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The Design and Construction of
Electric Wave Filters.

Introduction.

In order to meet modern demands for the more econo-
mical use of transmission lines, the electric wave filter must
inevitably find an increasing sphere of usefulness in both
telegraphic and telephonic equipment. Although the design
of these networks is, and must remain, the work of specialists,
it is important that a more widespread understanding of the
underlying principles should exist. Several excellent text-
books, dealing with filter theory, are available, though these
invariably stress the mathematics of the subject. In the
present paper an attempt has been made to describe the most
important features of the practical designer’s art and to show
how far the theoretical design may be realised. The practical
side of the paper embraces experience at frequencies up to
50 kilocycles per second.

The function of an electric wave filter is to provide a free
transmission path for frequencies between certain prescribed
limits : in other words, to do, for relatively wide bands of
frequencies, what a simple resonant circuit does for narrow
bands. Modern circuit conditions call for very sharp cut-
offs at the limits of the transmission bands and also for low
losses throughout these bands. Filters have been developed
along lines which enable the frequency discrimination of two
or more sections readily to be added together, and by this
means attenuations of 100 decibels or more may be obtained
if so desired.

PART 1.
General notes on passive four-terminal networks.

Any passive four-terminal network, i.e., one which con-
tains no source of energy, will have electrical properties
which, so far as steady state conditions are concerned, can be
defined completely by a knowledge of (a) the characteristic
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(image) impedances Z,, and Z,, at the two ends of the net-
work and (b) the propagation constant consisting of a real
part (B, the attenuation) and an unreal part (jo, the phase
shift). If such a network is inserted between a source of
energy of internal impedance Z, and a.load Zg, the effect will
be a transmission loss and a phase shift made up of four
distinct parts, of which any of the last three may involve
negative losses, i.e., gains. The algebraical sum of these
component losses must, however, be positive or zero.

(1) Due to the propagation constant, the voltage is
attenuated in the ratio ef +¥,

(2) Due to the input impedance mismatch, there is a re-

2 VZy 72y,

Zy + Z,,
the true loss and the imaginary part the phase
shift in radians.

flection loss ratio the real part being

(3) Due to the output impedance mismatch, there is a

2 VZs Zoz
Zy + Zy
(4) Due to secondary reflections or interaction between

the two terminal impedance mismatches, there is
an interaction loss ratio

reflection loss ratio

_’ZA_ZOI ZB_an

r s el EB T2 L,=2(B 4 ) |>
'ZA+ZOIOZB+Z()2€

1

If the generator had been directly connected to the load

2 W7y 7y
7T 7 .hence the net

there would have been a loss ratio
insertion loss is

| Zs + Zy, | Zg + Zgo |

+ log. e —
8 Og‘,?« VZi 7, & 2 VZg Zoz‘
‘ fZA_Zm ZB_ZO .‘
u _ ot _ 02 2B+ 9e)
+ log«‘ 1 ] Zs + Zor " Zn + Zoa e ’ ’
1 Zy, + 7z
— 108, -| nepers.
& P2 NZy 7y P

The phase shift in radians will be the sum of the indi-
vidual phase shifts just discussed.
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Recurrent networks.

A recurrent network is one which consists of a plurality
of simple networks which are joined together on an image
impedance basis and which therefore give rise to no reflec-
tions at the junctions. The propagation constant of such a
network is precisely the sum of the propagation constants of
the component sections and the only reflections to be con-
sidered are those at its terminals.

Recurrent networks consist broadly of three types

(¢) Ladder networks
(b) Lattice or bridge networks
{c) Bridged T networks

and these are mutually convertible, i.e., for any ladder net-
work there are other equivalent structures. These cannot
necessarily be realised in practice, however, owing to inability
to produce a reactance which has the properties of a negative
capacity. Negative inductances can often be obtained as
mutual inductances.

Luadder networks.

Ladder networks (except some involving mutual induct-
ance) can be built up of half sections into the well-known T
and 7 structures and so an examination of the properties of
the half section will suffice. The propagation constant of a
half section is half that of a whole section, whether of T or =
formation. Figure 1 shows the formation of ladder sections
in their balanced and unbalanced forms, suitable for inser-
tion in balanced and unbalanced equipments respectively.
The unbalanced structures are convenient for design pur-
poses, as they can readily be converted into balanced
structures.

2\ half section network has two image impedances which
are generally unequal and which are known as the mid-series
and mid-shunt impedances (AA* is a mid-series point and
BB' is a mid-shunt point). Thus a T section has two mid-
series impedances and is a mid-series section; a 7 section has
two mid-shunt impedances and is a mid-shunt section.

Electric wave filters form a class which can be conveni-
ently developed as ladder networks and it is in this form that
they will now be considered.
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Wave filters.
There are four types of wave filter :—

(1) Low-pass.

(2) High-pass.

(3) Band-pass.

(4) Band-stop.
Complex filters, involving more than one of the above
features, may be designed but are seldom required. All the
impedance elements employed in filters are primarily re-
actances.
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The properties of a ladder filter section are calculated as
follows : —

Image impedance at AAY, Z,, = ¥VZ," + Z/Z,
Z *Z.
13 "y 3] BB* Zm = 2 Z1
Z
Propagation constant, sinh — 7

)

where 67 refers to the half section.

In the absence of any simplified formule, it is always
possible to calculate direct from these basic equations and

. . . h .
this has to be resorted to in some cases. When sinh 5 is

entirely real or entirely unreal, § is conveniently determined
from tables such as those compiled by the Smithsonian

. . 6 . .
Institute ; but, when sinh o is complex, it is necessary to
use a Kennelly Atlas or tables of complex functions. Now
it is fundamental to filter theory that sinh % is never complex

'if resistance is neglected and so, provided elements with low
dissipation are employed, we can reserve considerations of
complex quantities to

(a) losses in the transmission band,
(b) limiting values near attenuation peaks.

Apart from these minor corrections, we have

. 0 . . .
sinh 5 = sinh /)l in the attenuation bands.
2

. [} . o . ..
and sinh — = sinh 2 in the transmission bands.
2

Basic sections.

In considering the properties of filter sections, we have
to examine, first the basic or parent sections, and second,
their derivations. The basic half sections of the four types
are shown in Fig. 2, together with their image impedances
and propagation constants.

The values of Lz and Ci can be readily calculated, for,
in the case of the high-pass and low-pass sections,
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I
Cr
where R, is the nominal characteristic impedance (usually

the closing impedance) and w, is the cut-off frequency in
radians per second.

w,Lx = = R,

In the case of the band filters

1
wnCr
where R, is as before and o is the logarithmic mean fre-
quency of the band. The constant n is the ratio
band width f, =/
mean band frequency / fifs

ol =

When terminated by their image impedances the above
half sections have the following important properties :—

(1) Over certain precise frequency bands the propaga-
tion constant is either wholly real or wholly
imaginary. 'This is the true criterion of the
transmission bands.

(2) Throughout the transmission bands the image
impedances are non-reactive, one rising to in-
finity and one falling to zero at the cut-off
frequencies.

(3) The product of the two image impedances is con-
stant at all frequencies (= R,?).

(4) The only frequencies of infinite attenuation are
zero and infinity (wn in the case of the band stop
section).

The first two properties are common to all true filter
sections, but the others are peculiar to the basic or ‘‘ constant
K "’ structures.

Although ot considerable value, the basic half sections
have two disadvantages which restrict their use.

(1) Their image impedances vary considerably over
the important part of the transmission bands and
when working between fixed resistances (which is
approximately the normal working condition)
considerable reflection losses occur.

(2} The points of infinite attenuation are not economic-
ally located.
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Derived sections.

The derived type of half section is designed to overcorne
these disadvantages. It has two unequal image impedances,
one of which is identical with that of the basic half section,
to which it can obviously be joined without reflections. The
other image impedance, which can be conveniently presented
to the closing resistance, may be made substantially constant
over the greater part of the transmission band. Moreover,
the attenuation now becomes infinite at some finite frequency.
In the case of the band-pass filter, the two attenuation peaks
may be adjusted separately by a further refinement.

The derived tvpe of section has therefore two distinct
uses :

(a) Either a whole section or a half section may be used
to give attenuation peaks at finite frequencies in
the attenuation bands.

(b) A terminal half section mav be used to present a
flat impedance to a fixed resistance load.

The calculation of derived sections involves the use of a
derivation parameter m, which is always less than unity
except in a few uncommon mutual inductance sections. The
properties of the simplest derived sections are shown in Figs.
3 and 4.

Low-pass and high~pass filters.

The properties of low-pass and high-pass filters have
been fully described in an earlier paper read before this
Institution® and no further theoretical discussion will be
given. The properties are indicated in Figs. 2, 3 and 4.

Band-pass filters.

Band-pass filter sections comprise more variations than
any of the other tvpes, and the degree of flexibility is such
that the design information cannot be given completely in
graphical form. For the inexperienced designer this con-
stitutes a considerable handicap as the properties of each
section have to be calculated instead of being read from a
graph. The necessary calculations are rather laborious and
unless one has previous experience as a guide, much work is
likely to be wasted.

