
G =0 SU—K)/ Qo+ ”

@

in which the selectivity is multiplied by
1/(1-K).

Practical circuits
The simplest amplifier for the above
method is the emitter follower., How-

Vin O=——te
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selectivity of which depends on the Q
factor of the coil.

Fig. 3. Bridge-tee RCL null netwark, the

Fig. 2. Three RC null networks: (a) the symmetric twin-tee, (b) the Wien bridge, (c)a potentiometer-tuned network:

il

Fig. 4. Basicactive configuration for
enhancing the selectivity of passive
notch filters.
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Fig. 5. Frequency characteristics of the
network in Fig. 4 (a) open loop, (b)
closed loop.
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Fig. 6. Practical configuration for
enhancing the selectivity of a passive
notch network with q single voltage
amplifier having a gain of less than
unity.

Vin

Fig. 8 (a) Wien bridge converted to q i"
three-terminal network; (b) 50Hz active
notch filter; (¢) variable rejection
frequency and bandwidth Wien-bridge
active notch filter,

1406w

'Fig. 9. Wider rejection bandwidth is
attained by cascading two notch filters.
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Fig. 7. Simple potentiometer-tuned
active notch filter based on the
network in Fig. 2(c). Tuning range
200X 10Hz; rejection bandwidth
10Hz (34B).
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Fig. 10. Asymmetry in the frequency
response curve of high Q notch filter as
a result of excessive phase shift in the
amplifier.
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ever, it is not very suitable because in -
order to prevent the null network from
being loaded by the relatively low-input
impedance, the resistors must be relati-

-vely low and the capacitors must be

correspondingly large.

It is obviously possible to replace the
transistor by an f.e.t. and use smaller
capacitors, but the increase in the
selectivity would' be limited due to the
smaller gain usually associated with the
f.e.t. The bootstrapped source follower
benefits from high-input impedance and
also a gain closer to unity and is shown
in Fig. 7 together with the network of
Fig. 2(c).

The networks discussed above have
ideally an infinite attenuation at the
notch frequency. Practically, the atten-
tion is limited by the tolerances of the
components and is typically 40dB for 1%
tolerance. This figure may be exceeded
by trimming and is ultimately limited by
stray capacitance.

The Wien bridge is attractive owing
to its simplicity. However, it is not a
three-terminal network, and cannot be
activated directly.

The circuit in Fig. 8(a) is a Wien

bridge built around an operational
amplifier. In spite of being active, the
factor of merit is only % instead of ' in
the passive bridge (it does not belon gto
either of the schemes shown in Figs, 4
and B) yet, being a three-terminal
network, its selectivity can be improved
as shown in Fig. 6. Since the output
impedance is already zero an additional
buffer amplifier is unnecessary, so that
we only have to decrease the gain to
below unity by a voltage divider and
close the feedback loop at r;. The
network Fig. 8(b) then contains an
equivalent amplifier whose gain and
output impedance are;
K=R,/(R;+R,) and R, ||R, respective-
ly. Accordingly, the latter value must be
subtracted from r, or must be much
Alternatively the voltage
divider can be buffered as in Fig. 8(c).

If we use V, as the output of the filter
insteadof V', an advantage results with
respect to the network of Fig. 6, in that
the passband gain is unity instead of K.
However, as the internal amplifier’s
gain is K=R,/R;xR, the factor of
merit will be

Q=Qy/(1-K)=(1+R,/R,)/2 (5)

and the rejection bandwidth can be
varied by means of either R, or R, The
null frequency can be varied, for exam-
ple, by R, and the notch depth can then
be adjusted by means of r,.

If it is desired to vary the rejection
frequency over a wide range, it is best to
vary simultaneously resistors R jandR,.
If the tracking is good, the null will be
maintained throughout the tuning
range without further adjustments.

High Q notch filters

At a frequency w =g ok* €) close to
the resonant frequency, that s
€ < 1/2Q, the response of a notch
filter can be approximated by two




310

SRR ARk e

Wireless World, July 1975

ra
ANV
rq
Vin R e o)
+
Ct
L
R
z (a)

Fig. 12. Programmed state variable

high-pass outputs at the same time.

filter provides low-pass, band-pass and
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Fig. 11. (@) An active RCL notch filter;
(b) a potentiometer-controlled
simulated grounded coil.
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straight lines with slopes +2Q, and the
filter can be used as a frequency discri-
minator. If Q is large, very small fre-
quency deviations can be observed. On
the other hand, if a high Q notch filter is
used to reject a power-line hum, for
example, a slight deviation of the fre-
quency from its nominal value will
suffice to render the attenuation exces-
sively low. In this case a filter with an
infinite attenuation over a band of
frequencies would be desirable. How-
ever, such a filter cannot be realized. It
is then possible either to lower the Q of
the filter or to stagger-tune two or more
filters in cascade and obtain a frequency
response as in Fig. 9. A more elaborate
solution is to use an'interference track-
ing notch filter as suggested in the last
paragraph. 1

