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SOME SIMPLE ACTIVE FILTERS FOR LOW FREQUENCIES

by G.KLEIN *) and J. J. ZAALBERG van ZELST *).

The growing interest shown during recent ye
quencies has led to a demand for special low-fre
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ars in electrical measurements at very low fre-
queney filters. Coils. which ure commonly used

in filters for higher frequencies. huve certain disadvantages at low frequencies. In this article the

authors deseribe some eivenits in which the use of eotls fs avoided.

Introduction

In radio engineering and in other branches of

electrotechnology it is the practice Lo give circuits
specilied 1'1’equcnc}-‘-dt‘p(&ﬂ.derlt characteristics by
using capacitors and coils. Theze two circuit ele-
ments have pmperl.ics that are to a certain exlent
opposed Lo onc another. When an alternating volt-
age is applicd, the current flowing in a capacitor
leads the voltage in phase, whereas in a coil the
current lags in phase. Again, in a capacitor the re-
actance decreases with rising frequency, whereas
in a coil it increases,

Among Lhe passive electric networks composed of
combinations of capacitors and coils, the electric
{ilters, which are used for separating signals with
certain frequencies from signals with other frequen-
¢ies, form an important subgroup. For this purpose
the use ol capacitors and coils is not strictly neces-
sary. A filter can be buailt using only one ol these
clements in combination with resistors. By combin-
ing coils and capacitors, however, it is easy to pro-
duce a much sharper separation between wanted and
unwanted signals.

One of the simplest and most familiar passive filter
networks is the parallel resonant circuit (here re-
ferred to as an LC circuit) which can be considered
as formed (rom the parallel arrangement of a capac-
itor, a coil (both loss-frec) and a resistor (see fig. 1),
In such a circuit the modulus of the impedance is

maximum at the resonant frequency
ny = llL(' o e s e e ow LY

For any given value @ of the frequency, the imped-

ance can be written in the form:
R
1+ jpQ°

where (3 is an abbreviated notation for o/w, — g €rhe

Z(e) ... (2)

—_—

*) Philips Research Laboratories, Eindhoven.

If |o» — o] is small compared with e, we can writs

f# in the form:
2(r — o)

my

3 =

In this case, then, § is twice the “relative detuning”
In equation (2) ( is the figure of merit, here giver
by:

R
0= — = olR. Joaowoo (3
!'.’)0 4
The modulus of the impedance Z, plotted a= -
function ol frequency, has the form of the familizs
resonance curve (fig. 1). The curve is narrower. 1.€
the LC circuit more selective, the higher the valus
of . The difference between the two frequencies at
which |Z]is a factor of | 2 smaller than the maximun
value is normally referred Lo as the bandwidth.
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Fig. 1. Left: resonant circuit consisting of a coil, an inductans
a eapacitance and a resistance in parallel LC eireuit. Righa
[requeney characteristic (resonance curve) for two LO cirens
The resonant frequency is ey, The network to which eurve o =
lates has a higher figure of merit (.

Filters for very low frequencies

In recent years a growing inlerest has been show=
in electrical measurements at very low frequencies
In the fields of physics and chemistry, for instanc=.
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measurements are frequently sarried out with inter-
mittent light; examples are measurements of photo-
conductivity and of light adzorption in liquids and
crystals. The periodic interruption of the light makes
it possible to use AC amplifiers for this purpose,
which are easier to build and to operale than DC
ampliliers. Measurements at very low frequencies
are also important in various electro-medical appli-
cations, partif:ulu.rl_\-' in cardiography, encephalo-
gmphy and myograph}-’.

In some of these cases, filters are required which
reduce interference to the minimum at the low fre-
(uencies involved. Sometimes, too, filters are need-
ed for separating signals of different very low fre-
quencies. This is notably the case in encephalo-
r_gruph y, where it is occasionally necessary to perform
a harmonic analysis of the cerebral voltages, the pres-
ence or absence of voltages of certain frequencies
having a bearing on the diagnosis of epilepsy. To
give some idea ol the resolving power 1'(:quircd in
such a case, it may be mentioned that filters are
sometimes needed which have a bandwidth of 1 ¢/s
at a cenlre [requency of some lens of eveles per

second.