* LP.O.E.E. Paper No. 143, *“ Electiic Wave Filters,” by G. J. S. Little,
read December, 1931.
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TYPE OF SECTION Sinh % FORM OF ATTENUATION CURVE

GENERAL /—li e
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2
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£
where % =g
o
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o

£
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°
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f
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o
)
)

8

mnac
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"z

¢ f, [ 0

ATTENUATION OF DEeRIVED FILTER SECTIONS.

Fi1G. 4.

In the first place, corresponding to each high or low-pass
basic section, there will be a family of band-pass sections,
with various ratios of band width to mean frequency (n).
These are shown in Figs. 5 and 6.



12 THE DESIGN AND CONSTRUCTION

1}

\\ \ Basne Bano WYass Seqrions
\ \ Mip Series /Mpepances ano
i \ Mip| Swunr Apsnrrandes
\

\ \ Fic &

+
@

/
£, =a,l|= @t

q
2
G

\ - ve| reactance AXDM clt off

Vo af Md Serred

[
L2
L)

Oadt]

kh

1+
h Y
N
9

S\

1
/
Y4

&

/
7
’

FiG. 5.

The derivation of filter sections in terms of a single
parameter m has been discussed. This method is, of course,
applicable to band-pass filters and gives a series of sections
whose properties are given in Figs. 7 and 8 for a value of
n = 0.316. It will be observed that in these sections, the
frequencies of infinite attenuation are symmetrically disposed
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ATTENUATION IN NEPERS.
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six-element sections.

&
Q

They are known as symmetrical

A further degree of flexibility is obtained if we derive a
band-pass section in terms of a parameter which varies with
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frequency. This is equivadlent to using two parameters m,
and m,, such that m, applies to the derived inductance and
m, applies to the derived capacity. This gives a series of
sections, substantially similar to the single derived sections,
but with the two attenuation peaks independently adjustable.
Such sections are known as dissymmetrical six-element
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DerivEp Banp Pass FILTER n=0.316.
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sections and form the most generalised type of band-pass
section.

By modifying the dissymmetrical six-element section so
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that one attenuation peak is at zero or infinite frequency, one
element disappears and a five-element section is formed.

By making one attenuation peak of a dissymmetrical six-
element section coincide with one or other of the cut-off
frequencies, two elements disappear and a four-element
section is formed.

By combining the two simplifications above, three
elements disappear, resulting in the formation of a three-
element section.

The general properties of these simplified double-derived
sections are shown in Fig. g.

Design information.

It will be understood that, provided care is taken to
connect. together the half sections on an image impedance
basis, we need only be concerned with the impedances of the
end sections, whereas the propagation constants of all sections
are equally important. This is fortunate from the point of
view of presentation of design data as all the image
impedances need not be discussed. The complete list of
band-pass types consists of : —

1. Basic or *‘ constant K’ type.
2. Six-element derived type.
3. Five-element derived type.
a. Infinite attenuation at zero frequency.
b. Infinite attenuation at infinite frequency.

€<

4. Four-element derived type.
a. Infinite attenuation below the band.
b. Infinite attenuation above the band.
5. Three-element derived type.

a. Infinite attenuation at zero frequency.
b. Infinite attenuation at infinite frequency.

Each of the above types, with the exception of the basic
type, is available either as a mid-shunt or a mid-series deriva-
tion. The data can be narrowed down, however, by the
acceptance of the following facts:—

1. Only a six-element network is likely to be used for
terminating.

2. The four-element network, with infinite attenuation
below the band, may be taken as the standard to
which all others may be referred.

3. The impedance of a mid-series derived section is
the admittance of the corresponding mid-shunt
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derived section. The two bear inverse relation-
ship to the design impedance R,.

The fact that a four-element network may be used as a
standard depends on the equivalence of certain propagation
constants :

1. A six-element section has a propagation constant
equal to that of two four-element networks with
corresponding critical frequencies.

2. A three-element network is a special case of a four-
element network in which the frequency of infinite
attenuation is either zero or infinity.

3. A five-element network has a propagation constant
equal to that of one four-element network plus one
three-element network.

4. A basic section has a propagation constant equal to
the sum of the propagation constants of two three-
element networks.

These identities are true if the dissipation constants (i.e.,
resistance/reactance) of coils and condensers are the same in
the equivalent networks.

In addition to the above relationships, if we have a curve
of the propagation constant for a four-element section with a
peak below the band, then by substituting =2 for - we have
w (O
the corresponding curve for a four-element, section with a
peak above the band. This will be equivalent to interchang-
ing the values of the parameters m, and m,.

For design purposes, therefore, it is possible to build up
a filter structure entirely in terms of three- and four-element
networks, the necessary terminating six-element networks
being included as equivalent four-element networks.

Having obtained the desired attenuation characteristics
in this way, the sections can be grouped into convenient five-
and six-element structures. This grouping is desirable as it
saves one inductance and one condenser per section, and in
some cases more convenient reactance values may be
employed. Suitable six-element half sections will have been
included for terminating the filter.

Note on three-element bund-pass sections.
The general case of a filter with a series resonant circuit
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in the series arm and a parallel resonant circuit in the shunt
arm is shown in Fig. 1o.
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Such a section will possess, in general, two transmission
bands and three attenuating bands and these bands may be
located as required. If a single band only is desired, three
alternatives are available :

1. Make f, = f,, thus giving two confluent bands.
This is equivalent to making L,C, = L,C, and
gives the ‘‘ constant K '’ band pass filter.

2 and 3. Make f, = [, or f; = {4, thus giving a single
band. This is equivalent to eliminating one of
the four elements and gives one or other of the
three-element sections discussed elsewhere.

This clearly emphasises the fundamental difference be-
tween a ‘‘ constant K ”’ and a three-element section.

Band-stop filters.

Band-stop filters form a comparatively unimportant class
and their variety is the same as that of low-pass and high-
pass filters. In other words the band attenuation must be
symmetrical (logarithmically) about the mean band frequency.
The only available sections are the basic network and its mid-
series and mid-shunt derivations with a single parameter m.
The properties of tvpical band-stop sections are shown in
Figs. 2, 3 and 4.
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The formation of band filters by means of high-pass and low-
pass sections.

It will be clear that it is possible to construct an approxi-
mation to a band-pass filter by means of high-pass and low-
pass sections in series. Similarly a band-stop filter can be
formed with high-pass and low-pass sections in parallel.
This has certain advantages and disadvantages which must
be carefully considered :

Advantages.

(1) Design is easier and one side of the band may be
modified without reference to the other side of the
band.

(2) In certain cases, the dissipation losses in the trans-
mitting band may be less. This is due to the fact
that, in complex arms, reactances may tend to
cancel out, whereas resistance losses are always
additive ; this increases the dissipation constant for
the arm.

(3) The higher dissipation constant discussed in (2)
will limit the attenuation peaks and, for given coil
angles, the attenuation peaks are always blunter
in band-pass filters than in high-pass and low-pass
filters.

Disadvantages.

(1) Even assuming that care is taken to match terminal
impedances as well as possible over the trans-
mitting band, there will be greater terminal mis-
match than in the case of true band filters.

(2) There will be a junction mismatch between the
high-pass and low-pass sections (in the band-pass
case) which is entirely absent in the case of the
true band-pass filter.

(3) For a given performance, a band-pass filter is more
economical of elements : this does not apply to the
attenuation peaks, however.

As a general rule it may be taken that for low values of
bandwidth
mean frequency

sections, but for relatively large band widths high- and low-
pass filters may give a better performance though slightly
less economical of filter elements.

(= mn) it is desirable to use band-pass

D
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Filter design requirements.

The requirements of a filter can usually be set out under
the following headings :—

1. Impedance in the transmission band. Since the
filter will presumably work between substantially
constant non-reactive impedances, it will be
desired to maintain a reasonably constant terminal
impedance in order to avoid reflections and their
associated losses. With a single derivation it is
possible to maintain a constant impedance within
+5% over about go% of the band width (this
varies somewhat with various filters) or within
+10% over about 95% of the band width.

Flat terminal impedances may also be important
on the score of cross-talk in a transmission
system, for reflections give rise to a type of cross-
talk which is difficult to eliminate with line trans-
positions. The requirements for this purpose may
be extremely severe in certain cases, but it may be
regarded as a secondary reason for striving after
a close terminal match.

2. Impedance in the attenuating range. Generally
speaking, we have the choice of a low impedance
or a high impedance at certain frequencies in the
attenuating bands, by using either mid-series or
mid-shunt derivations. (The derived impedances
of the two types bear inverse relationship to the
design impedance R,). In some cases it may be
important which of these alternatives is chosen.

3. Losses in the transmitting band. These consist of
two distinct parts: (a) reflection losses due to
terminal mismatch, referred to in (1) above, which
give rise to a rolling attenuation throughout the
band; (b) losses due to dissipation in the resistance
of the filter elements ; these losses increase towards
the cut-off frequencies and, if it is desired to work
near these frequencies, it is necessary that low
dissipation coils shall be used.

4. Minimum attenuation in the attenuating bands.
From consideration of the problem in hand it will
be possible to determine the minimum attenuation
to be obtained at various frequencies. In the case
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of a transmission system, this will usually involve
fixing a minimum signal-to-crosstalk ratio to be
aimed at and making due allowance for the relative
levels of the interfering frequencies. Allowance
may also be made in some cases for the frequency
sensitivity of the human ear. In many cases it
will be desirable to have considerably higher
attenuations at pre-determined frequencies and
these should be noted. 'The resultant attenuation
curve will consist of several peaks and troughs, so
that it is usually economical to arrange the peaks
to occur at important interfering frequencies.

