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CHAPTER 1

CHARACTERISTICS OF SOUND AND WAVE MOTION

1.1 INTRODUCTION

The field of communications deals with the interchange of
thoughts, or data signals tc answer the needs of culture, enter-
tainment or business. It follows that in order to convey the maxi-
mum information these thoughts or signals shculd take the form of
something visual cr audible and be capable of reaching, within
spatial limitations, any person or apparatus to whom the thought is
directed. For instance, speech is a thought expressed in audible
form and may be transmitted to any person or apparatus. Pictures
and printed words are thoughts expressed by visual means which
may be interchanged between persons or suitable apparatusses. Each
of these examples are an expression of some thought. It is the
purpose of the communications industry to carry this expression to
its destination by means of electromagnetic energy flowing over wires
or radiated through space. The principles underlying the transmission
of a thought expressed in the form of speech, are, with a few ex-
ceptions, identical to those of a thoughtexpressed in all other forms.
Since speech is the more common form, this text will deal with its
transmission primarily.

The telephone transmits specch by employing the mechanical
energy of the speaker’s voice to produce electrical energy, of
suitable characteristics, which is later converted into sound waves
at the listeners station. To better understand the problems en-~
countered we may well consider the nature of sound and hearing.

1.2 BRIEF HISTORY OF COMMUNICATION TRANSMISSION

1835 Samuel Morse privately demonstrated his electromagnetic
telegraph. Patents were granted to him in 1848.

1844 First telegraph line was constructed between Washington and
Baltimiore.

1851 First successful submarine telegraph cable was laid between
England and France.

1866 First successful submarine telegraph cable was laid across
the Atlantic between North America and Europe.

1876 Alexander Graham Bell invented the electric telephone and
transmitted the famous sentence:

"Mr. Watson, come here, I want you."

1.1
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1879 P--hably the first cables used for telephone service were laid
across the Brooklyn Bridge.

1870 Conellys and McTighe mvented the dial telephone system and
applied for patent.

1885 American Telephone and Telegraph Commany was incorporated.

1887 Strowger invented the step-by-step dial ystem.

1899 Loading coils were applied for the first .me. Theory of them
was developed by Heaviside, Pupin and .ampbell. Prior to the
use of loading, commercial service could be given ov:+ no

" greater distance than from New York to Chicago.
1911 Due to loading telephone service was established between
~ ~New York and Denver. \
1913 Vacuum-tube amplifier was adapted to telephone line repeaters.
1915 First transcontinental telephone circuits were opened for
' commercial service.
1918 The carrier telephone system was developed by Bell System
- engineers and was first used.

1.3 SOUND

Sound in the scientific sense has two distinct meanings. To
the psychologist it means a sensation. To the physicist it means an
- atmospheric disturbance or a stimulus whereby a sensation is pro-
duced in the human ear. More precisely it is a wave mot" : pro-
duced by some vibrating body such as a bell, tuning fork, ¢.e human
" -vocal chords, or similar objects capable of producing rapid to-and-~
fro or vibratory motion of air particles.

‘Everyone is familiar with the series of waves that emanate
from a stone cast upon the still water of a lake or a pond. - This is
one of many forms of wave motion. In a manner similar to that in
which the stone coming in contact with the water establishes radi-
ating rings formed by circular wave crests alternating with wave
troughs, there emanate from a source of sound alternate conden-
sations and rarefactions of the air. Instead of being rings on a
single plane or surface, however, they are a series of concentric
spheres expanding at a definite rate of travel. This velocity is
approximately 1,075 feet per second but varies to some extent wi*™
altitude,pressure, as well as with the temperatue and relative
humidity of air. Compared to light or heat, which are also forms
of wave motion, sound travels very slcwlv., Thus we see a flash of
lightning before we hear the thunder, and v.e =ee the smoke dispelled
from the muzzle of a gun before we hear the , ‘s report.

