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7. Imtroduction.

A wAVE-FILTER is a device which transmits freely a certain band of
frequencies and attenuates infinitely all other frequencies. An ideal filter
of purely reactive elements and mnon-reactive characteristic impedance
terminated in its characteristic impedance would produce no attenuation in
the transmission band and infinite attenuation at all other frequencies.
Commercial filters, however, fall short of this ideal and the frequencies in
the transmission band also undergo a finite attenuation. The attenuation
in the filter network is due to the fact that the filter elements cannot be
made purely reactive in actual practice and there is an appreciable loss in
the condensers at high frequencies. In addition, if the filter is inserted
between two impedances different from the filter characteristic impedance,
there is a further loss due to reflections at the input and output ends. ‘The
effect of a filter inserted between two impedances is therefore the combination
of attenuation and reflection effects. The network attenuation can be
reduced by using iron or permalloy core inductances and condensers having
low loss at high frequencies. The attenuation due to reflection can be
reduced by matching both the input and output impedances with filter
characteristic impedance. Still the attenuation in the transmission band
cannot be reduced below a certain value. In a multiplex communication
system, several filters each consisting of two or more sections may have to
be introduced in a short section of 200 miles as shown in Fig. 1. On an
open-wire line section between the carrier terminal and a carrier repeater
station, a voice-frequency channel is simultaneously worked with the carrier
channel so that between the points x and y in the circuit the carrier channel
frequencies have to pass through five filters, namely, A, B, C, D and E.
Assuming an attenuation of three decibels in the transmission band of each
filter, the total filter attenuation of about 15 decibels, to which if
the line attenuation of about 15 decibels and equaliser attenuation of

4 decibels be added, the total loss will amount to about 34 decibels,
224
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The repeater must therefore be of the high gain type having a gain of at
least 30 decibels. If, on the other hand, the filter loss of 15 decibels
could somehow or other be reduced to zero, low gain repeaters or high
gain repeaters spaced at greater distances apart could be wused. The
reduction of attenuation in the transmission band of a wave-filter is also
desirable in other fields of communication.

The author has found out that if a wave-filter be terminated in the
negative resistance —-Z, where Z, is a pure resistance of the same value as
the filter characteristic impedance, a large gain can be obtained instead of
attenuation for frequencies in the transmission band due to the negative
reflection loss or reflection gain. The result is of great value to the
communication engineers as the same device can be used to filter out a
particular band of frequencies and amplify it at the same time, The
amplitude distortion is within the limits of tolerance as laid down by the
Comité Consultatif International Des Communications Telephoniques a
Grande distance. The cut-off is much sharper than that obtained with the
positive resistance termination Z,. A filter network having zero attenuation
in the transmission band can be manufactured by joining several sections
with a negative resistance element between any two sections.

2. The Negative Resistance.

When a source of power is applied to the terminals of an ordinary
positive resistance a current flows in at the terminal connected to the
positive pole of the source and out at the other terminal. This direction of
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current flow is positive and the value of the resistance R is given by the
relation R=E/I when E is the applied voltage and I is the current in
amperes.  Similarly, a definite current I may be passed through the
resistance and a potential difference E==RI will appear across its terminals.
With positive resistances it makes no difference whether we apply an
e.m.f. or pass a current. The resistance absorbs energy from the circuit at
a rate W given by W=I2R watts. ;

It is possible to construct a device which has the property of keeping
the ratio of the voltage across a pair of terminals to the current at the
terminals constant but with the relative direction of the voltage and current
opposite to that which a positive resistance would give. In such devices
the resistance is negative and the device contributes power to the circuit
with which it is connected. Each such device necessarily includes a source
of energy such as a battery and some means such as a vacuum tube for
controlling the delivery of this energy to the circuit. There are two
varieties of such devices, namely, (1) in which the internal arrangement of
the device is such that if a definite voltage is applied to the terminals,
_acurrent flows in a direction opposite to the applied e.m.f., and (2) in which
if a definite current is passed through the system, the potential difference
across the terminals will be opposite in direction to that caused by a
positive resistance. These two arrangements are entirely different and
cannot be used interchangeably in a given circuit. The voltage-current
characteristics of a positive and a negative resistance are shown in Fig. 2 (a)
and 2 (b) respectively. There are many forms of negative resistances,