When dealing with high Q notch
filters, the increasing sensitivity of the
notch symmetry and depth to the toler-
ance of the passive components
becomes a serious problem. A practical
solution is to use stable capacitors and
trim resistors for the required notch
frequency and depth. It has been seen
that the most suitable network from
this standpoint is the Wien bridge, but
for ultimate stability the state variable
filter (see below) is required owing to its
extreme stability.

Another problem in realizing high Q
notch filters is the roll-off in the open
loop gain of operational amplifiers at
high frequencies. It is found that there is
a limitation on the maximum possible Q
which is inversely proportional to the
rejection frequency. This limitation
may cause asymmetric frequency

response (Fig. 10), even if the values of
the passive components are accurate.
With the increase in Q, the size of the
“the hump” increases to the appearance
of oscillations. If the notch frequency is
preset this can be rectified by adding an
RC phase leading section at the input of
the amplifier of Fig. 6 and experimen-
tally adjusting the time. constant. If the
notch frequency must be variable, the
only remedy is to use a wide bandwidth
amplifier. However, at fairly high fre-
quencies high Q inductors are available,
and a passive filter such as the one in
Fig. 3 may be preferable.

Simulated inductance

The circuit of Fig. 11(a) is an active
bridge similar to that shown in Firg. 8(a),
but has a series resonant circuit in one
of its arms. If R,;/R,=r,/r;, the circuit
will behave as a notch filter whose
rejection frequency and factor of merit
are

wo=14/LC and Q,=w(L/R; (6)

In order to avoid using an inductance,
the series connection of R, and L can be
replaced by the circuit of Fig. 11(b)*
which is equivalent to a coil 'whose
value is L=C,R,a(l1~a) in series with a
resistor R, The resulting notch filter
has a rejection frequency and factor of
merit given by:

wo=1y/C,C;R,a(1-o)
and Q,=a(1-a) vT,/C; O

respectively; the tuning law is thus
exactly the same as that of Fig. 2(c).

This network can also be tuned by
means of C,, which may consist of a
small trimming capacitor if the simu-
lated inductance is made appropriately

- large. :

State variable filters
A unique active notch filter may be
realized by the so-called state vdriable
method5. This method is based on a
multiple feedback network containing
integrators and adders. In spite of the
rather large number of operational
amplifiers, the number of capacitors
needed for the realization of any
arbitrary transfer function is minimal.
The basic building block shown in
Fig. 12 simultaneously provides three
transfer functions of the second order;
these are high-pass, band-pass and
low-pass function, given by:

Vs)=Ks¥ 8+ (wyQps+w?) (8

-1
— 8
T

Vys)=K
2 0 2
s°+-—s+W,
Qq
woz
[43]
24 Us+ w2
0

Vi(s)=K

The resonant frequency «, is
determined by the time constants
T T2 oOf the integrators, and is
given by w,=1/¢yT;7 The factor
of merit is Q,=1/Ky7T,7, where

K=1/(1+R¢/2Ry).

This configuration does not provide
complex zeroes and in order to obtain
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the symmetric notch response given by
expression (1) we must sum the high-
pass and low-pass ouiputs. The filter
obtained contains four operational
amplifiers but has the following char-
dacteristics: if 7, varies, the rejection
frequency is varied while the bandwidth
A v = 04/Q, remains unchanged; if 7,
and rzvary simultaneously therejection
frequency varies linearly while the
factor of merit Q; remains unchanged; if
K is varied with the aid of the resistor
Rq, the rejection frequency remains
unchanged and the rejection bandwidth
and gain alone will change; the network
is quite insensitive both to the values of
the passive components and to the gain
of the amplifier. Its stability approaches
that of passive filters.

The transfer function of a convena
tional integrator is; G(s)=1/ 7s= 1/RCs
and the variation of T can be obtained
by varying R or C. If we connect an
amptifier with a gain K in series with the
integrator, the transfer function
changes to G(s)=K/ Ts; ie., T is
decreased without altering R or C. If an
analogue multiplier is substituted for

- the amplifier, an integrator is obtained,
in which the time constant 7 is depen-
dent on a control voltage. A notch filter
with a constant Q and rejection fre-
quency directly proportional to the
control voltage can thus be built from
two such integrators.