(It is suggested that a special magnetic ta™: on sound theory be
dein » “frated to class here. 23 minuies are needed for such
demonstration. )
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1.31 PURE SOUND

Pure sound is defined as a disturbance in the atmosphere
whereby a sine wave motion is propagated from some source. An
accurately constructed tuning fork produces the simplest kind of
sound consisting of displacements following a single sine function.
That is, the amount of displacement would vary with time as the
amplitude of a sine curve varies along its time axis. To understand
more clearly how this is so, consider a pendulum, which, though it
vibrates so slowly that its motion is not audible as sound, none the
less conforms to the laws of all vibratory motion. Once started
swinging, the pendulum would continue, at the same rate, until it
finally stops. Starting at the peak of its swing in one direction, the
pendulum would complete the arc to the opposite peak in (t) units of
time. KEach successive arc would also be completed in exactly (t)
units of time and the length of the arc would become smaller as the
pendulum expended its energy. A pendulum starting from rest and
returning to rest after having swung to both extremes of its arc, is
said to have completed one cycle. The number of cycles it com-
pletes in one second is called its frequency, and the time it takes to
complete one cycle is called a period. '

If the horizontal motion of the pendulum were plotted as a
function of time, the resultant curve would take the form of the
familiar sine wave. Now since each cycle of the pendulum produces
a disturbance of the atmosphere it follows that these disturbances or
displacements will also vary as a sine curve, and if the frequency of
the pendulum were increased enough, these displacements would
become audible as a pure tone. A tuning fork is similar to a pendu-
lum swinging at a very rapid rate, or frequency, producing atmos-
pheric displacements following a single sine function, which we
perceive as a pure sound.

It would seem that the atmosphere is necessary for the
transmission of sound. This is true. Heat, light, and radio
frequency waves, which are also examples of wave motion, may be
transmitted through space where there is no atmosphere. Sound,
however, cannot be perceived in a vacuum and so we assume that
the air is necessary for its transmission.

1.3
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1.32 DEI"TTIONS AND UNITS OF SOUND

" Pressure Units:

1 micr.obar = 1 dyne-
sq cm
or
108 dynes -
. 1 bar = —
sq cm

Sound Pressure Level:

Is expressed in decibels above the reference level and
is calcula.ted from the formula :

Sound Pressure in microbars

db = 20 log,, Reference Pressure in microbars

Two reference pressures are used -

a) 2 x 10"% microbar = 0.0002 microbar

b)

.1 microbar =

This reference pressure is equivalent to 10-16 watt/sq cm

and is used for measurements of hearing and sound level
in the air and in the liquids.

‘dyne
sq cm

This reference pressure is used for calibrations of
acoustlc instruments and for measurements in certam
liguids. 1000 mlcroba.rs equal 1 m1111ba.r

Loudness Level

Is often mea.sured in “'phons.'" It is numerically equal to the
sound pressure level expressed in db relative to 0. 0002
microbar of a pure 1000 cps (cycles pzr second) tone, which
is judged by the listeners to be equival=... ‘n loudness to the
investigated tone.

1.4
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Pitch:

Is that subjective quality of a tone that permits the listener
to locate its position on a musical scale. Pitch changes

with frequency but depends also upon the intensity of sound
and the wave form of sound stimulus. A tone of fixed
frequency of a few hundred cycles per seccend would decrease
in pitch if its intensity is increased. For frequencies higher
than about 2000 cps the pitch increases with increasing
loudness. The lowest audible pitch is between 16 and 32 cps,
highest between 16,000 and 32,000 cps. Pitch and frequency
are not the same.

1. 33 COMPLEX SOUNDS AND WAVES

If the sound's source is a vibrating mechanism in simple
form, such as the to-and-fro motion of a tuning fork, and it is
sustained for a definite interval of time, the wave motion is said to
be simple harmonic motion and may be represented by a sine curve.
On the other hand, if the source performs a complex mechanical
motion or is an object vibrating in parts as well as in its entirety,
the wave motion is called complex.

In order to see how complex waves are produced, itis
necessary to review some of the relationships between sine waves
of various frequencies. Suppose a sine wave of frequency X and
amplitude 4A is added to a second sine wave of frequency 2X and
amplitude 1A. This is shown graphically in Figure 1. Notice that
the resultant wave shape is obviously not a sine wave. Furthermore,
it can be seen by inspection of Figure 1 that an amplitude of 2A for
the wave of frequency 2X would cause the resultant wave to have a
different and more irregular shape.