To build filters for lower frequencies it 1s necessary,
as can be deduced from eq. (1), to use capacitors of
higher capacitance and/or coils of higher inductance.
As regards the capacitors, this does not as a rale pre-
sent 'm:_-‘.uperah]e difficulties; the capacitance ol a
capacitor contained in a given volume can be in-
creased by enlarging the surface area of the plates
and by making the diclectrie thinner. The construe-
tion of coils having a very high inductance involves
considerable, and often intractable problems. Coils
of this kind always contain a core, which may con-
gist of iron alloy lamellac or of ferroxcube. This
and

heavy, as also does the larger number of turns re-

makes high-inductance coils relatively bulky

quired to produce a higher inductance.
Apart from the drawbacks of large bulk and/or
weight, there are qarious olher disadvantages at-

tached to the use of high-inductance coils. Az a rule

they are expensive, because of the large amount ol

material used, and it takes much more time to pro-
duce them. Such a coil, once made, is not very
“fexible”, that is to say its properties are difficult
to modify. In mosL cases, indeed, it is not practi-
cable to change the inductance value. This, together
with the unavoidable variation during manu facture,
can make it difficult to produce a coil with an accu-
rately specified inductance. Another drawback is that
the properties of coils of this kind tend to vary more
markedly with temperature than those of most
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other cirenit elements. Finally, problems can also
arise from the necessity of screening the coils against
stray magnetic ficlds. At low frequencies ferromag-
netie cans have to be used for this purpoze, possibly
combined with one or more cans made of a material
possessing good clectrical conductivity. This again
puts up the weight and the price.

The above-mentioned objections Lo the use of
large coils have resulted in the development of cir-
cuits which contain no coils, but have the same prop-
erties as circuits that do. A (amiliar example is the
feedback amplifier incorporating in the feedback
loop a twin-T filter composed of capacitors and re-
sistors 1). The characteristics of a network of this
kind correspond to those ol an I.C circuil. Alignment,
however, iz somewhat laborious, particularly where
several amplifiers tuned to different frequencies are
to be connected in cascade.

The object of this article is to draw altenlion to a
type of flier with which the same or even hetter re-
sults can often be achieved, and which is simpler to
align than the above-mentioned feedback amplifier.
This Lype of filter has in fact long been known: here.
however, after giving a briel outline of its prinvip] es,
we shall consider some of the less familiar aspects.
In particular it will be shown that various measures
can he taken to achieve considerable precision with
filters of this Lype and some lesser known applica-

tions will be touched upon 2).

Prineiple of the cirenit

Our starting point is a resistance-coupled ampli-

fier stage, as represented by the diagram in fig. 2.

i

Fig. 2. Amplilying stage with resistance coupling.

—_—

1y A filter of this Kind is described by G. Klein and J.J. Zaal-
berg van Zelst in: A low-frequency oscillator with very low
distortion under non-linear loading, Philips tech. Rev.
25, 22-30, 1963/64 (No. 1), p. 27.

A special application is deseribed by K. Teer, Audibility of
phase errors. Philips tech. Rev. 25, 176-178. 1963/64
(No. 6/7).
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Connected in parallel with the resistor R, in the
anode circuit of the triode B, is a capacitor €, and

the outpul voltage Vg-z 3) of the anode is taken off

via a capacitance-rezistance coupling Ci-R,. Tt can
readily be shown that the relation between the
anode alternating current iy, of B and the voltage
Viy s

Vs

(=]

i 1+ jo(R,C

~—jemR R, Cy
- R,Cx + R,Cx) — *R,R,C,Cx
(1)
The same relation between Vy, and iy, would
have been found if we had incorporated in the anode
network of B; an LC circuit consisting of a parallel
arrangement of a resistance R’, an inductance L’

and a capacitance C’ (see fig. 3). These three elements

R %L'
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Fig. 3. With appropriate values of L. €" and R’ this cireuit iz
equivalent to lig. 2. The fignre of meril is in that case very
low.
would then have to have the [ollowing magnitudes:
R R R,Cx
: =T AR P
R,C, + R Cx + R,Cy
L'=RRCx, .. ... (6
T T

The resonant freq‘ucncy of this equivalent circuit

()

would thus be:
1 1

(&) = PO 8
“TVLC VRR,CG @

and the figure ol merit:
R VR.R,C,Cx

Q=r—mn= " > ¢
w1 RC, + R Cx | RCx

(9)

The quotient of V, 2 and 7., can then be wrilten in
the form:

) The notation ¥y, is used here beeause later in the article
this voltage will be applied Lo the grid of another valve (see
e.g. fig, 1),
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P R

_'rI = — . (1!-l|
Lay 1+ jpo
If the resistance Ry, in the cathode lead of B, is
large compared with the reciprocal of the transcon-
ductance, and if, moreover, the amplification factor
of B, is very high, then iy, = Vyy/Riy, and eq. (10)
becomes:
R .
Vo= ———— Vg . . (11
= R(1 1 jpo) T
This analogy with LC circuits is also found with
normal amplifying stages. As a rule € is then made
up ol the anode capacitance of the valve and the
wiring capacitance. By way of illustration it will be
useful here to insert some conventional values in the
expressions (5) Lo (9), iLe.