5. Phase shift in the tranmission bands. It is some-
times desirable to design filters in which the phase
shift is as low as possible, at the important trans-
mission frequencies. T'his involves the use of
derived sections as far as possible.

6. Propagation time in the transmission bands.
Where a number of filters are fitted in a transmis-
sion system, the time of propagation may become
important. In the first place, it may be desirable
to minimise the difference of propagation times of
the transmitted frequencies, in order to obviate or
facilitate phase compensation. Secondly, it may
be important to minimise the compensated pro-
pagation time. Either of these considerations
suggests the use of derived sections, as far as
possible; the use of a minimum number of
sections; and the avoidance of working near the
limiting frequencies of the band.

From the foregoing it will be appreciated that there can
be no one ideal design to suit given requirements, but that a
suitable result can be achieved with a minimum number of
components by a careful and painstaking investigation of
possible arrangements. In the case of high-pass and low-
pass sections the design information is readily presented in
the form of curves, but in the case of band filters, with their
greater flexibility, this is not possible and typical curves only
can be given.

Effect of terminal reflections.

As indicated in the section on four-terminal networks, the
propagation constant of a reactance structure is only one
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factor (though desirably the most important one) contributing
to the total insertion loss. We have also to concern our-
selves with the effect of terminal mismatch. In general there
will be a loss at each pair of terminals and, if the attenuation
constant is low, this will be modified into a series of peaks
and troughs by the interaction factor—the measure of
repeated reflections between the terminals. The method of
calculating these losses has been given, but a few notes on
their importance in wave filters are tabulated below.

1. Interaction factor may be neglected completely in
the attenuating bands.

2. In a well designed network, all terminal losses may
be neglected in the transmission band except very
close to the cut-off frequencies.

3. The effect of terminal mismatch in the attenuating
band is, in the usual case of filters working be-
tween fixed resistances, to give a reflection gain of
about 3 decibels at each terminal. This applies
over the whole of the attenuating band except very
close to cut-off and at the attenuation peaks of the
terminating sections. At these peak frequencies

© there is a considerable terminal loss, depending on
the dissipation constant of the resonant arm.

4. In the case of a high-pass and low-pass filter joined
together with a proper impedance correcting net-
work (such as carrier telephone line filters), the
net terminal loss will be approximately zero,
except at the peak attenuation frequency of the
terminal section remote from the junction.

Effect of resistance in the filter elements.

While the effect of resistance can alwayvs be dealt with
under the heading of propagation constant, the dissipation
constants are usually so low that this is not worth while.
The propagation constant is usually calculated on the basis
of pure reactance arms and the resistance losses are made the
subject of an independent calculation where necessary.

Provided that the dissipation constants are low we need
only consider resistance losses—

(a) In the transmission band;

(b) At the peak attenuation frequencies of the in-
dividual sections. In the case of the terminating
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half sections this is doubly important as it affects
the attenuation constant proper and also the
terminal reflection loss.

Equivalent networks.

Having calculated the reactance arms of a filter network,
it is desirable to see if sume equivalent network is available
with more convenient inductance and capacity values. In
particular, large capacities are undesirable on account of their
bulk and cost, and large inductances cannot be made to
operate at high frequencies. Reactance arms containing two
elements only have no alternative forms, but with three
elements or more there are equivalent networks whose number
increases with the complexity of the arm.

It will be understood that an irreducible reactance arm
is one which contains the minimum number of elements and
therefore it is impossible to simulate this arm with fewer
elements. The criterion for an irreducible arm will be that
the number of capacities does not differ from the number of
inductances by more than one and also that the number of
finite resonant frequencies (including series and parallel
resonances) shall be one less than the number of reactance
elements.

If we consider, sav, four-element reactance arms, then
we can draw eight irreducible structures containing this
number of elements. Of these, four are potentially equiva-
lent, i.e., they may be made equivalent by suitable choice of
values, and the other four are potentially inverse. Two net-
works are said to bear inverse relationship to an impedance
Z, when the product of their impedances is Z,° at all fre-
quencies.

The choice of a suitable form of reactance arm will in no
way alter the calculated properties of a network, provided
that coils and condensers with similar dissipation constants
are used in the various configurations of the arm. Of the
equivalent networks shown in Fig. 11, those which are usually
most convenient are D and H for the four-element arms, and
B and D for the three-element arms. A factor which may
sometimes decide the tvpe of arm to be used is that, where the
network involves a parallel resonant circuit, the seif capacity
of the coil is readily allowed for.



24 THE DESIGN AND CONSTRUCTION

e SR L T B

POTENTIALLY POTENTIALLY
EQUIVALENT INVERSE

FOUR ELEMENT REACTANCE ARMS

POTENTIALLY POTENTIALLY

EQUIVALENT INVERSE

THREE ELEMENT REACTANCE ARMS
FiGc. 11.

Extension of the principle of derived sections.

In all the cases considered, the basic section, from which
derived sections have been formed and whose image
impedance they share has been of the ‘‘ constant K ' type.
‘“ Constant K ”’ means that the series and shunt arms of the
basic type are inverse networks. It will be clear that derived
sections could also be formed with reference to another section
which is itself derived. Such a section is known as a twice-
derived section and is employed in rare cases. When such a
section is used, its object is to provide a flatter terminal
impedance than is possible with an ordinary derived section.
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By suitable choice of the derivation parameters m! m't,
an extremely flat terminal impedance is obtainable. Accord-
ing to Zobel* a section having m' = 0.723, m'* = 0.4134 has
an impedance which does not vary by more than 2% from the
nominal value up to 95% of the cut-off frequency. The
propagation constant of such a section is identical with that
of a single derived section in which m = m!'m*. It should
be clear that a twice-derived section cannot be introduced into
a normal filter network without reflections, except through
the medium of a half section of its immediate parent type.
This is illustrated in Fig. 12, in which the series and shunt
derivations are shown on opposite sides of the basic half
sections.

Bridge filters.

By using the transformations of Fig. 13, it will be
possible to obtain equivalent bridge structures for any of the
ladder structures already described. These structures will,
however, always be more wasteful of elements for the same
performance, chiefly owing to the necessity for a balanced
filter in the bridge arrangement. This difficulty can be over-
come by the use of a differential transformer as in Fig. 12,
which shows equivalent networks. The new type of filter is
known as a differential bridge filter and its performance is
identical with that of a true bridge filter, assuming an ideal
transformer. In practice, the effect of the transformer will
be of secondary importance. This type of filter section can,
of course, be used as a recurrent structure in precisely the
same manner as the ladder sections, but it is more convenient
to obtain the required characteristics with a single section of
greater complexity. Considerable work has been done in this
connection in Germanyt where bridge filter sections are
favoured, largely in view of patent considerations.

Using these complex differential structures, filters can be
constructed with about the same economy of elements as in
the case of recurrent ladder structures. The design appears
to be more complicated, however, and it is doubtful whether
they will ever take a prominent position in the equipment
manufactured for the Post Office.

* ¢ Extensions to the Theory and Design of Electric Wave Filters.”
O. J. Zobel. B.S.T.]J., April, 1931.

+ E.N.T., July, 1932. *‘‘ Multiple Bridge Filters,”” by A. Jaumann.



26 THE DESIGN AND CONSTRUCTION

My Zok mu I-m2

W, emE T, 2K m Z
Zik
sm--e—{" --
Sz Z2x
z Zax
2K m
|A |8

2
IMAGE IMPEDANCE AT |A = Z,, = ,/2"2(1‘2"( oM IMAGE IMPEDANCE AT I8 = Zg,« =g, ——§1K+ZZ':K
I3

Zix Z
”» 1 w 24 = ZOIK [H(I—m'z)-z—l } " 9 w 2B = o LOIK__
2% [i+(-m2) 52 ]
Zax

» ”» w 3P M%ﬂ » 3B = Zoax [l*(l-m,’-mlf ;’:]
[l+ (1-m32m,? %‘;’;] [H.('_mlz) _Zz_g:(]

PriNcipLE ov MoLTipLE DerIVATION.

F1G6. 12.



OF ELECTRIC WAVE FILTERS.
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When a filter is required to work between balanced
circuits one of two methods may be adopted :
1. It may be built up as an unbalanced network and
terminated by balanced and screened trans-

formers whose winding impedances are high,
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compared with the circuit impedance, over the
transmitting band.

2. A balanced filter may be used, with the series
impedances equally divided between the two legs.
This will involve doubling the number of series
condensers and also doubling their capacities, but
the two halves of each series inductance may be
wound on the same core, to give the same total
inductance. For normal purposes it is usual to
specify a maximum unbalance of 1/200 of the
total, between the elements in the two arms, but
where phantom circuits are superposed on the
filter it may be necessary to have a closer balance.
For low-pass filters carrying phantoms an induct-
ance unbalance not exceeding 1/2000 has been
specified. In this case also, a low leakage induct-
ance is desirable and for this reason the coils are
usually overwound like loading coils.

Mutual inductance in filler networks.