In Figure 1 the two component waves passed through 0
amplitude at the same time. Suppose now that the wave of frequency
2X were advanced in time 90 degrees as measured on its own scale,
Then the wave of frequency 2X would have a crest value of +1 at
the time the wave of frequency X passed through zero. These two
waves would then combine to give a resultant wave, as shown in
Figure 2. This resultant wave is seen to be of different shape
entirely from the resultant of Figure 1.

1.5
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FIGURE | RESULTANT COMPLEX WAVE AND TWO COMPONENT
SINE WAVES WHICH ARE IN PHASE AT "0" TIME

From these illustrations it can be seen that an irregular
wave may be produced by adding pure sine waves, that the shape of
the irregular wave is influenced by the amplitu: :s of the component
sir - waves, and that the shape of the resultant wave is also influ-
enced by the relative time (phase) displacement of the component
sine waves, and their relative frequencies.
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FIGURE 2. ANOTHER COMPLEX WAVE AND THE SAME 2 SINUSOIDAL COMPONENTS.
HERE THE 2X COMPONENT IS LEADING BY ITS HALF CYCLE THE X COMPONENT.

This leads to the statement that complex waves (or sounds)
may be produced by a combination of sine waves (or simple sounds).
Also, because the resultant wave shape is a function of so many
variables, (number of sine waves, frequency of each, amplitude of
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each, and phase relations) it is evident that the number of complex
sounds is vi.y great in comparison to the number of simple sounds.

Waves may be periodic and nonperiodic.

- When succeeding waves in a wave train 1ll have the same

- shape and magnitude we call them periodic; wl =n this is not the
case, we call them nonperiodic. The simples periodic wave form
'is a sine wave, sometimes called a pure wave.

Periodic waveforms found in many transmission applications
are usually irregular. By Fourier - series analysis we may analyze
any periodic waveform into a number of individual sinusoidal com-~
ponents whose sum is identical to the original waveform. The
frequencies of these component waves will be integral multiples of
- the number of times per second f the original nonsinusoidal wave

recurs. Such integral multiples are called "harmonics.' Frequency
f is called the fundamental, frequency 2f the second harmonic,. 3f the
‘third harmonic et c. By means of a laboratory instrument, called
wave analyzer, these harmonics can be identified and measured in
the laboratory. ' '

» The nonperiodic (non recurrent) waveforms can be analyzed
into a band of frequencies in such a manner that a continuot : curve
may be plotted of relative amplitude of sinusoidal componeuw.is versus
their frequency. One of the methods which can be used for this is
called the Fourier integral.

Suppose now that a given complex periodic wave is to be
transmitted through some medium. The complex wave may be
difficult to measure and therefore the quality of transmission
through the medium may be doubtful. However, if the complex wave
can be separated into its sine wave components, and such component
sine waves are relatively easy to produce, and the quality of trans-
mission through the medium can be readily measured or evaluated

. for these components, it is possible to say whether or not the

medium will be satisfactory for the complex wave because of its
_effect on each of the component waves.

1. 34: VECTOR REPRESENTATION OF SINE WAVES

It may be well, at this time, to dis.uss a concept which does
not find much application in the study of sounc “wut which is almost
e: ential to an analysis of sine waves and elecirici’ energy in
‘meneral. ~This is the notion of a vector representation of a sine wave.
s weo o~ has magnitude and direction. ... .elation to sine wa- s is

' developca in the following paragraphs.
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First, a sine wave may be actually plotted by the method
shown in Figure 3 where the horizontal lines are drawn through
points A, B, C, eic. and the vertical lines AY, B!, C!, etc. are
equally spaced and indicate angular degrees of rotation. The inter-
sections of lines A and A', B and B?, C and C', et c. indicate points
on the sine curve. In this figure the horizontal scale represents
time and the vertical scale represents instantaneous values of
amplitude. The complete curve then shows the values of the
amplitude for all instants. In is convenient and customary to divide
the time scale into units of ""degrees'’ rather than seconds, con-
sidering one complete cycle as being comapleted always in 360 degrees
or units of time (regardless of the actual time taken in seconds).
The reason for this convention is obvious frow: the method of con-
structing the sine curve since we take points around the circumfer-
ence of the circle through 360 angular degrees. It needs to be kept
in mind that in the sense now used, the ''degree’ is a measure of
time in terms of the frequency, and not of an angle.