1 I
V —— : V e
Fra. 2(a). Characteristic of a Positive Fie. 2(b), Characteristic of a Negative
Resistance. _ Resistance.

na_.mely, the electric arcs, the imperfect metallic contacts, the ordinary
tnc?des and. screen grid tubes used as dynatrons and a one-way amplifier in
which the input and output terminals are interconnected. The primary
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difficulty is the instability of the devices. The thermionic vacuum tubes
are no doubt more stable than the electric arcs but even the negative
resistance obtained with commercial tubes does not stay constant over
long periods of time. In this paper, the screen grid tube used as a dynatron
has been employed to give the negative resistance and all precautions have
been taken to make it stable over the period of observation. Another
difficulty is that it is not easy to vary the negative resistance value of
a given vacuum tube system beyond certain limits. External circuits,
however, enable one to accomplish variations beyond these limits. Fig. 3 (a)
shows how the absolute value of the given negative resistance —' can be
reduced and Fig. 3 (b) shows how —#' can be increased. |
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3. Termination of Wave-Filters.

The characteristic impedance of a single filter section is the impedance
of the infinite number of such sections linked together. It follows that if a
network of finite number of sections be terminated in the output by the
characteristic impedance and the impedance measured across the input
terminals, it shall be equal to the characteristic impedance. If Z_ be the
characteristic impedance and Z; and Z, be the series and shunt arm
impedances respectively, the wvalue of the characteristic impedance
calculated from the above definition will be given by Z, = V(Z1Zs+} Z,2).
If Z) and Z, are assumed to be pure reactances, it is evident that Z, will be
~a pure resistance at some frequencies and a pure reactance at others. Now
if the characteristic impedance of a finite number of sections is a pure
resistance and each section is made up of pure reactances, all power will be
delivered to the non-reactive termination and there will be no attenuation.
If the characteristic impedance of a finite number of sections is a pure

reactance, no power will be delivered to the termination and there will be
4 F
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infinite attenuation. Since the characteristic impedance changes from a
pure resistance to a pure reactance as one passes from the transmission to
the attenuation band, there will be no attenuation in the transmission band
and infinite attenuation outside this band. In commercial filters, however,
as the elements are not purely reactive and the condenser losses appreciable,
there is always a small attenuation in the transmission band. Now suppose
a wave-filter, having a characteristic impedance in the transmission band
of Z, which is a pure resistance, is fed from a source of impedance Z, and
also terminated by a pure resistance Z, as shown in Fig. 4. Then in the

: e/ J3e
Zo Z, 2, Zp
® 2 4 &

Fia.-4. A Wave-Filter fed from Z, and terminated in Z,.

transmission band, there will be either no attenuation or a finite attenua-
tion. After the cut-off frequency is passed the impedance looking into 1—2
terminals Z;5 is neither a pure resistance nor equal to Z, in value. Zj3 and
Z34 will be given by ‘

Zyp=12y=12, (g? j: ;o 2221111;, (1)
where Z' is the characteristic impedance in the attenuating band and y = pro--
pagation constant. Hence there will be reflection losses at the input and
output ends due to the mismatching of the impedances Z, and Z;; and Z,
and Zy, respectively resulting in attenuation. The effect of a filter inserted

between two impedances is a combination of attenuation and reflection
effects.

In general, the total insertion loss is made up of two portions, namely,
(1) the network attenuation, and (2) the reflection losses due to mismatching
of terminations. The network attenuation is given by the relation

= 2 Sy Do i 9
D, 0 logyy (1 + o7, 4 Zz) decibels (2)
The input end reflection loss is given by
: Z+%, . .
D, = 20 logyg Vi decibels (3)

where Z = input impedance. ,
The output end reflection loss is given by
7z + Z, .
D',, = 20 10g10 m—z-::"z—, decibels (4)
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where Z’ = output impedance. The total insertion loss of the network
inserted between 1mpedance< Z and Z' is then in decibels glven by

z, Z+ 7,
Dy = 20 logyo (1 +zz 7.) 20 logio ~ it
7+ 7, Z+%
+ 20 1Og10 \/ 7 7 — 20 10g'10 '\/m (5)
Z+7

A reflection loss 20 log, has been subtracted because the reference

VaAzZZ
condition is one of impedance mismatching.