Apart from the use of mutual inductance to obtain
balanced networks, it may sometimes be used to economise in
the number of elements. Its use depends on circuit identities
which are shown in Fig. 14, and which are self-explanatory.

Terminal impedance maitch at the junction of two filters, teed
together on a common line.

Wherever two frequency bands are connected to a
common line, it is necessary to ensure that each filter is
correctly terminated in its transmitting band. There are two
distinct methods of doing this:

1. Where a high-pass and low-pass pair, or a band-
pass and band-stop pair are teed together, it is
convenient to terminate each with a section having
a normal (i.e., constant K) mid-series impedance.
If, then, the impedances of the terminal series
arms are increased by some fraction (about o.5,
but depending somewhat on the overlap), the two
filters can be made to match theé Tine very closely.
The match is often better than that of a single
filter terminated with a derived section. This s
shown, for a high-pass and low-pass pair, in
Fig. 15.

2. Where two or more band filters are teed together,
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the above arrangement does not give a terminal
match. In this case, it is convenient to design a
network which, in conjunction with the other one
or more band filters, gives a high shunt impedance
over the transmitting bands of the various filters.
If each of the band filters is then designed to have
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a flat image impedance at its line terminals, the
reflection losses can be made small.

Connecling a high-pass filter to a balanced line.

Where a high-pass filter is connected between a balanced
line and unbalanced equipment, this can be done by using an
unbalanced structure with a transformer at the line end.
With such an arrangement, the impedance of the transformer
windings must be high and trouble may occur due to leakage
inductance. A device for avoiding this trouble is shown in
Fig. 16. A change of impedance may be obtained, if so
desired.
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When a high-pass and low-pass filter are teed together
(as in the case of carrier line filters), the terminating section
is of the basic type in each case. This lends itself con-
veniently to the construction shown. The inductance of the
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transformer winding is used as a filter element, thus saving
a coil and avoiding troubles due to leakage inductance.
Where the terminating section is a derived type, the trans-
former element may be introduced in the second section. A
similar construction is also possible in certain types of band-
pass filters.

Hybrid transformers in filter circuits.

\When a carrier telephone circuit is operated on a duplex
basis, a carrier hybrid transformer can conveniently be built
into the filter structure and its winding inductances utilised
as filter elements. Once again difficulties due to resonance of
high impedance transformers and to leakage inductance are
avoided. The winding inductance contributes to a basic type
high-pass network.

This is shown in Fig. 16 in which the connections to line,
balance and g-wire legs are all basic type filter impedances.
Other sections can, of course, be added if so desired and
impedances may be modified by means of the transformers.
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Propagation times through filler networks.
The envelope delay time of a steady state wave through

any network is given by d—z . In the case of some types of

electric wave filters, this is easily reduced to formule if
resistance is neglected. The effect of resistance will always

be small.
Type. Constant K. Derived. ]‘ Remarks.
— —— . — —_——
High-pass 2070L— jo_oo mx i I
w0/ X2~ 1 moa/ x2—1 { 22—(1—1m2) } w,
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wa\/l—xl (nn4/1——:‘<2 { I—(I-—’le) %2 } ‘ (O
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The above formulae give the propagation times in milli-
seconds for one section. For complicated band filters it is

. . .o d .
sometimes convenient to determine —di graphically from the
w

phase shift curves.

As an example, Fig. 17 shows the calculated curve for a
low-pass filter whose characteristics are given. At the cut-off
frequency, the propagation time is infinite, if the filter is
terminated with its image impedance and no resistance is
present in the arms.

PART IIL

The quality of reactance arms.

Every impedance element involves a combination of re-
sistance, inductance and capacity in varying degrees, and the
best is so to emphasise one of these properties that, as a first
approximation, the other two may be ignored. The imper-
fections of the reactance arms must now be dealt with and
enquiry made as to how nearly the ideal assumptions may be
realised.

Condensers.

It may be assumed that, for practical purposes, choice of
condensers is limited to fixed values with paper or mica
dielectric. 1n a few cases it may be desirable to add variable
condensers for trimming, but these need not be considered.
The precision with which a filter is to be constructed usually
determines the type of condenser.

Paper condensers of about 0.03 pF capacity can be built
to a tolerance of about + 219, but below this capacity the
tolerance must increase. The power factor of good paper
condensers should be about 0.003 at speech and carrier fre-
quencies but, unless care is taken in the manufacture, it may
rise to o0.01. At radio frequencies, the dissipation is rather
greater. The instability of paper condensers with tempera-
ture and age, together with the wide tolerances necessary,
preclude their use in high quality networks.
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Mica condensers are usually employed where accuracy
and stability are desired, and these, in their best form, con-
sist of metallic foils (preferably copper) separated by sheets
of ruby mica and clamped firmly together the whole of the
overlapping area. With such condensers, high accuracy is



OF ELECTRIC WAVE FILTERS. 35

possible, but where bulk is important, a tolerance of + 1% or

1% is a reasonable one. High accuracy usually involves
a large number of foils, as it is not considered good practice
to clip the foils in adjusting. Vor precise adjustment of very
low capacity values, it may be desirable to include a large
series capacity and adjust with this.

The function of a condenser clamp is to obviate buckling
of the plates (chiefly due to temperature changes), and clamps
should never be used for adjustment of the capacity. To
minimise the losses and to avoid all traces of intermodulation,
it is sometimes desirable to use non-magnetic clamps. The
use of non-metallic clamps (such as micalex) has also been
suggested and this also serves to reduce the capacity between
adjacent condensers where these are closely packed. For
mica condensers produced on a commercial scale, a power
factor of 0.0003 can be obtained at 1000 p.p.s. Even at radio
frequencies, a figure of o.co1 is obtainable, although, in
general, the dissipation constant will become higher with
frequency.

At speech and carrier frequencies, the inductance of con-
densers is negligible and sc .here is no complication on this
score. At higher frequencies the associated inductance is
more commonly due to external leads than to the condensers
themselves.

It may be stated that good condensers form practically
ideal reactance elements, as their change of capacity, with
frequency and current, is negligible.

Inductances.

The choice of inductance elements is a far more compli-
cated matter than the choice of condensers, as their imper-
fections are more marked and more various. The require-
ments of an inductance mav be summed up as follows : —

Its dissipation constant at the transmission fre-
quencies must be low.

2. Its reactance should not be sensibly dependent on
current.

3. In certain cases its dissipation constant should not
vary with current.

4. Its external field should not be such that appreciable
transference of energv to neighbouring coils,
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occurs; this may depend on the mounting and
proximity of the coils.

5. Its dimensions should not be inconveniently large.

The type and bulk of the coils used will depend to some
extent on the operating frequency, but the coils will probably
be selected from one of the following classes :—

Air-cored solenoids.

Air-cored toroids.

Magnetic stampings with a series air gap.
Dust-cored coils of the tvpe used for loading coils.

o

Air-cored solenoids.

These form the cheapest class of filter inductance
and, provided they are used with care, they may be
very satisfactory. Ifor a coil of reasonable size, say 20-25
cubic inches in its case, the direct-current resistance is such
that the dissipation constant is high at frequencies below about
5 kc. Even at this frequency the losses are undesirably high
(d = 0.02 or 0.03). Such a coil will have a considerable leak-
age field and must either be screened or spaced from asso-
ciated coils. Screening will reduce the inductance of the coil
and increase its effective resistance. Air-cored solenoids have
resistance and reactance values which are independent of
current, provided that non-magnetic screens are used. In
order to obtain low dissipation constants at carrier fre-
quencies, the use of stranded wire to reduce eddy current
losses is desirahle. In a good unscreened coil the dissipation
constant may reach o.oco7 at the optimum frequency, which
frequency will, however, be about 30,000 p.p.s.

Air-cored toroids.

These are rather more expensive to wind than solenoids,
but their external field is small. Hence, less care need be
taken in screening or spacing the coils.

Magnetic stampings.

In order to obtain the necessary stability with current, it
is advisable that these coils be wound on cores with a con-
siderable series air gap. In coils intended for verv low fre-
quencies, such as sub-audio telegraphs, this may conflict with
requirements of dissipation constant, but, atspeech and carrier
frequencies, a large gap is desirable on this account also.
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The air gap should be adjusted to give the optimum dissipa-
tion constant, provided that this also gives adequate stability
with current. The size of the gap will be substantially inde-
pendent of the inductance required. Stampings down to
4 mils thickness are readily obtainable, but sometimes 2-mil
stampings are desirable.

Loading coil cores (Dust Cores).

These consist of small particles of iron or nickel iron
pressed into rings with a binding material. The permeability
ranges from less than 20 to 100 according to requirements.
Inductances wound on these cores have much more desirable
properties than those wound on stampings and the dissipa-
tion constants are considerably less. The coils are toroidal
in form and have a low external field ; they may therefore be
mounted in compact metal screens without much loss. For
high frequencies stranded conductors are desirable and the
optimum dissipation constant occurs at about 6000 p.p.s. with
a permeability of 30.