AMPLITUDE
\
il vl mdl el el e ’f _"_"\;\:: : .
PR N RO A i S ) ROTATION
- N I I S -_/ LTI I
: U IR T RMAX. = 10

AT TTTT T _ T=i/60 SEC.

E o = u- =+ o= o= S ‘
o° '?»g 5O

FIGURE 3. VECTOR REPRESENTATION OF SINE WAVE

Having adopted this convention, it is not necessary to draw
the complete sine curve figure whenever we wish to represent the
amplitude of the curve at a particular instant, for example, that
amplitude at the instant tj, represented by the point P.. If we know
the frequency, and the length and the position of the single radius
R corresponding to the point P, we -have all the information we need
to define the curve. Here we have what we call a vector, which we
can imagine as a radius of the circle, having a length equal to the
peak value of the sine wave in quesiion. Theo angle this vector makes

1.9
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witk: the horizontal gives the position of point P_. If we assume a
directiun cf rotation for the vector, (the accepted convention is
counterclockwise) the instantaneous value of the curve at that time
is measured by the vertical distance P.C' which is equal to the
length R, ., of the vector times the sine of tha angle X which it
makes with the horizontal. Furthermore, we can determine by the
position of the vector whether the value of thc curve is increasing
or decreasing, and its direction.

Suppose now it is desired to study two sine waves, such as
“electrical current and voltage or electromotive force, whose peak
points are out of step, or out of phase, because the maximum value
- of current I will not have been established until some time after the
emf E has reached its peak value. Figure 4 represents the relation
of voltage and current that are out of phase due to the circuit having
inductance. Here the vectorial representation must show the extent
to which the voltage and current are out of phase. This is ac-
complished by having the voltage vector ahead of the current vector

FIGURE 4. SINE WAVES OUT OF PHASE

in its rotation (in the conventional counterclockwise direction) by an
angle © which is a measure of the time by whi~h the current "lags"
behind the voltage, and whose value is obvic .. rom the relative
E-sitions of the radii of the two circles.
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1. 35 RESONANCE

Sounds produced by most musical instruments, as well as
some other sources of sound, are caused by two separate actions.
The vibrating element produces an original sound wave of a nature’
depending on its physical characteristics and on the method of
causing it to vibrate. This original wave is further modified by
the acoustic selectivity of the resonant parts of the instrument,
which may strengthen some frequencies, and weaken others or
suppress them almost entirely. The two parts of the instrument
are called the ''generator" and the '"resonator' respectively.

The resonator cannot add any sound which the generator does not
supply, but it can exercise great selectivity by boosting or sup-
pression. The resonating part of the instrument has its own natural
frequency regions of vibration, and it amplifies those frequencies
produced by the generator which fall in these regions. Since,
howsver, a resonator may be put into 'forced'" vibration by frequencies
outside its resonant ranges, those frequencies are not necessarily
absent from the resulting sound, but they will be suppressed to

some extent in relation to the resonant frequencies. The strings of

a violin, for example, supply the original vibrations and some of
their harmecnics which are selected and strengthened or subdued by
the wooden body of the instrument. The resonator of any instrument
is very important in determining the quality of the sound produced.
Some famous violins made by masters from Cremona (Italy) such as
Stradivari, Amati or Guarneri cost up to $60,000. The excellency

of the resonating characteristics of the wooden body is the main
reason of fame and price. Other forms of wave motion, for example,
electrical energy, exhibit this phenomenon of resonance when they
pass through components which '""'select' or "amplify' certain
frequencies.

L1
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1.4 SPEECH

Fig. 5 - Resonant cavities provided by the throat, mouth and
nasal cavity.