Coming now to the problem under consideration, it can be shown that
if a network having impedance Z; and Z, ohms in the series and shunt arms
respectively be terminated in the output by a pure megative vesistance —Z,
where Z, = ¥(Z,Zs+} 7, %), the impedance measured across the input
terminals of the network will be —Z, (Fig. 5). The impedance Zgp is

o————%1/21-9%1/2]

_Zo

m SRR Ye J
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Fia. 5. A filter section terminated in the negative resistance —Z,.

given by Zup = %Z1‘+Zp where Z, = parallel impedance. The parallel

. . . - ] . 1 1 1
, T S t
impedance in this caseA 1s given by z, Z + 177, so tha
Z,+2,—7,) 1 Z,(+Z,—27,)
Zy= %——«——————-Z A and Zsp =47 +l;——~————

17 —7.+7
If Zag = —Z,, then Z o2 =+ 7Z,2+2Z,Z5, so that Z_ = V(Z\Zs+ } Z,2).

Now if two impedaznces Z, and —Z_ be connected across the network in the
input and output respectively as shown in Fig. 6, then at the section XX’,
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Fie. 6. A filter section fed from Z, and terminated in —Zq.
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the impedance looking on the left will be Z, and that looking on the right
will be —Z, and at the section YY' the impedance looking on the right
will be —Z, and that looking on the left will be Z,, so that Z;s==—Z_ and
Zy =Z, Since, in actual case, the magnitude of the characteristic
1mpedance in the transmission band also undergoes variation, the total
reflection loss at any frequency can be obtained from a knowledge of the
magnitude of the characteristic impedance at that frequency and that of
the negative resistance termination.

If V, = the sending end voltage, Vy= the receiving end voltage (z.e.,
across the non-reactive termination Z ), I,=the sending end current, Iy =
the receiving end current, V, =the voltage across the parallel impedance and
Ip =the current in the shunt arm, then the vector diagram of currents and
voltages for normal positive impedance termination may be drawn as shown
in Fig. 4(a). If V', V'g, V'p, T’;, I'r and I’y be the corresponding quantities

Fic. 4(a). Vector diagram of voltages and currents for positive impedance
‘ termination,

in case of the section in Fig. 6 with negative impedance termination, then the
vector diagram of currents and voltages may be drawn as shown in Fig. 6(a).

7

Vr 0

agram of voltages and currents for negatlve lmpedance
termination.

F1g. 6(a). Vector di
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4. Experimental.

Formation of negative resistances.—A screen-grid tube (Marconi S 21)
under secondary emission condition in series with a variable positive non-
reactive resistance R was employed to obtain “ negative resistances’’ of
different values. The circuit arrangement is shown in Fig. 7. The magni-
tude of this negative resistance and the range of voltage over which it can
be used depends upon () the anode voltage, (b) the temperature of the fila-
ment, and (c) the shape and the material of the electrodes. The filament

_ 56 UF’s

Marconi I

Welockimy

pupuuliet .F.Choke. condenser.
=60 H.

Irofr in
hydrogen
resistance ¢

Fra. 7. Negative Resistance Circuit.

current (I), the anode current (I,), the screen-grid voltage (V,) and the
anode voltage (V,) upon which depends the stability of the resistance were
maintained constant throughout the experiment. Iron in hydrogen resist-
ance inserted in the filament circuit kept I constant.

The falling portion PQ of the V,-I, characteristic shown in Fig. 8
was used for obtaining the negative resistance condition. The magnitude of
the negative resistance was given by 8V,/81L, (v.c.,— 48,000 2) which was con-
stant whichever point on PQ was selected as the working point. Cis a
blocking condenser to prevent the direct current from the high tension
battery from circulating in the main circuit. The L.F. choke (L) prevents
the high frequency' currents from circulating in the parallel battery path.