Imperfections oj inductance elements.
These may be summarised as follows : —

(1) Resistance.
(a) D.C. resistance.
(b) Eddy current resistance due to windings, core
and screens.
(¢) Hysteresis resistance.
(d) Skin effect.
(2) Self-capacity.
(3) Non-uniformity of inductance.
(a) Variation with current.
(b) Variation with frequency due to self-capacity.
(¢) Variation with frequency due to eddy currents.
[n some cases these imperfections are closely related to
each other. Skin ~ffect is not important at carrier frequencies
although the reduction of eddy current losses by means of
insulated strands (not necessarily Litz) is frequentiy desirable.

Resistance of inductances.

At frequencies well below that at which self-resonance
occurs, the resistance of an inductance coil is given approxi-
mately by
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R =R, + (al + b)f + ¢f*
where R, = D.C. resistance
I = current through coil
f = frequency
a, b and ¢ are constants for the coil and core.

To approximate rather more, we can neglect b and write
R = Ry + alf + ¢f*

Of these terms, the second represents the hysteresis loss in
the iron, and the third the eddy current losses in the core
and winding. For a given core, it is possible to determine a
hysteresis constant which may be expressed (for a given fre-
quency) as
rise in resistance {ohms)

Fh* = . = s
change in current (mA) x (Henries)®/

This being roughly proportional to frequency, a constant
. Fn?
for the core mav be written as Fh = —~ . —
- f in kilocycles

In the case of dust-cored toroids this figure will be prac-
tically a true constant but, in the case of magnetic stampings,
eddy currents in the iron may modify the value. In this case,
some connection between the hvsteresis and eddy current
losses will exist.

Where eddy current losses are small, the eddy-current
Resistance at zero current — Rg.
constant F, = L ; -~ will be prac-
in henries x f? (kc)

tically independent of frequency. The only divergence will
be due to the bf. term in the resistance expression. This re-
presents the difference between static and dvnamic molecular
friction and its effect will be to increase the apparent value of
F. at low frequences.

Typical values of Fi and Fe are shown in Figs. 18 and
19. For the stampings, the figure shown for Fe applies only
when the insulation is adequate. This is not always so if the
stampings are used in the condition in which they are sup-
plied by the makers. The lower the ‘‘ constants ”* Fh and
Fe, the more nearly are they independent of frequency.
Thus in the case of a main line loading coil, Fe is 2.0 at 3000
p.p.s., and 1.7 at 30,000 p.p.s., whereas, in the case of stalloy
stampings without an air gap, it is 3000 at 500 p.p.s and 8oo
at 5000 p.p.s. The figures given for the stampings should
be treated as a guide only.
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Hysteresis Constants tfor Various Cores.

ohms change.
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Direct current resistance.

Where low frequencies and/or low permeabilities are
employed, direct current resistance is of importance and
needs to be kept low. The approximate values of R/L
obtainable with the various cores discussed are set out in

Fig. 20.

Self-capacity of inductances.

The self-capacity of inductance windings varies con-
siderably, but is chiefly dependent on the geometry of the
coil. It will not change appreciably with turns, provided
the core is wound full. For the coils as used on the magnetic
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EDDY CURRENTS CONSTANTS IFOR VARIOUS CORES.

Fe

Added rescc. at zeito current

L (hentics) x (kilocycles)?

Core Material.

Mumetal 14 mils

’s 5 mils
Radiometal 14 mils ...
’s 5 mils
Rhometal 14 mils

. 5 mils
Stalloy 14 mils
’ 5 mils

Main line loading coil

Minor circuit loading
coil .

DU dust core

Specilic Resce.
Q/cm cube.

45
50
95
35

Cross Secn.

Sq.

cms.

1.01

Mean Path
Cms.

Fe
No gap.

2100
400
1300
300
450
150
500-2000
200-600
1.7

2.8

1.2

Fe
r/16” gap.

100
70
260
180
85
60
120
8o

| Fe
1/8" gap.

o
‘ 65
230
160
8o
55
105
70

Fe
1/4" gap.

g0
60
200
140
75
50
g0
60

Nore.—In the case of Magnetic Stampings, these figures will vary considerably
with frequency, and should be regarded as a rough indication only.

Fia. 19.



OF ELECTRIC WAVE FILTERS. 41
Ry
I for warious Coires detailed in figurcs 17 and 18.
I
Core Material. R/L, no air  R/L, 1/16" | R/L, 1/8" R/L, 1/4"
gap. | gap- gap- gap.
Mumetal . 13—3* 25 35 55
Radiometal ... et 3—7* 30 40 60
Rhometal . . 4—10* 35 48 70
Stalloy 3—i13* 50 70 100
Main line loading coil |
(n = So) e 36 — — -
Minor circuit loading |
coil (4 = 80) ‘ 40 — — -
DU dust core g = 28) ‘ 60—100% — — -

* Variations with Frequency and Flux Density.
t The larger figure applies to stranded wire.

FiG. 20.

stampings already discussed, the following figures are
relevant : —

Single-section bobbin 120 ppF
Two-section bobbin 30 uuF
Three-section bobbin 14 puF
Four-section bobbin 8 uuF

These figures refer to a thoroughly dry coil. The presence
of a little moisture (as in a coil which is not impregnated)
may increase them considerably.

In the case of toroidal dust-cored coils, the self-capacity
again depends on the method of winding. In an overwound
coil, designed to give a minimum of leakage inductance, the
capacity is about 8oo uuF, but if a two-section winding is
used, this is reduced to about 250 puF. The addition of
another pair of diagonal flanges, thus forming a four-section
winding, further reduces this capacity to about 8o puuF. A
further reduction can be effected by filling the winding space
with two or three layers only, but this device may only be
employed at high frequencies where the direct-current re-
sistance is unimportant.

Dust-cored versus air-cored inductances.

Examination of the foregoing data will make it clear
that for high quality filters it is advisable to employ either
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DISSIPATION CONSTANTS FOR VARIOUS COILS (d =,_IE_)
ar

For low flux densities, about IyL = 0.1 (mA x henries).

Core Material.

Mumetal 14 mils
' 5 mils
Radiometal 14 mils ...
. 5 mils
Rhometal 14 mils
" 5 mils
Stalloy 14 mils
’s 5 mils
Main line loading coil
Minor circuit loading
coil
DU dust core

|

At 1000 P.D.S. At 10000 P.p.S.

1/16” gap. 7 gap. 1/4" gap. No gap. 1/16” gap. 1/8" gap. 3" gap.
0.022 0.025 0.027 1.5 0.15 0.13 0.1
0.015 0.02 0.025 0.5 0.06 0.05 0.04
0.045 0.042 0.04 1.5 0.3 0.25 0.2
0.034 0.032 0.032 0.5 0.15 0.12 0.1
0.010 0.021 0.023 0.6 o.10 0.08 0.07
0.015 0.017 0.020 0.2 0.05 0.045 0.04
0.035 0.035 0.038 0.8 0.12 0.1 0.08
0.024 0.026 0.028 0.25 0.05 0.035 0.03

— — — 0.0035 — — —_
— —_— — 0.005 —_ — —
— — —_— 0.003 — —_ —
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air-cored or dust-cored toroids. The advantages and disad-
vantages of the two types are set out below : —

Advantages. Disadvantages.

Air-cored coils. |

1. Complete absence of intermodula- 1. Large dissipation constants at
tion effects. low trequency.
2. Cheapness. 2. Bulk.

3. Strong external field (solenoid)
l and necessity for spacing the
‘ coils.
Dust-cored toroids. |

r. Small size. 1. Variation of inductance and

2. Complete absence of external | resistance with current to
field when screened. ‘ varying degrees.

3. Better  dissipation constants, | 2. Cost.

particularly at frequencies be-
low 10,000 P.p.s.
4. Convenience of mounting.

Post Office practice.

Post Office practice has been to use dust-cored coils
almost exclusively for high quality filters. In most cases
minor circuit loading-coil cores have proved satisfactory, but
in particularly difficult cases, where intermodulation is liable
to occur, DU core material has been employed. Intermodu-
lation between two frequencies will occur if they both pass
through some network having inductance or resistance which
varies with current. This may be serious where several fre-
quency bands pass through a common filter or filter coil, as
the intermodulation may give rise to cross-talk.  Specific
cases of the use of DU cores are carrier line filters in multi-
channel carrier telephone circuits and the end coils of the
associated speech channels.

The stability of dust-cored coils, freedom from interfer-
ence, low losses due to screens, etc., together with the marked
economy of mounting space, has been such that the slightly
increased initial cost has been worth while, and no reason is
seen for departure from this satisfactory practice.

In those cases where air-cored coils are used, the intro-
duction of screens and the proximity of other metallic parts
cause variations in the inductance of the coils. To overcome
this, new manufacturing methods have been employed in the
United States, in which each inductance is made continuously
variable over a range of about 3% and is adjusted inside all
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screens. High accuracy is claimed for this method, but the
Post Office has had no experience of its use.

The tolerance allowed on filter coils made for the Post
Office is usually + 1% at a specified current. Allowing for
a further + 1% for diversity of operating conditions, this
gives a possible inaccuracy of 13%. With condensers speci-
fied to 1% tolerance, the maximum possible error in critical
frequencies is + 1%. This is not subject to any increase due
to the presence of screens, etc., and may be taken as satis-
factory for nearly every purpose. At 30,000 p.p.s., the
highest frequency usually considered, this gives a maximum
error of 300 p.p.s. in the resonance frequencies. This may
be halved by suitable grouping of the components, but the
production costs are increased.