Speech sounds (see Fig. 5) are produced by the combined action
of the lungs, the vocal cords, the throat, and the mouthandnose passages.
The lungs supply the power, the vocal cords in the majority of sounds
are the generators, and the throat, nose, mouth passages, head and
chest bones f nction as resonators. The vocal cords, two in number.
are under control of muscles, and hence may vary the pitch of the
sound emitted. The sound produced by the vocal cords is very rick
in harmonics, and is greatly modified by the resonant action of the
mouth and nasal passages; these air passages are also subject to
great control and by their shape produce the typical sounds which,
merged rapidly together, constitute speech. 7" = control of the air

parssages is produced by the action of the sofi .. . :te, which controls
the :pening through the nasal passages; the tu:gue, which regulates
+ shape and size of the mouth cavity, 2~ ‘e position of the !~wer

jaw anc. llns which provide articulation atcng with the tongue. speech
sounds can be also produced by passage of air through small openings
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between teeth, for example "s'", "sh' and "ts.!" Some sounds do not
make use of the vibraticn of the vocal coxrds, but depend on the
vibration of the air columa in the mouth, in a manner similar to
that of an organ pipe.

The frequency characteristics of speech sound are of
particular importance in telephony, in order that the circuits used
may transmit such frequency ranges as are necessary for the identi-
fication of the sounds. Although the fundamental pitch of vowel
sounds is subject to rather wide variation by changes of the vocal
cords, the sounds are characterized by resonant regions which are
somewhat independent of the fundamental, and which determine the
particular vowel being sounded. The characteristic frequency for
sound "'3" is about 350 cycles per second, and progressively increases
for other vowels to the region 900-1100 cps for sound a. The vowels
"a'' through "e'", "i'"', and "&" (long e) exhibit two resonance regions.
In passing from 'a' to ""e', the lower resonance goes to lower
frequencies, while the upper resonance moves to higher frequencies.
The sound & has two resonances at about 350 and 2800 cps. The
characteristic frequencies of semi-vowels {1, r) and nasal conso-
nants (m, n) are principally below 3000 cycles, being in this respect
in the class with the vowels. The other consonants have their im-
portant frequencies in the upper ranges. The wave forms of various
sounds are shown in Figure 6.

The fundamental frequencies of the voice in singing cover an
approximate range of 60 for the lowest note of a bass voice to 1300
cps for a high note of a soprano voice, while the overtones go as
high as 10,000 cycles.

The pitch of voice fundamentals in speaking the vowels varies
for different individuals, it is as low as about 90 cps for a deep-
voiced man, and as high as about 300 cps for a shrill-voiced woman.
The harmonics, or overtones, go as high as about 6,000 cps.

It is of interest to note that the power of speech is very
small. The average speech power, including the short silent
intervals, is about 10 microwatts; for a weak voice without whispering
it is about 2. I microwatt, and for very soft whisper 0.001 micro-
watt. The vowels are the most powerful speech sounds, giving an
average of about 100 microwatts, with peak values of about 2000
microwatts. Those speakers having loud voices may reach peak
values considerabliy higher. The range for the loudest sounds
likely to be encountered in conversation to the weakest sounds is
about 50 or 60 db. For any one individual, however, the range is
usually not greater than about 35 to 70 db.

1.13
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A

00 AS IN LOOSE

~ SIMPLE SOUND

0 AS IN LOW

MUSICAL NOTE

FIGURE 6. VARIOUS SOUND WAVEFORMS

1.5 MUSIC

Musm dlffers mainly from other combinations of sound by
being sustained at definite pitches for comparatively long periods
and by having the changes in pitch take place in definite steps
known as musical intervals. Music is produced by three main
‘classes of instruments besides the voice: vibrating strings,
vibrating air column instruments (winds and brasses) and percussion
instruments, whose sounds are often less definitely musical than
those of the other two classes.

- The range of the fundamentals used in instrumental music
- is wider than for the singing voice, sxtending beyond the voice
range both in the high and low frequencies.