R, =10kQ, R, =1MO,C, =10pk and €, = 0.1 1F.
We then find:

R'—999kQ, L'=10*H, €C'—10pF, w,— 10*rad =
and Q0 — 103,

The value of ) found here is exceptionally small
compared with that of conventional resonant cir-
cuits (10 to 100). Further, it is already apparent that
the ¢ircuit in fig. 2 behaves like an LO eircuit con-
taining a coil with a very high value of L. Because
of the low value of €}, however, w, is not particular-
Iy small. If we make €, and Cx much larger, e.o.
both 1 uF, then we find from (3) to (9):

R'=998 kQ), L'=10"H, C'=1 uF, w,=10 rad =
and ¢ = 9.8 x 10 2

The resonant (requency is now extremely low, but ¢
is still very small.

We may now ask whether a higher () might be ob-
tained by choosing dillerent resistance and capaci-
tance values. This is indeed found to be the case:
for () it is possible to achieve a maximum value of 2.
although usually a somewhatlower valueis accepted.
the reason being that the signals are more strongls
attenuated the nearer ) approaches the value L.

To demonstrate the latter point, we combine (5
and (9) to form the following equation:

R,(C, + Ck_)_
R R,Cy
R.R, SRI(C;—F Cy) o iz
{ R,Cx )

02+ (12

The right-hand side has an absolute maximum of ©

for

(13
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At a very low value of R, or at very high values of
R, andfor R,, ¢ can therefore approach 3. Now R,
and R, cannot be givenu nlimitedly high values with-
out affecling the operalion of the Lwo valves, Lhese
resistances being included in the anode and grid
circuils Ii:‘..'-é[)l?(‘.1'.i\"l3]}". If () is to approach L, therelore,
R’ will have to be small, which means that the signal
transmission by the filter will be poor.

Since, moreover, a () of § is still very low, it would
not be possible in this way to design a filter that
satisfied practical selectivity requirements, if it
were nol for the fact that the figure of merit can be
considerably increased by the use of feedback. Thiz
resembles the effect of feedback in an oscillator.
Tlere too, the effective Q of a circuit is increas-
ed by feedback until, at an almost infinitely high Q,

oscillation oceurs.
Circuit using feedback

Feedback can be obtained by applying to the in-
put of the filter a current which is proportional to
the output voltage. A suitable eircuit for this pur-
pose is shown in fig. 4. The output voltage here is
obtained by applying the voltage Vg, to the grid of
a triode B, connccted as a cathode lollower. The
fecdback occurs through the resistance R, shunted
between the cathodes, The way the circuit works can
be understood in simple terms by assu ming Lhat the
two Lricdes function as ideal cathode followers. (To
approximate to this ideal, the resistances Ry and
Ry, should be extremely high, and so too should
the amplification factors of the valves.) In this case
the cathodes earry alternating voltages Vi, and Vi,
which are equal to the respective alternating grid-
voltages Vo, and V. Calculating Vg, (— Vi) s a
function of Vg (= Vi), we then find:

Roe R, R

_l/-ﬁ‘ o T A== —'_ -
"R K)o R
Ry — R
. (14)

'[,gz =

The anode eurrent of B, equals the sum of the carrents in Ry
and Ry, hence:

Vi V=V

a)p = Ru, R,
Tsing (10) we write:

¥,

= 1_‘l‘_ JJ;_Q

= R( (Fli Vkl T/_k?"l
\RL]_ R &

which leads, after some manipulation, to equation (14).

Since the situation is entirely analogouns to that
in fig. 2, except that eq. (14) now applies instead of
eq. (11), we see that the characteristics of the cir-
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Fig. 4. The figure of merit can be inereased by nsing feadback,
In the cirenit shown here this is done by introducing the triode
B, us a athode follower and a resistance R, between the cath-
odes of the two valves.

cuit again correspond to those of an LC circuit, but

now with a figure ol merit

5
= ot

R —RK

Thus, by the use of feedback, the figure of merit is

increased by a factor Ry/(Ry — R'). Raising this fac-

tor to 100 or more results in values of (' comparable

with those of LC circuits designed for higher fre-

quencics.

The resonant frequency is not altered by the ap-
plication of the {eedback: the inductance I/, how-
ever, is increased by a factor (Ry + Ry,)/R¢ and the
capacitance ¢’ veduced by the same factor. Instead
of the resistance R’ frem (11) we now have in (14)
the resistance R'(Ry + Ri,)/(R,— R’). The use of
feedback thus increases the signal transmission by a

factor (Ry - Riy)/(Re — R).

Circuit design; stability

Deciding on the optimum cirenit values for a filter
under given conditions isusually a complicated proh-
lem owing to the large number of variahles involv-
od. Morcover the choice of the values of resistunces
and capacitances is restricted by various practical

considerations.