Wiring of filters.

The precautions which are necessary in assembling and
wiring the components will depend upon

1. The frequencies at which the filter is desired to
attenuate.

2. The attenuation required.

3. The nature of the inductances used.

Where screened dust-cored toroids are used, they may be
mounted as close together as may be desired, though, in
practice, coils at opposite ends of a filter are separated as far
as possible. For filters which attenuate by 40 to 8o decibels,
or more, it is undesirable to use a cable form, though some-
times an exception is made in the case of a low cut-off, high-
pass filter or in the case of filters required for such a purpose
as sub-audio telegraphs. Apart from these cases there are,
broadly speaking, two methods of assembly :

(1) The coils are mounted in groups, which may be
arranged with a view to economy of space, and the
condensers likewise. Connections are made with
stiff insulated wire (such as Glazite) via a connec~
tion strip, the inductances being taken to one side
of the tags and condensers to the other side. In
some cases it has been convenient to mount all
inductances on one side of a panel and all con-
densers on the other side. This method of
wiring has been used extensively in the Post Office
Research Section, and is in every way satisfactory.
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(2) The coils and condensers are arranged in more or
less natural sequence (the whole resembling a
schematic diagram) and the leads are kept as short
as possible. This is a very satisfactory arrange-
ment, but tends to be uneconomical of panel space.
Where unscreened coils are used, this method of
mounting is highly desirable as the coils must be
adequately spaced and, moreover, should be
mounted with axes mutuallv at right angles as
far as possible.

When unscreened coils are employed, it is usually neces-
sary to take great care in screening the filter as a unit, in
order to avoid cross-talk to other similar units. This is
usually done with a copper cover, soldered on, this being
desirable as the proximity of the cover modifies the inductance
of the coils. The filters would not therefore operate correctly
with the covers lonse or removed. When screened coils are
used, slip on covers mayv be employed, and no great care
need be taken in their use. When screens are fitted these
should be of low resistance (usually copper). The thickness
will depend on the lowest frequency to be screened, as the
optimum thickness decreases as the frequency increases. For
frequencies of the order of 5000 p.p.s., 16 gauge copper is
suitable and any greater thickness means wasted- copper.
The screen acts as a loosely coupled single turn and absorbs
the energy of any stray magnetic field. Regarded from the
standpoint of a power load due to the eddy currents, the
losses will be zero for infinite or zero resistance.

Testing of filters.
The only tests which it is necessary to apply to a com-

pleted filter are:
(1) Insertion loss when working between the design
impedances.
(2) Tmpedance when closed at the far end by the design
impedance.
(3) Cross-talk to other units.

Except where it is necessary to pair filters for duplex
circuits or where the input impedance is of particular interest,
it will usually suffice to measure the insertion loss, as this will
include the losses due to terminal mismatch. Assuming that
the filter has the same design impedances at the two ends
(Zs and Z3), the testing circuit will be as in Fig. 22.



46 THE DESIGN AND CONSTRUCTION

z
Z
. f 1:
Oscillstor Filter under
Y Test 2 Z;E
i 3
Z
2
Fic. 22.

This circuit simulates exactly the losses involved in
inserting the filter between a generator, having an internal
impedance Z and generating a voltage V,, and a closing
impedance Z.

The total insertion loss is given by

7

20 log,, :\% decibels

When {testing an unbalanced filter, the sending end resist-
ance should be in one leg only, the other leg (filter common)
being earthed. For filters involving an impedance trans-
formation, the correction will be obvious.

It is usual to divide the insertion loss tests into two parts,
firstly, of the losses in the transmission band, in which com-
parison of input and output voltages may be made by means
of a voltmeter, and secondly, of the losses in the attenuating
bands, in which an amplifier-rectifier unit is necessary. In
either case, it is usual to include a potentiometer across the
input circuit and to equate a fraction of the input voltage to
the output voltage. .\n absolute voltage calibration is not
then necessarv. By using a sensitive amplifier-rectifier in
conjunction with a reflecting galvanometer, it is compara-
tivelv easy to measure attenuations up to 120 decibels pro-
vided that certain precautions are taken :

1. The oscillator and amplifier should be separated and
run from separate batteries.

. The amplifier should be effectively screened.

. The input leads to the amplifier and all leads
associated with the filter output circuit should be
screened.

4. The oscillator output should be carefully balanced
to earth, if necessary by means of added capacity
and resistance. -

. When a high-pass filter is being measured, the
harmonics should be effectively suppressed.

|8}

o8}

Ut
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Provided reasonable care has been taken in arranging the
components and wiring, it will be found that the measured
insertion loss will agree closely with the calculated loss and
the design figures will be closely realised.

WWhen an impedance run is taken over the transmission
band, it is desirable, in the case of a balanced filter, to use a
balanced type of bridge. Such a bridge is shown in Fig. 23

p TTTTTTTTT -~
1% ol FILTER : |
Osc. = 2 UNDER I3z
T 3 Z?i TesT : ]
L - i
= [ 4
e Om———————————
C—C) O

To Measuring Device.
(HicH IMPEDANCE)

MEASUREMENT OF FILTER INSERTION LOSS.

UL

b e e od
—)
&/
2

RLE

TRANSFORMER BRIDGE FOR BALANCED CIRCUIT MEASUREMENTS.
TESTING OF FILTERS.
FiG. 23.

and consists of four balanced and screened transformers
arranged to form a bridge network. This bridge has given
very satisfactory service. The current through the network
under test can be measured by means of an A.C. voltmeter
across a resistance as indicated. This may be calibrated

against a thermo-couple which takes the place of the network
in a preliminary test.
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APPENDIX A.

Intermodulation products.

In order to see how intermodulation ariscs and the
magnitude of its products, it is convenient to study a single
constant K, low-pass section carrying sinusoidal currents
1, cos ol and 1, cos w,t at its input terminals and terminated
with its image impedance.

~ The current through the coil at frequency o, will be

,\/I - <i”_1 > i, and the instantaneous resistance to fre-
Wo
quency o, due to hysteresis losses is
— by
v 2 Fh, > == COS w;} +
@,
]
N L
L
= COS sl

¥ 2 Fh,
Ji-(5)
Wy

\

where Fh, and Fh, are the hysteresis factors for the coil at
frequencies v, and v,, expressed as ochms/milliamp/coil.

The output currents due to frequency w, will be

R
Wy
V2 Fhy? V2 Fhyy, \/ L (wo >

CcOS 2w,t + = COS 0,1 COS w,t

47, 27, ey \?
1 o

and due to frequency w,,

COS ot COS wyt

Wy
J— J— I —
2 Fh L22 Lt \/ < [0 >
V2 Fha, COS 2w,t + vz Fhe, 2
47, 2Z, w0, \?
I -
LOTY ,

Magnitude of 20, =

3} 1 2w, =
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) yy W1y /I _ ®,
\/?th N ( W, )

and = VA o 5+
- )

w; — Wy

o S

Cross-talk may be set up for one or more of the following
reasons :—

1. The frequency 20, may lie in the band of which w,
is a typical frequency.

2. The frequency 2w, may be in the band of which w,
is a typical frequency.

3- The intermodulation product gives frequencies
(0, + w,) and (o, — w,) either or both of which
may lie in one of the transmission bands of which
w; and v, are typical frequencies.

The frequency w, will be modulated by , to a depth of

T\ w; \

N/Z“z[ \/I_(\w0> \/I—<wo .

4Zo th———__-—/r(-o___z-—2+Fh1 =\
=
wg Wy

V2, 0.64 /0.36
T 4Z, { Fh, \/0.36 + Fh, A/ 0.64

g

assuming L = 0.6, —2 = 0.8

Wy Wy
_ N2y N2y
=z (1.33 Fhy + 045 Fhy) = VA 2.53 Fh,

If v, = 5 mA, Z, = 10002, Fh, = 0.3Q/mA
Depth of modulation = 1.35 x 107°
This is equivalent to an interference ratio of 57 decibels.
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APPENDIX B.

Dissipation losses in true band-pass filters and in a high
and low-pass pair arranged to forin a band filter.

It has been shown by G. J. S. Little* that the losses in
the transmitting band of a constant K filter are given by

_ Zu(R, + R))
Br = 7o

where Z;; is the series arm, Z,x is the mid-series image im-
pedance and R, and R, are the dissipation constants for the
series and shunt arms respectively. For a derived section
this has to be multiplied by a factor

nepers approx.

m
1 — (1 — m?®) Zu*

For high, low and band-pass sections these reduce to

F =

I
Type. } B F | Remarks.
! \
High-pass 7yt 7, mx? ‘ x =_2
Va2 2% —(1—m?2) ‘ w,
Low-pass a(r, + 7,) m x = Y
V1—x2 | 1—(1—m2)x? 0,
Bandpass | _2(ra?+ r,) m | o2
v n2x2 —(1—x2)2 ‘ 1~(1—m?)< nx )2 ‘ O
| | 1—x2 ]J

In the above table, 7 is the dissipation constant of all
inductances used and 7, is a similar figure for all condensers.

Fig. 24 shows the dissipation losses in a band-pass
section of the following characteristics. Cut-off frequencies
10,700 and 13,450 p.p.s. giving n = 0.228

m is taken as 0.6 and dissipation constants are allowed
7, = 0.01, 7, = O.