- It has already been mentioned that
the maximum Q factor which can be
obtained in an active filter realization is
limited — for a given resonant frequency
— by the bandwidth of the operational
amplifier. The state variable method is
no exception to this rule. Design
considerations resulting from these
limitations were discussed by Thomas®.

Bandpass filter synthesis
A common disadvantage which is
probably shared by all accepted active
bandpass realizations is that the band-
width is inversely proportional to the
midband gain; in other words- an
increase of Q is accompaniea by a
proportional rise in gain, which is often
undesirable.

A different realization of bandpass
filter is given in Fig. 13(a) based on the
equation:

A(l— _SZiwg:?_) =A _(‘i(M)L
sZ+ Qi’s+<:)02 s2+%9s+0)02
®

which results in a bandpass transfer
function whose midband gain is inde-
pendent of Q. The configuration oper-
ates as follows: at frequencies which are
remote from @, the notch filter trans-
mission is unity, and the input to the
differential amplifier is zero. At fre-—
quency o, the notch filter transmission
is zero and the input to the amplifier is
unity. As equation (9) shows, the
resulting bandpass filter has the same Q
as the notch filter. Now it is easy to
realize notch filters in which the

Vin + Vo
A
active _

notch filter

»L; (a)

Q<

voltage
controlled
band-pass
filter

[ 3

phase
detector
Fig. 13. (a) Realization of constant
variable-bandpass filter through the
use of notch filter; (b) tracking natch
filter, for rejecting a drifting
interference.

selectivity is controlled by a single
resistor, such as the one shown in Fig, 8.
If such a filter is incorporatéd, a
constant-gain variable bandpass filter is
obtained.

Interference-tracking notch filter
It has been previously mentioned that a
sufficiently narrow-band notch filter
may not be effective in rejecting
interference which drifts in frequency.
Such interference could in principle be
tracked by a phase-locked loop, and the
output of the loop, which is proportion-
al to the frequency, then applied to a
voltage-controlled notch filter. A draw-
back of such a method is that it is an
open-loop system and any residual
interference at the output due to
imperfect tracking is not corrected for.
In contrast to the phase-locked loop,
which is a signal-tracking oscillator, a
signal-tracking band-pass filter can be
easily built”. 1t is similar to the phase-
locked loop and consists of a voltage-
controlled band-pass filter, a phase
detector and a low-pass filter. The
closed loop then centres the band-pass
filter on the signal by maintaining an
(ideally) zero phase shift between the
interference and the output of the filter.
This bandpass filter can be converted to
a signal-tracking notch filter as shown
in Fig. 13(b), in which the filtered
interference is subtracted from the
original input. However, unlike con-
ventional notch filters, the input to this
filter must contain a minimum of
interference for locking to occur.,
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Dictionary of Data Processing by Jeff
Maynard is designed mainly as a source of
reference for those interested in, or using
computers and data processing equipment,
Over 4000 terms are defined, as well as
acronyms and abbreviations, in alphabetical
order. The final section of the book lists
British and American standards relating to
data processing. Price £3.90. Pp.269. Butter-
worth & Co. Ltd, Borough Green, Sevenoaks,
Kent TN15 8PH,

Energy and Humanity edited by M. W.
Thring and R. J. Crookes. as a former US
Secretary of Commerce has pointed out, a
finite. world with finite energy resources
cannot support an exponential growth rate.
This book presents the problem as it exists
now, with a view to what might be the
situation at the turn of the century. An
attempt has been made to cover the existing
sources of energy along with their associated
problems and to assess what might become
available in the future. Much of the material
has been drawn from an international
conference on energy and humanity, held by
the SSRS in September 1972. Price £5.50.
Pp.195. Peter Peregrinus Ltd, P.O. Box 8,
Southgate House, Stevenage, Herts SGI
1HQ.
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books range cover discontinued thyristors,
ms.i.-lsi. memories, diodes, linear ic.s,,
microwave tubes, digital integrated circuits,
and thyristors. As usual these hooks provide
information on components from most of the
producers in the world. Qutline diagrams are
provided together with pin configurations,
and an index of manufacturers is also
incorporated making these volumes an
invaluable source of information. London
Information Ltd, Index House, Ascot, Berks
SL5 7EU.

The International VHF-FM Guide by Julian
Baldwin and Kris Partridge. This booklet is a
useful source of information for the radio
amateur who wishes to opgrate through the
VHF repeater networks both at home and
abroad. Price 25p + 5p postage and packing.
Pp. 38. J. E. C. Baldwin, 50 Aldbourne Road,
Burnham, Slough, SL1 7NJ.