We have seen that the high value of Q required
for good selectivity can be achieved by means of
feedback. The extent to which this can be done,
however, is limited by the fact that a filter is always
required to possess a certain stability, that is to say
its characteristics are required to have a certain con-
stancy under variations that may oceur in the com-
ponents used. Tn this respect the valves are the great-
est danger. If a highly stable circuit is required, they
set a limit to the extent to which feedback can be

employed.
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This can be understood by considering that equa-
tion (14), applicable to fig. 4, represents only an ap-
proximation since it takes no account of the fact
that a cathode follower has an internal resistance
which can be said to be roughly equivalent to the
reciprocal of the transconductance of the relevant
valve. If we take this into account, we find that in-
stead of the resistance R, shunted between the cath-
odes of the Lwo valves, we should introduce in the
equations a resistance R, = R, - 18, + 1/8,,
where S, and S, are the transconductances of B, and
B, respectively. Now, for a stable circuit with strong
feedback it is most important that the value of
Ry should be highly constant. For if the factor
R//(R — R'}. by which the figure of merit is mul-
tiplied, is to be made sufficiently large, R’ should
not differ significantly from R’. A small percentage
change in R\’ therefore has a considerable influence
on the factor in question, and therefore also on the
figure of merit ultima Lely obtained. Slight variations
in the transconductance of the valves can thus cause
substantial variations in the O of the filter.

To minimize this effect it is necessarv to use lor
Ry a highly stable resistanee which islarge compared
with 1/S, 4 1/S,. This means that the circuit should
be designed so as to give R a high value also, and
this, according to (5), can only be done by using
large values for R, and R,. We have already noted
that there are limits to the values we can give Lo
these resistances, and this in fact means a limitation
of the degree of feedback that can be adopted when
rigorous  stability requirements are imposed. In
most cases the circuil will therefore be so designed
as Lo obtain the highest possible figure of merit even
without feedback, i.c. a () as close to T as a reason-
able signal Lransmission permits. If we choose R,
Ry. € and € so as o satisfy (13), then in accordance
with (9) and (5) we have:

) 1 G : g Lp
(_ =3 | T and R — 2}\1-

C, + Cx
1L, for example, we now tuke Cx = 1€, (to satisly (13)
we musl then make R, = 3R,), then () = 1/45 ~
0.45. Since the maximum value of R’ is equal Lo R,
—t.e. when RyCy is large compared with R, (C, - Cy)
— the signal transmission at €, — i€y and R, =
2R, is still 509 of that of the maximum that can be
achieved at a given value of R,. This can be regard-
ed as a reazonable compromise,

In some cases. to ensure that the filter is satisfactorily stable
in operation, R, and R, will have to he higher than is degirahle
from the point of view of the valves, When the relevant re-
quirements are not too divergent, both can sometimes he met
by eonneeting the anode of B 1 andfor the grid of B, to Lappings
on Ry and R, respectively (see fiz. 5). 1t can easily be seen that
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the filter action is now governed by the total values of R, and
R;. while only parts of these resistances are incorporated in the
anode cirenit of B and the erid cirenit of B,.

Two other limitations of the magnilude of the resist-
ances may bhe mentioned, the first being the fact
that very high resistances possessing high stabilitv
(metal film types) are difficult Lo produce. The other
point is that parallel’ with R, is the input capaci-
tance ol the valve B,. I R, is high or the frequency
for which the relevant filter was designed is not ver
low (e.g. a few hundred ¢/s) it may well be that the
impedance of the input capacitance of B, is not Lo be
disregarded, and since a capacitance of this kind 1=

always a rather unstable quantity, it can have an
adverse effect on the stability of the filter. The effect
is more proncunced the higher the value of R,, and

—o+
5 .l.

Fig. 5. The resistances in the anode cirenit of By and in the gric
cirenit o' By should sometimes be lower than the resistances
R, and R, that govern the filter action. It may then he an im-
provement Lo connect the anode of B; and the grid of B,
Lappings on R, and R,.

this too sets a limit to the permissible value of R..
A means of reducing the influence of the unstable
inpul capacitance of B, is to connect a sufficientls
large and stable capacitor in parallel with R,.

Lu this case the filter proper is formed by two resistors and
three capacitors ( fig. 6). From the equation giving the rela-
Lion between Vi, and iy we find that for this cireuit also we
can draw an equivalent eircuit as represented in fig. 3. With-
out going any further into this subjeet. it will be nseful to i -
the equations which then take the place of (5) to (9):

- Ry R, _
B HCI _Tk) 4—_1?2((72—_(.]() !
L' = BR,Cy,

R

- L s 2 s
C = (GG + Gl Gy,
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O+

O—

Fig. 6. When the frequency of the signals is not very low and /o
the resistance R, is very high, the capacitance C, may have to
be taken into account.