IFor comparison purposes, a high and low-pass com-
bination is calculated.

(a) In which m = 0.6 for each of the high-pass and
low-pass sections.

(b) In which m = 0.2335 for each of the high-pass and
low-pass sections, thus giving the resonance peaks

* I.LP.O.E.E. Paper No. 143, ¢ Electric Wave Filters,”” by G. J. S. Little.
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in approximately the same position as for the band-
pass filter.

The advantage which is exhibited by the high and low-
pass filter, in this respect is considerably more marked as the
ratio of band width to mean frequency (n) is increased.

| 030 Dissiparion  Losses v IRANSsITinG Bano l
Bang Pass v Hiew Phss + Low|Pass
1
| [
1 I
_?,Mou A he HP & AP seclionsd m=0-235 give the sime peak /
& ' frequencies os the band Filfef (m = 0-6f n="228) [ ]
< \ : /
N \ \ /
L-§ \ tBand  Pass Section m =06 Vi
R 1Y / 7
‘.‘g \ \ High Posslt Low Pass| m = 0-235 /
5 \ High Poss|+ Low Pass m= 046 /
$ /
L= o \ 4 7 74
A\ /.,
\\ / z
& l/
-~ - — - -
£0-9 095 £ L £ p rps o %
'’ Fm ///,/_-é F 2
FiG. 24.
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DISCUSSION.

Capt. A. C. TimM1s : —

The subject of the paper is necessarily difficult, but is
becoming more and more important both in telephony and
telegraphy. It might be useful, therefore, if I amplified the
general statement of the author regarding the uses of filters.

The earliest use of filters outside the laboratory was in
two-wire repeaters. Filters were inserted to cut down the gain
at the higher audio-frequencies where a loaded line is difficult
to balance. These filters, at first, were of the mutual
inductance type, as shown in Fig. 14. With the advent of
carrier telephony and voice-frequency telegraphy a wider field
was opened up for the application of filters, and lately of
course band-pass filters have been used in radio receivers.
The chief application of filters is to carrier telephony, where
they constitute perhaps the most important part of the
apparatus. Carrier systems are now being introduced rapidly
in this country, on aerial lines and submarine cables, but an
even wider application is, I think, made possible by the use
of four-wire carrier working on the main underground cables.
At present, of course, most of our underground cable circuits
are four-wire, but by using very light loading it is possible
to superimpose on each circuit a four-wire carrier, thus
obtaining two circuits in place of one. The relative costs
have been worked out carefully and show a saving of 50%
in favour of the carrier method, i.e., three circuits can be
obtained for the cost of two.

The indications are that the main cables of the future
will comprise circuits of that type, the system having proved
quite satisfactory in preliminary tests.

I have departed somewhat from the strict limits of the
paper, but in dealing with such a highly specialised subject
as filters it is desirable that the practical applications should
be emphasised.

There is one specific point 1 would like to refer to:—
When an inductance coil is enclosed in a copper screen it is
found that the lower the resistance of the screen, the lower is
the effective resistance of the coil at high frequencies. The
screen may be regarded as the loosely coupled secondary of
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a transformer whose primary is the inductance coil, the
secondary being closed by a resistance (R) which depends

on the resistance of the screen. If R is very high the energy
2

loss (CzR or IE will be small because the current will

R

be small; if R is zero there will be no volts across it and
therefore no energy loss. Thus, in the extreme cases the
energy loss (which appears as eflective resistance) is zero.
If we plot effective resistance against R the curve must rise
to a maximum at some intermediate value of R. Under the
conditions met with so far, it appears that the value of R lies
somewhere between zero and this maximum. The practical
conclusion is that fairly thick copper should be used for
screening coils intended for high frequencies.

A similar conclusion appears to be justified in the
analagous case of screened cable conductors; for example, it
has been found that copper tape produces much less effective
resistance than brass tape of the same thickness when used
to screen submarine cable conductors. Also, increasing the
thickness of the copper tape still further reduces the effective
resistance.

Mr. A. W. MONTGOMERY :—

In his admirable paper Mr. Halsey expressed a pre-
ference for the use of copper foil in condensers. We have
found by experiment that a more suitable and efficient con-
denser results from the use of ‘‘ tin *’ foil which, of course,
normally contains a proportion of lead. A more solid
condenser unit is obtained, and certainly for frequencies up
to, say, 150 kC., a condenser which remains constant with
time and has very low losses is in consequence produced.

It is appreciated that in a paper which includes such a
wide range of practical detail it is impossible to mention
everything, yet I think it is worth directing attention to the
use of impedance transforming networks and filters. It fre-
quently happens that the practical realisation, under manu-
facturing conditions, of coils and condensers of the inductance
and capacity values found by calculation is extremely
difficult; that is to say capacity and inductance values may
be too high or too low for convenient manufacture of appar-
atus. In such cases, by the judicious use of an impedance
transformation inside the filter, the capacity and inductance
values may be changed to others which lead to more satis-
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factory manufacturing conditions. An instance of this may
be found in the filters used in the voice frequency telegraph
system described in the Post Office Electrical Engineers’
Journal for April, 1932.

Practical tricks of this type are of more value for
manufacture than for their theoretical importance; of course,
while it is fairly easy, given the time, to design and construct
a single filter, it is quite a different matter to make a number
of filters to the same design and limits under commercial
manufacturing conditions.

Mr. H. STANESBY : —

I am afraid I disagree with Mr. Halsey’s statement that
the substitution of a band-pass filter by low-pass and high-
pass filters in series is best employed when the passing band
is relatively wide. One of the most important cases where
this substitution may well be employed, is in the design of
a filter which is required to pass a particularly narrow band
of frequencies, and to introduce large values of attenuation
for frequencies immediately outside the passing band. If an
attempt be made to employ the normal band-pass filter
structures or their equivalent networks for this purpose, it
will usually be found that the values of inductance and
capacitance required are either so small or so large as to be
completely impracticable. This was pointed out by Colonel
Lee in his address to the Wireless Section of the Institution
of Electrical Engineers in November, 1927.

In the Radio Section we find this substitution of con-
siderable value, and Fig. 26 shows the transmission-frequency
characteristic of a filter that has recently been designed on
these lines. Another point which may be of some interest
is the way in which this transmission characteristic is
improved by connecting it in series with a band-pass filter
the image impedances of which are matched only at the
extreme edges of the passing band.

Fig. 27 shows the transmission-frequency characteristic
of the band-pass filter which consists of two sections,
separated by a valve. This serves to increase the attenuation
where it was least for the preceding filter and at the same
time to equalise the transmission within the passing band.
The overall frequency characteristic of the complete system
is given in Fig. 28.
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AMr. Halsey refers to the use of solenoid coils on carrier
frequencies, but it appears to me that it is preferable both on
account of their small size and their improved dissipation
constant, to use slab, or wave-wound coils.

At the higher radio frequencies, solenoid coils have in
general a lower dissipation constant than the corresponding
slab coils, even though a greater length of wire is used to




60 THE DESIGN AND CONSTRUCTION

/20

a8

/"
14 \ \

00

90

TRANSHISSION FREQUENCY CHRGCTERUTIE
OVERZLL

80

70

60

40

AT TENUTTION b RALAZTIVE 70| GOC.

30

20

0

AL OQCYCLES
48 50 52 S% 56 358 T 60 62 64 66 68 o 2 A T8 8 0

Fic, 28,




OF ELECTRIC WAVE FILTERS. 61

obtain the same inductance value. This is due to the fact
that at these frequencies eddy current losses are so great that
it is undesirable to pack a large number of turns in a small
space and so to subject them to a concentrated field.

At the lower frequencies at present used for carrier work,
a large amount of the coil resistance is due to the straight
wire resistance of the conductor, and the increase in resistance
due to winding the wire into a coil is not as great as it is at
the higher frequencies. It therefore becomes more important
to reduce the length of wire used, and so to approach that
shape of coil which gives the largest inductance for a given
length of wire, which is of course that of the slab coil.

These considerations are confirmed by results. Using
slab coils it has been my experience that there is no difficulty
in obtaining dissipation constants of the order of 0.0035 at a
frequency of 30,000 cycles per second, which compares
tavourably with the optimum figure of o0.007 quoted by Mr.
Halsey.

Mr. D. C. EspLEY : —

I would like to defend the new theory of transmission
network design because I think that it gives us methods of
calculation which are very much more flexible and direct than
those due to either Campbell or Zobel.

Having settled the requirements for a filter it is now
possible to carry out the design without the trial and error
methods so familiarly associated with Zobel networks. We
can start off with specibied impedance and propagation
characteristics and the network form can be selected almost
immediately from available design data. The impedance
and propagation constant characteristics can be given forms
approximating as closely a. desired to the ideal, whilst at
the same time the two characteristics may be chosen absolutely
independently in the same filter.

The beauty of the method lies in the fact that in the
initial stages of a design we can say that—

(a) The impedance over any desired fraction of the
pass range shall be a resistance which does not
deviate by more than any required small amount
from the value of the nominal terminal impedances.

(b) The attenuation beyond a point, just outside the
pass range, shall be always greater than any
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required minimum value. The proximity of this
point (or points) to the cut-off frequencies can be
controlled in the design.