The impedances of C and I, calculated at various frequencies are shown below
in Table I,
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TAﬁLE 1.

Impedance at Different Frequencies

100 c.p.s. 3000 c.p.s. 8000 c.p.s.
C (56 nFs) .. .. 28-2 0 0:-94 Q 0-2
L (60 H) . . 37,600 2 11,28,000 £ 30,08,000 2

The resultant negative impedance obtained across the terminals T
and T was taken very approximately equal to be a pure resistance of value
—R;+R, 1.e., =R’ ohms. The maximum inclination of the resultant vector
obtained with —R’ ohms impedance (s.e., —120 ohms) and series condenser
- impedance of 28-2 ohms at 100 c.p.s. worked out to be about 13°, and at
higher frequencies, the angle would be very small,

Measurement of total insertion loss and network attenuation.—For this
experiment, a low-pass filter (cut-off frequency f,=2700~ and characteristic
impedance Z,=120() and a band-pass filter (cut-off frequencies f; and f; of
6000 and 8300 cycles per second respectively, frequency of infinite attenua-
tion f.,=8500 c.p.s. and characteristic impedance=600 ) designed and
constructed by the author were used. For measuring the network

attenuation, the input and output voltages V, and V, respectively were
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measured by a valve voltmeter with 120 ohms and 600 ohms positive non-
reactive resistances in the output of the low-pass and band-pass filters respec-
tively. 'The attenuation in decibels at any frequency is given by the

relation o = 20 logyy The circuit arrangement is shown in Fig. 9.

R
For measuring the total insertion loss of the filter, the input and output
impedances were 120 and — 120 ohms respectively in case of the low-pass

Audio oscillator Filter

1 3

~ 1 Uplo <
izooon] [Z2] =~—|—= |20 2| <—|— [Z7)
* L ' ¥ 4

Valve vollmeter,

Vs D.E.R.
Osram

—— u-ammelker
7#,@ 0-20pA.

Fie. 9. Measurement of network attenuation.

filter and were 600 and — 600 ohms respectively in case of the band-pass
filter. The input and output voltages V’'; and V', respectively were
measured by a valve voltmeter and attenuation at any frequency similarly
calculated in decibels. The circuit arrangement for measurement is shown
in Fig. 10. Tables II and III show the total insertion loss and the network

Audio osciltatar Filter
hY
1 a3
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4+ 4
Vs f V&

Negative resistance
device

Valve voltmeter

O-5HF

_” ‘04 !;
Mas
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[ (’ oOr2ONA,

L

Fic. 10. Measurement of total insertion loss.

attenuation at various frequencies for the low-pass and the band-pass filters
respectively.
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Tasry II.
Low-Pass Filter.

Termination = 120 ohms | Termination=—120 ohms
Total reflection
Frz%u::'ncy Network attenna- Total insertion loss (decibels)
VsV | "4ion (decibels) Vis/VR | Joss (decibels)
200 1-17 0-68 0-93 ~—~ 0-63 - 1-31
470 1-21 0-83 0.-74 — 2-61 — 344
1010 1-25 0-97 0-29 —10:75 —11-72
1370 1-25 0-97 0:29 —10-75 —11-57
1500 1-26 0-97 0-30 --10-50 —11-47
2000 1-25 0-97 0-31 —10+20 -11-17
2500 1-25 097 0-33 — 9:60 --10:55H
3000 1-28 1-07 1403 + 0-13 - 094
3500 1-33 1-24 1-11 + 0-45 — 079
4000 - 4-40 6-10 1-20 + 0-82 — 528
TaBre III.