In this case too, as may be deduced from these equations. the
maximum value of Q is equal to 4. In this respect, then, the
introduction of €, makes no difference.

Circuits of high stability

As has been shown, the principal objection to high
stability of a filter designed along the lines described
above, arises from the variations that may occur in
the transconductance of the valves. Substantial im-
provements can be achieved in this respect by em-
ploying circuits in which the feedback is brought
about in a different manner. For example, a marked
improvement can be obtained by using for the feed-
back a separate valve, on the principle illustrated
in the diagram in fig. 7. Valves B, and B, have the
same functions here as in fig. 4. The anode circuit of
B, now contains a resistance Rg,. The alternating
anode voltage of B, is applied to the grid of By,
whose anode is connected to the anode of B;. (The
DC biasing of the valves will not be dealt with here.)
When the resistances Ry, and Ry, are very large
compared with the reciprocal of the transconduct-
anceofthe relevant valves,
the alternating anode cur-
rent ol B, is:
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rocal values of the transconductances of B, and
B, compared with Ry, and Ry,, the more accurately
is this approximation satisfied, and since the latter
resistances can readily be made higher than Ry in
fig. 4, variations in the transconductance of the
valves can easily be made to have less effect on the
strength of the feedback in the circuit of fig. 7 than
in that of fig. 4; the Q of the circuit in fig. 7 can
therefore be more stable.

o+
Crl R, Ry
T ;
. R [
1I

By

Fig. 7. The stability of the filter can be improved by using a
separale valve B, for the feedback.

An even greater improvement can be made by
using yet another valve, denoted By in fig. 8. The
operation of this circuit can again be understood by
assuming that B, functions as an ideal cathode fol-
lower, and B, likewise. The alternaling voltages on
both the grid and cathode of B, are then cqual to
—VgoRgy/Riy. If we now choose the values of R,
and R, such that R, : R; — Ry, : Ray, then the point

v

Lag — _ng ,# : &
Ric; Ry T
This current, together 5,

with the alternating cur-
rent from the anode of
By, is fed to the in-
put of the actual filter.
Here the
strength of the feedback
is determined primarily

again, then,

by a number of resist-
ances, i.e. Ry, R, and
Ry;. The smaller the recip-

Fig. 8. Iligher stability can be obtained by using a fourth valve B,, which makes the
amount of feedback less dependent on variations in the transconductances of B, and B,
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P will carry no alternating voltage with respect to
earth, and therefore no alternating anode-current
will flow in B,. The operation of the circuit in fig. 8
is then identical with that in fig. 7. (The only dif-
ference is that fig. 7 contains the resistor Ry, for
alternating current in the cathode lead of B,,
whereas fig. 8 contains Ry, and R, in parallel.) Any
change in this situation produces an alternating
voltage at point P. This gives rise in By to an alter-
nating current which has a corrective effect, owing
to the anode ol B, being connected with that of B,.
In this way, then, the voltages and currents always
adjust themselves so that there is virtually no al-
ternating voltage at point I’, and it can easily be
seen that in this case Lhe ratio of the alternating
current iy, and the alternating voltage ¥, is govern-
ed solely by the resistances R,, Ry and Ry,. Owing to

flat and broad top can be obtained by this method.
using three tuned circuits, the figure of merit of one
of them being half that of the two others, and the
latter two being tuned to specific frequencies which
are higher and lower than the resonant frequency of
the first one. This principle can also be applied by
using, instead of LC circuits, active filters on the
principle described above; the alignment of the net-
works, however, is rather laborious as it is with pas-
sive lilters,

Another method of obtaining a flat frequency
characteristic with passive LC circuits is Lo couple
circuits which are all tuned to the sume frequency.
This principle can also be applied to the active filters
described here, the “coupling” being achieved by
introducing negative feedback between pairs of
filters,

I
A

~

9o |

Ry

th,

D Rics

Rk

—) -

Fig. 9. Combination of two active filters, I and I, with negalive feedback obtained by
means of Rk, The frequency characteristic achieved with this circuil corresponds Lo that

of two coupled LC cireunits,

the corrective effect of By, variations in the trans-
conductance of the valves have no effect on this ratio,
and therefore the feedback is extremely stable, mak-
ing it possible Lo give the figure of merit of the filter
an exceptionally high and stable value.,

Obtaining a flatter frequency characteristic

As we have shown, the frequency characteristic
of a filter as drawn in figs. 4 to 8 corresponds to that
of an LC circuit. In many cases a characteristic will
be required that is flatter at Lhe top and has steeper
sides, as can be obtained lor example with the aid of
two or more non-coupled LC circuits whose resonant
frequencies do not coincide (staggered tuning). A
frequency characteristic having an exceptionally

An example of such a circuit is shown in fig. 9.
The two filters are denoted by I and IT. The nega-
tive feedback takes place via a common resistance
Ry introduced in the cathode lead of the first valve
(B,) in the first filter and of the second valve (B,) in
the second filter *).