Another advantage of this new theory is that very often
there is some saving in the number of circuit elements. This
may be illustrated by the fact that in some Zobel networks the
requirements for image impedances demand the use of com-
plicated half section terminations which do not contribute
appreciably to the overall attenuation.

One disadvantage is that up to the present the available
information on the subject is obhscure and not presented in
the most straightforward manner.

Mr. G. J. S. LITTLE : —

The statement of the relation between time of propaga-
tion and the slope of the phase shift curve of a line or filter,
which is given in the paper at the end of Part I, is generally
accepted. Referring, for simplicity, to a low-pass or high-
pass filter, as the cut-off frequency is approached from within
the transmitting band %’ increases rapidly and at the cut-
off frequency becomes infinite. At first sight one appears to
be justified in drawing the conclusion that at the cut-off
trequency in a resistanceless filter, the accepted relation would
give the time of propagation as infinitely great, but through-
out the attenuating range of a resistanceless filter (apart from

. . . . da
points of infinite attenuation) 4o = ©
w
Hence in approaching the cut-off frequency from within
. da .
the attenuating range — at the cut-off frequency might be

dw

considered to be zero.

Of more interest than this apparent contradiction due to
the right angle in the phase shift curve at the cut-off frequency
is the inference, it the usually accepted theory is applied, that
throughout the attenuating range of a resistanceless filter,
the time of propagation is nil and in a practical case such
as, for instance, a loaded line or actual filter, extrenmely small.
This result, one feels, is unlikely to be correct and possibly
the accepted relation is approximate and is valid only in
cases in which attenuation is approximately uniform with
respect to frequency. It may be noted that the following
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possible relation (in which 8 = attenuation per unit length),

viz., speed of propagation = da + iiﬁ‘,
d(u (Z(L)
. da dgp .o
since both - and J, are zero or infinite at the cut-off
w w
frequency in the resistanceless case, according to the direction
of approach, would give a time of propagation rising to an
infinite value at cut-off and then falling.

Mr. J. G. STRAW : —

Reference has been made to the use of D.U. coils where
there was the possibility of cross modulation.

I should like to know whether the author can give us
any further information on the apparently particularly desir-
able qualities of that material.

Mr. D. A. LEy :—

There are several limitations in the design of filters of
the type we have just now had outlined to us, and mention
should be made of the two most important of these.

Firstly, when designing a filter to be built up of a
number of sections, not only must each section give a desired
attenuation characteristic, but care must be taken to see that
all sections possess the same characteristic impedance. This
is achieved at the expense of the elements employed in the
circuit. This characteristic impedance however may not
necessarily conform to requirements, and special end sections
have to be added whose functions are to give an approxima-
tion to the impedance required at the terminals of the net-
work, again employing extra elements. If the filter were
designed as a four-terminal network comprising one section,
it could be designed to have any required attenuation charac-
teristic and impedance characteristic employing in general
fewer elements than the corresponding ladder type filter.
There are thus more economical solutions of the problem
under discussion than that given by the ladder type of filter.

The second limitation occurs when attempts are made to
use ladder type filters at higher frequencies. It will be found
that unless the band width of a filter is increased, the values
of inductances in the series arms of the network do not alter.
This leads to the employment of inductances of the order of
70 mHs. at, sav, high carrier frequencies, and the design of
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such coils to have good power factors and high resonance
points present difficulties to the manufacturer. It should be
noted, however, that this difficulty only presents itself when
it is essential to employ as part of the design the mid-series
image impedance of the prototype section.

Mr. C. A. BEER:—

The late Mr. Shepherd in the year 1913 described the
relation of a filter and a loaded line, and I think it is very
interesting to notice, if you take the position before and after
loading, the effect of adding the coils. Assuming the con-
ductor is resistanceless then before you add the coil, the
impedance is wholly reactive. When the coils are added the
characteristic impedance in a properly loaded line rapidly
assumes an angle as near as possible to zero, i.e., it becomes
non-reactive. Furthermore a line or filter has to be a channel
of communication. Since we have to get a certain amount
of energy into receiving the 600 ohms termination, the send-
ing impedance cannot be reactive, as no energy would then
go into the circuit, and, too, I think there is some interest
attached to the fact that pure coils and condensers cannot
consume any steady state energy. Therefore all the energy
that goes into a filter, (useful energy), must come out. One
can express it in an alternative way by saying that the trans-
mission time was infinite.

I wondered whether Mr. Halsey, possibly on the lines
suggested by Mr. Espley, thinks it possible to attempt to
recast his ideas or to look at some of our normal filter theories
from a different standpoint, i.e., the adjustment of sending
impedance modulus, and/or angle, so that the input power
is always equal to the output power plus any adjustment on
account of resistance components unavoidably present in the
coils and condensers of filter circuits.

Mr. R. J. HALSEY : —

Capt. Timmis pursued a rather interesting point, in the
matter of the resistance of screens which are used on these
inductances, but I think we can really sum the whole matter
up in a few words by saying that the maximum absorption of
energy will take place when the screen is coupled to the coil
itself on a characteristic impedance basis in which case the
resistance is such that it will absorb maximum power from
the coil. If the working condition is on the high resistance
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side of that point, an increase in resistance will mean that the
losses go down and if on the low resistance side, they go up,
and therefore the curve shown by Capt. Timmis of losses v.
resistance simply involves locating the point at which
maximum power can be absorbed from a circuit with a given
coupling.

Mr. Montgomery made mention of the use of tinfoil with
copper with condensers, and I must say the use of tinfoil is
new to me. It is quite interesting to hear that tinfoil can
give better results than copper.

As regards the impedance transforming sections, I must
say I quite agree with him that they can be very valuable and
may save a lot in the cost of condensers, but unfortunately
it has been necessary to omit many such variations in a paper
of this scope.

Mr. Stanesby’s remarks about high and low-pass filters
being used at 60,000 cycles are certainly rather interesting.
I had not considered the problem at such high frequencies,
and I quite see his point that it may be quite impossible to
realise suitable inductance at those frequencies. However,
I think that up to about 30,000 cycles my statement was fairly
true. I do not think many of us would consider the use of
a high and low pass pair at frequencies up to 3o kilo cycles,
at any rate, but with Mr. Stanesby’s experience as a guide,
we shall have to look into the matter.

The use of slab coils instead of solenoids has perhaps
rather escaped our attention for the simple reason that we
have really concentrated on the use of dust cored coils and
seldom use solenoids of any description, and in speaking of
these I had in mind slab coils as well.

I was expecting some criticism from certain directions
on the general method of tackling these filters, but the Zobel
method has become very common. Most people seem to
have some understanding of this method, but the new
methods propounded by Dr. Cauer are not yet well known.
We have not had any experience of the new methods and I
can therefore add little to my earlier remarks. I dare say
there are certain advantages and I appreciate the point made
later by Mr. Ley in connection with the waste of elements.
Of course 1 have read of some of the works of Dr. Cauer, in
which these things are mentioned, but I have not had the
time to delve into the mathematics. To the best of my
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knowledge the only exhaustive work is in German and, as
that is not one of my strong points, I am rather at a loss.

Mr. Little is right about the complex functions at the
peak frequenmes of the filter sections, and I agree that they
are simple and not complex functlons I was referring to
points not exactly at resonance, but a litile way off.

The statement about the capacity of the inductances of
course is not absolutely true, but one has to make certain
generalities in cases like this. It is approximately true that
with a given core, and assuming the coil is wound full, that
the self-capacity of the coil depends only on the geometry and
not the actual inductance. As a matter of fact, the capacity
is principally accounted for by the direct capacity between the
inner and outer layers of the coil. As an example I have
figures showing that the self-capacities of coils wound in a
similar manner on similar cores, range from 150 upF in the
case of a 5 mH coil to 180 uuF in the case of a 50 mH coil,
the capacity increasing uniformly with the inductance.

In speaking of the significance of j I think Mr. Little

is opening a rather large subject. If we pass the cut-off
frequency of the filter, theoretically at any rate, we do not
get any power through it. The only conditions under which
we can get power transmitted through the filter is when the
termination is non-reactive and, in that case, of course, the
whole of the properties of the filter are slightly upset and the
statements relative to infinite propagation time do not hold.
I think it can be assumed that all the time the filter is
definitely transmitting a frequency, its propagation time is
not infinite, otherwise we need not be concerned whether it is
infinite or not.

Mr. Beer’s conception of the working of a filter from the
impedance viewpoint is not altogether a strange one. It is
often quoted in general considerations of four-terminal net-
works in which the losses can be considered purely from the
point of view of the reflection loss between the input
impedance, which itself is a rolling curve, and the transmitter
impedance itself. As far as the losses in the transmission
band are concerned, I do not think his conception will lead
us any further than the usual conception already described.

As regards the peculiar properties of D.U. core material,
I am afraid that is a little outside my scope. I do not know
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why D.U. material is as good as it is. Our own attempts to
imitate it have been abortive. D.U., in addition to its excel-
lent hysteresis properties, has good eddy current properties,
so that it is possible to get dissipation constants of about
.004 on D.U. even with considerable current.

BIRCH & WHITTINGTON, PRINTERS, EPSOM.