Band-Pass Filter.

| Termination =600 chms | Termination= —600 ohms
Frequency Total reflection
€.p.s. 1 . loss (decibels)
Network attenua-| «,, v, Total insert
VelVe Wion (decibels) | VIV | loss (deotbeley.
5000 1-36 1-34 1-07 ~+0:59 075
5.500 1-31 1-20 0-715 —2-90 ~4+07
6000 1-19 0-76 0-86 -—1-30 —2.06
6500 1-11 0:45 0.97 —0-30 —0.75
ZOOO 1-13 050 0-97 —0:30 —0-80
7500 1-19 0-75 0-97 —0:30 —~1:05
8000 1-27 1-04 0-91 —-1:00 ~ 204
8500 1-46 1-64 1:13 +1-06 -~ (+58
9000 1-57 1-90 1-18 +1.44 —0-46

Fig. 11 (a) shows that, in the case of the low-pass filter, the average
attenuation in the transmission band is about 1 decibel, with + 120 ohms
non-reactive termination, while the average gain is from 6 to 7 decibels
with —120 ohms non-reactive termination. The gain of 6 to 7 decibels
?orresponds to a voltage amplification of 2.0 to 2.24. Further the cut-off
1s much sharper in the latter case and the amplitude distortion is within the
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Fra. 11(a). Low-Pass Filter Characteristics with Positive and Negative
‘ Resistance Terminations.

1
w

limits of tolerance as the response at 200~ is 7.3 decibels less and that at
2500 ~ about 1-6 decibels higher than the response at 800 ~ (the mean
speech frequency). Fig. 11 (b) gives similar conclusions about the band-pass
filter. The average gain in case of the band-pass filter is about 1.5 decibels
corresponding to a voltage amplification of about 1-2. The cut-off is much
sharper and the amplitude distortion is well within the limits of tolerance.

The reflection losses at various frequencies have been obtained by
subtracting the network attenuation from the total insertion loss and shown
in Figs. 12 (a) and 12 (). It is evident from the negative signs that the
reflection losses are “ reflection gains’’ in this case. Relative figures for
reflection gains at various frequencies calculated from the characteristic
impedance and negative impedance values and plotted on the same sheet
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Fra. 11(b). Band-Pass Filter Characteristics with Positive and Negative
Resistance Terminations.

show an agreement between the theoretical and experimental curves, thereby

indicating that reflection of energy has taken place at the junction of positive

and negative resistances such that an increase in amplitude has thereby

resulted instead of the usual decrease.

5. Conclusion.

The following conclusions have been arrived at by the author:—
1. An electrical wave-filter, fed from a source having a non-reactive
impedance of Z, and terminated by the negative resistance —Z, (where
|Zo] = ¥Z1Zs + 1 Z,?), gives a voltage gain for frequencies in the transmission
band instead of the voltage attenuation obtained by the positive resistance
termination (Z,). : ]

2. The rise of the characteristic near the cut-off frequency of the net-

work is much steeper in case of the negative resistance termination and the
cut-off is thereby improved.

3. The amplitude distortion introduced in case of negative resistance
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Fia. 12(a). Variation of the reflection gain with frequency in case of L.-P. Filter.

terminations is well within the limits of tolerance. Table IV compares
the response figures arrived at by the experiment and the figures laid down
by the Comité Consultatif International Des Communications Telephoniques
a Grande distance (C.C.1).

TABLE IV.
Response
at 800 ~ at 200 ~ at 2500 ~

* Experimental result

(L. P. filter) ‘e . 0 —T7+3 decibels | ~+1-6 decibels
C,C.I. limits (Meésage

telephony and Picture ,

telegraphy) .. .. 0 +8.7 ” +8.7 "

* Pigures obtained with reference to the response at 800~ which is taken as zero,
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6. Summary.

Ideal wave-filters should have zero attenuation in the transmission band
whereas in commercial filters consisting of several sections this attenuation
cannot be reduced below 3 or 4 decibels. In multiplex communication
systems, the filter attenuation becomes very large as the frequency bands of
a channel have to pass through several filters and a high gain repeater has

therefore to be inserted to overcome the total filter attenuation and the
circuit loss.