Making some simplifying assumptions, i.e. by treat-
ing B, and B, as ideal cathode followers and assum-
ing that Ryj is small compared with Ry, and Ry, it i«

*) Instead of the resistances Ry, Ry, and Ry, a delta connec-
tion of resistances might have been used. A drawback.
ever, is the very high value that would then be need
the feedback resistor, which would be difficult to m
with sufficient stability. In this respect the small resis:-
ance Ry presents no difficulties.
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easily computed that the relation between the out-
put voltage Vi, and the input voltage Vy, is given
by the expression:

AV
(1+jpQ)+Ap’

Here A is the gain of the circuit without negative

(15)

Vie =

feedback at the resonant frequency, i.e. at Rk =0,
and 8 = 0, while

Rae  Re
P~ R R+ R

This quantity is thus a measure of the strength of the
feedback. If we now take Ap = 1, say, then (15)
becomes:
AV
... . NS
(1 -+ ]ij) +1

and the relation between the moduli of Vg and Vi,
is then given by

[Via| = T‘I_:EGG

The behaviour of |Vk4];"|Vg]| as a function of

Vel - (A7)

is in this case identical with thatin a band-pass filter
consisting of two critically coupled 1.C ecircuits. The
characteristic is flatter and has steeper sides than
that belonging to a single L.C circuit.

By using combinations of such filters with differ-
ent “couplings™ (Ap) it is possible to meet widely
varying requirements with regard to the frequency
characteristic. A filter as in fig. 4 can, for example,
be connected in cascade with a filter as in fig. 9; with
suitable dimensioning, a {requency characteristic can
then be obtained corresponding to that of three LC
circuits with staggered tuning. The conformity of
the equations makes it possible Lo treat the design
of such configurations mathematically in the same
way as the design of filters using LC circuits.

Filters I and Il in fig. 9 are circuiled on the prin-
ciple represented in fig. 4. Obviously, to achieve
greater stability one can also use the circuits of fig. 7
or fig. 8 as “building bricks”.

Low-pases filters

The filters deseribed above are of the band-pass
type. that is to say the frequency band which is
transmitted by the filter is limited on both the low
and high frequency sides. For certain experiments,
however, low-pass filters are w anted, i.e. filters which
pass all signals components with frequencies below
a certain critical frequency. A filter of this type is
approximated in the first instance by a single resistor
and a single capacitor (see fig. 10). One can think of
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a low-pass filter as being derived from the band-pass
type by making the capacitance Ck infinitely large,
i.e. by short-circuiting it, thus making the resonant
frequency zero. (The resistors R, and R, in fig. 2 are
now in parallel for alternating current and in fig. 10
are replaced by a single resistance R.)

— e ——
[
Fa

Fig. 10, AC circuit for a low-pass filter.

Tntroducing feedback here in the same way as rep-
resented in fig. 4, we obtain the diagram shown in

fig. 11 The relation between input and output signal

12 nOw:
R, - Ry R
ng'—'_Vgl'l—-lTl‘_,' :
Ri—R o (1tjo—t R
]-\1(.. ‘I—J(H _R_t__F{ 41 )
.. (18)

It can be seen from this that the leedback has the

same effect on the frequency characteristic as in-
creasing C; by a factor Ry/(Ry— R). For limiting
the pass—hu.nd to very low frequencies it will be
easier to use a high value of C; than to introduce feed-
back. and the latter will therefore seldom be used for
a simple low-pass filter.

The situation is different, however, il here too use
is made of the possibility of connecting two stages in
cascade and introducing negative feedback. An

—o+

Fig. 11. Low-pass filter with feedback. The effect of the feed-
back on the frequenecy characteristic is the same as that of an
increase in the eapacitance Cy.




arrangement of this kind is shown in fig. 12, using two
identical filters and negative feedback via the re-
sistor Ry %). Assuming again that the resistances in
the cathode leads are very high, we can derive the
following expression for the relation between the
output voltage Vi and the input voltage Vs
Vig = — —’1F1 I_ P) Ygl ’

(14 jwC,R)* + Ap )
Here A — R?/(Ri Ry,) and p = Rj,{Rk. Since we
have assumed that Ry, Ry, and Ry, are very large,

(19
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Fig. 12. Low-pass filter consisting of the cascade arrangement
of two identical filters as in fig.10. negative feedback being in-
troduced by means of the resistance Ry,

A is the gain of the circuit at zero [requency and with
the negative feedback out of operation (i.e. at
Rik = o). Further, p is a measure of the strength of
the negative feedback.

From (19) it follows that for @ — 0 the output
voltage is:

A(l — p)V,
Vigg=—r— 8L . (50
ka.n 1.—AP (20)
In fig. 13 the ratio
_|Vk:_t|_ - 14+ Ap

- = SR At 21
[Vis.o (1 + joC R+ Ap (21)

is plotted as a (unction of o lor various values of 4 P

#) Since neither of the two individual filters is provided with
feedbuck, this circuil can be designed with only three val-
ves, whereas in fig. 9 four valves were needed. Furthermore,
unlike fig. 9. the negative feedback here is obtained with a
delta connection of the resistances Ry, Ry and Ry, The
reason for this is that, owing to the absence of feedback in
the individual filters, the total gain in fig. 12 is much smaller
than in fig. 9. To obtain sulficient effect from the feed-
back, a common resistance in series with Ry, and Ry, would
therefore have to be much larger than Ry in fig. 9. Tn this
case the introduction of a resistance between the cathodes of
B, and B, is a better solution, because such a resistance has
less influence on the DC biasing of the Lwo valves.
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Fig. 13. Frequency characteristies for a low-pass filter as in fig.
13:

keeping the product C;R constant for all curves
(0.1 s). The curve drawn for Ap — 0 applies to the
case without negative feedback. Comparison with
the other curves shows that the use of feedback can
lead to a much flatter frequency characteristic,
which cannot be obtained with passive RC circuits.

With low-pass filters too, it is possible to build
more extensive networks by combining filters hav-
ing different C,R values. By suitable dimensioning,
curves can be obtained which are even flatter at the
top and have a steeper descending portion.

Application as a delay network

The analogy existing between LC circuits and the
active filters described above makes it possible to
use these active filters in cases where iL is required to
delay signals of extremely low frequency without
causing any distortion. This can be useful, for ex-
ample, when building an electrical analogue of a
control system invoelving transmission lags. An
electrical analogue of this type can be used for ana-
lyzing the stability conditions of the control system.

Where a network is required to transmit each
signal nndistorted but with a certain retardation, the
phasedelay must beindependentofthe frequency, and
consequently the phase shift suffered by the various
components must be proportional to their frequen-
cies, Furthermore, Lthe amplitude ratio between in-
put and output must be independent of the fre-
quency.

A familiar eircuit with which this can be realized
in a limited phase-shift region is shown in fig. 14a. A
less familiar circuit with which the same results
can be achieved, and which offers advantages in
connection with the following considerations, is
given in fig, 14b. Assuming [or simplicity that R, and
R, are large with respect to R and Ry, and choos-
ing the resistances so as Lo satisfy the equation:

R]. 2Rk aa

- L T -

B R

B R EEREERRREEEERRRRRRRRRERRRREE=
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then the relation between ¥y and V, is given by:
Ve B R, + R, 1+ joCR

]711 R, —l_l— jmcﬁ .

(23)

The modulus of this expression is indeed independ-
ent of o, and the argument is 2 tan ‘oG R+ 180°.
The voltage V/, thus lags in phase behind V' by an
tanlwC,R+-180°. We shall henceforth

only the term
¢ = 2 tan ' wC,R of this phase shift, since the con-

angle 2

consider frequency-dependent

stant quantity --180° can bhe compensated, e.g. by
q b I > €.2. DY

a

[=p

Fig. 14, Cirenits in which the signals have a constant phase lag
within a limited frequency range, and a constant ratio between
the amplitudes of input and output signal.

using two stages in cascade. In fig. 15 curve a gives the
variation of ¢ as a function of w. At small values of
wC R, then, tan 1wC R ~ oCR, and therelore
@ is approximately proportional to . This applies,
however, only up to a limited value of ¢ (e.g. 60°).
The proportionality region can be extended by con-

P
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360° s S
/
/ 5
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7
180° /-/ =
;
|
|
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0° |
0 Wy .

Fig. 15. Phase characteristic of the eircuits in fig. 14 (a) and
of the eireuils in figs. 16 and 17 (b). Connected in cascade and
suitably dimensioned. these circuits give the phase characteris-
tic e.
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necting in cascade with a circuit az in fig. 14 one or
more elements whose phase characteristics have
linear portions al frequency values differing from
zero. This can be done with a circuit as shown in
fig. 16, for example, which differs from that in fig.
146 in that the anode circuit of the valve contains an
LC circuit instead of the CR combination. In this
configuration the following relation exists between
Ve and Ve
Ve B R1—:——R3 1 + j,rfi’q
— 1+ ipQ

(Here (3 again represents m/w, — my/m.) The voltage

(21)

Vy R,

7, now lags in phase behind V, by an angle
2 tan~! pQ4180°. Fig. 15 gives a plot of ¢ =
2 tan—! 3Q -+ 180 as a function of w (curve b). Using
circuits as in fig. 14 and fig. 16 connected in cascade,
a phase shift is obtained between input and output
voltage which can be found by adding the ordinates
of curves a and b (curve ¢). Choosing suitable circuit
values we can now obtain a linear variation over a
much wider region than is possible using a circuit as
in fig. 14 alone.