The paper relates to the author’s experiments on wave-filters terminated
in negative resistances formed by screen grid thermionic tubes under
secondary emission coundition. He has found out that if a wave-filter be
terminated in a negative resistance — Z, where Z, is a pureresistance of the
value of the characteristic impedance in the transmission band, a voltage
gain of several decibels can be obtained for frequencies in the transmission

band, the cut-off improves and the amplitude distortion is well within the
limits of tolerance laid down by the C.C.I.

This research is of great value in the field of electrical communications
as the same device can be used to filter out a certain band of frequencies
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and to amplify it at the same time. A no-loss filter can be manufactured
by inserting a negative resistance element between any two sections. By
employing no-loss or gain filters in the channel, very high grade circuits
can be obtained and only a low gain repeater will be necessary.

7. Appendix.

Design of the band-pass filter (6000 ¢.p.s.~—8300 c.p.8.)

It is required to design a band-pass filter whose lower cut-off frequency f4 = 6000
¢.p.s., upper cut-off frequency f,==8300 c.p.s., frequency of infinite attenuation
foo = 8500 c.p.s. and characteristic impedance = 600 £2.

The type of structure chosen is shown in Fig. 13.

L/E’R/E 2¢, - 2¢,; LVe’R’/a
: 1L 1| 1666\ o
00— _I_c | — |
2
Ls R>
(- —

Fra. 18. Structure of the Band-Pass Filter.

The value of m is given by

(Folf1)P =1
m= 1
V- (oo 1 P= W
= 0.296.
Z,m . .
Hence I, = ————— Henries = 0.0248 Henrios (2)
7 (f2—F1)
Therefore 1,,/2 = 0.0124 Henries.
0, =271 parags —0.0288 pE’s (3)

4mf2Zm
Therefore 20, = 0-0576 uF’s.
Z, 1—m?

Y= e Y im
_ (fo—f1)m
B (f22—m2f12) i,
The values of elements are therefore '

L /2 =0.0124 Henries; 20; = 0.0576 ul’ss Lis = 0.064 Henries.

Cy = 0.0054 uF’s.

In constructing the filter, the Gambrell Coils (having inductances as given above)
and mica condensers were used. Only one section was employed.
Design of the low-pass filter,

It is required to design a low-pass filter whose cut-off frequency f; = 2650 c.p.s. and
the characteristic impedance Z, = 120 ohms.

Henries = 0.084 Henries (4)

C, Farads = 0:0054 uF’s (5)
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The type of structure chosen is shown in Fig. 14.

Loy, Rop LosRo  LoysRo,

[

Trg. 14. Structure of the Low-Pass Filter.

Then
- o
(o] ﬂfc
1
° 7Tf0Zo ) .
The cut-off frequency is given by the equation
1
fc h m «/LOCO
Hence ‘
120 14-4 milli-henri dL° 72 mH
Lo=m = 14+4 milli-henries, an 5 = 7.2 mll.

1

Com = 1.0 uPF.
o= ~Xzes0x1z0 - UK

Design of coil L,—
Here L, = 0-0144 Henrles; b = 2cms.; c=15ems.; & =2:25cms.;
R = 3.0 crs. (Fig. 15).

Coil space
s

5y
L

le—20

7
|-

Coil space
Fic. 15,

AN

Using Brooks and Turner’s formula for a multi-layer coil, we obtain,
_4dm? a2 N2 -
o == brciR 1tg
where

- 106 +12¢+2R

T 106+ 10c+ 4R
14R

F,=1%lo 100

2 g10 ( + %+ 30)

whence N = 643.8 = 644 turns roughly.

(1)

(2)

(3)

(4)
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Using 26 S.W.G. D.S.C. wire, the number of turns per layer = 386.
Hence the number of layers = 18. The D.C. resistance R, = 9:3 ochms.

Design of coil % —

L
Here —éf = 0-0072 Henries; b=2cms.; ¢=1cm.; ¢=2-0cms.;

R = 2.5 cms.

From the same formula, the number of turns N works out to be 477. The number
of turns per layer being 26, the number of layers will be 18. The D.C. resistance works
out to be 6 ohms.

The filter was constructed in two sections by coils wound in the lzboratory and by
mica condensers. '