Fig. 16. Circuit giving a phase characteristic that has a linear
portion round a frequency differing from the value zero.

The principle described can also be applied at very
low frequencies when a filter as in fig. 4 is to be used
instead of an LC circuit, The voltage divider be-
tween input and output can be produced by using
two resistors Ry, and Ry, instead of the feedback re-
sistor R; in the circuit shown in fig. I7. The ratio
of these resistances should now satisfy the expression:

Ry _ 2Rk

t2

w o § R E
where R’ is given by (5). By means of a cascade ar-
rangement of the circuits of fig. 14 and fig. 17, we
can thus obtain a phase characteristic of the form
represented by curve ¢ in fig. 15.
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The “proportionality region™ can be still further
extended by adding to the circuit one or more
filters as in fig. 17, having different resonant fre-
quencies. Il these resonant frequencies and the fig-
ures ol merit are properly chosen, a phase charac-
teristic can be obtained which is almost linear in a
wide range of frequencies from zero upwards. This

o+

5
[

B

|
! 1

Fig. 17. Cireuit which, suitably dimensioned. can be made
identical at low frequeneies with a eireuit as shown in fig. 16.

means that signals that possess components lying
only in this region have a constant phase delay and
therefore undergo a certain delay without any dis-
tortion. The figures of merit of the various circuits
connected in cascade should, to a good approxima-
tion, be virtually proportional to the resonant fre-
quencies. This implies that some of these filters re-
quire a fairly high (), which, within certain limits,
can he achieved by means of feedback.
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Final consideratiens

In the foregoing we have referred to the analogy
existing between certain filters composed of resist-
ances and capacitances, and filters using one or more
LC circuits. In conclusion we should point to a
difference between these two circuits that can be
of importance in practical applications, namely the
fact that the feedback employed to achieve a reason-
ably high figure of merit causes an increase in the
noise level. Because of this (act, filters based on the
principle described in this article can only be used
when the signal level is sufficiently high, higher than
that at which filters with LC circuits can be em-
ployed.

Finally, it may be mentioned that circuitz on the
principles described here can also be designed with
trangistors. In this case, however, the input re-
sistance is much smaller than with valves, which
restricts the choice of the circuit elements that can
be used.

Summary. Certain active electric networks composed of am-
plifying valves. resistors and capacitors have characteristics
that eorrespond to Lhose of passive networks conlaining 1z
ductors. At very low frequencies, where coils have certain dis-
advantages, good use can be made of active networks of this
kind. The authors discuss the design of band-pass and low-pas=
filters, using feedback to achieve a reasonably high figure
merit, They also deal with various cirenits for giving thess
filters exceptionally high stability.

By connecting two filters in cascade and using negatize
feedback, a frequency characteristic corresponding to that of
two coupled LC eircuits can be achieved. Finally, reference ==
made to the possibility of designing networks in this way whose
amplitude characteristic is flat within a given frequency ranze
and whose phase characteristic is practically linear, so thas
signals only containing components in this frequency range
pass through these networks with a certain delay without su-
fering distortion,

PRODUCTION CENTRE FOR LIQUID NITROGEN

In the last ten yvears many laboratories have heen
equipped with a Philips gas refrigerating machine,
cnabling them to supply their own liguid air re-
quirements. Since in many cases there is a preference
for pure liquid nitrogen, many of these machines are
used in combination with an air fractionating col-
umn, also developed by Philips, which is adapted to
the gas refrigerating machine. In our own labora-
tories — as elsewhere — it is found that the ease
with which the liquid air or nitrogen can be obtained
greatly stimulates its use. The small installation
earlier described 1) 2), which in its present form de-
livers 6.5 litres of liquid nitrogen an hour, often

turns out after zome time to be too small. With ths=
in mind, a gas refrigerating machine has been devel-
oped which combines four of the original single-
cylinder machines. A larger air fractionating col-
umn adapted to the large machine is also available.

Thephotograph on p. 341 was takenin the liquid ar

1) J. W. L. Kihler and C. O. Jonkers, Fundamentals of &=
gas refrigerating machine, and Construction of a gas refrc-
eraling machine, Philips tech. Rev. 16, 69-78 and 105
115, 1954/55.

2} ] van der Ster and J. W. L. Kéhler, A small air fractionz:-
ing column used with a gas refrigerating machine for pro-
ducing liquid nitrogen, Philips tech. Rev. 20, 177-157
1958/59.