: The frequency ranges for music, spee~* and noise are
shovm in Fig. 7.
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AUDIBLE FREQUENCY RANGE
FOR MUSIC SPEECH AND NOISE

ACTUAL TONE RANGE
Cmning ACCOM PANYING NOISE RANGE

©-CUT-OFF FREQUENCY OF FILTER
DETECTABLE IN 80%5 OF TESTS

TYMPANI e e e e
BASS DRUM-
SNARE DRUM

VIOLIN=== = = = e

. BASS TUBA=-—=—== -
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BASS SAXOPHONE~-—
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FEMALE SPEECH-~-~~

FOCT STEPS——-~=----
HAND CLAPPING====-~
KEY JINGLING= ===~ -

40 100 500 1,000 5,000 10,000 20,000
FREQUENCY IN CYCLES PER SECOND

Fig. 7 - Fundamental Frequency Ranges for Music, Speech
and Noise.

The musical range is from about 16 to over 4600 cps
(fundamentals), a range encompassed by some pipe organs. Among
the brasses, the tuba goes as low as 32 cycles, while the woodwind:z
reach to the upper ranges used in music, the flute having its highest
fundamental at 4140 cps. Percussion instruments are confined to a
relatively narrow range in the lower register, approximately from
85 to 200 cps. These frequencies are only the fundamentals;
musical instruments are, for the most part, very rich in harmonics,
which go to much higher values than the fundamental frequencies at
least to 15,000 cps. For some instruments, the harmonics are
higher in energy than the fundamental. For example, the second,
third and fourth harmonics of the cello organ pipe are all at higher
energy level than the fundamental.

1.15



CH, 1 - CHARACTERISTICS OF SOUND AND WAVE MOTION

In addition to the wide frequency range of music, it has
great variatiicas in intensity. An orchestra may show variations of
power as high as 100,000 to 1 (50 db change); in this respect,
rendering the proper transmission of such music is rather difficult.

For two reasons, the transmission of m .sic demands a much
wider band of frequencies than does the voice. ‘n the first place a
good transmission of music requires inherentl: a much wider band,
whereas in speech a narrower band is satisfactory, as was men-
tioned before (see Fig. 7). Secondly, in music naturalness is of
great importance whereas in speech transmission naturalness is not
as important but intelligibility is the prime consideration. This
requires lower and upper limits of about 60 to 10,000 cycles
(sometimes more) for the best transmission of music and only about
250 to 3,500 cycles for good transmission of speech. Problems of
intelligibility and naturalness will be discussed later.

1. 6 HEARING

The ear conéists (Fig. 8) basically of three parts:

The Outer Ear. The external portion, for diverting sound
energy into the ear, and the auditory canal, for conducting
this energy into the eardrum, comprise this part of the ear.

- The Middle Ear. The hammer is attached to the eardrum T
and communicates to the anvil motions imparted by the
sound waves that strike the eardrum. These motions are
then transferred by the anvil to the stirrup and through the

- foot plate to the oval window O, and thus to the inner ear.

The Inner Ear, There are three principal parts to the

inner ear: namely, the semicircular canals B, which serve
only in maintaining the person’s equilibrium; the vestibule

or space just behind the oval window; and the cochlea S,
which serves as a terminating system for the mechanical
sound vibrations, and in which these vibrations are converted
into nerve impulses.

1. 16
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OUTER EAR

Fig. 8 - Section Through The Human Ear.
(From Fletcher's Speech and Hearing in Communication,
Copyright 1953, D. Van Nostrand Co., Inc., Princeton,
Nw Jc )

The cochlea is filled with fluid and is divided lengthwise into
three parts by the basilar membrane and the membrane of Reissner.
There are thus three parallel spiral canals, a cross section of which
is shown in Fig. 9. The scala vestibuli V; terminates at one end on
the oval window O, and the scala tympani Pt terminates on the round
window r. These two canals are connected at the extreme right
inner end of the spiral.

The membrane of Reissner (Fig. 9) is very thin, and any
impulses transmitted to the fluid in the scala vestibuli by the foot of
the stirrup at the oval window are readily transmitted through this
membrane to the fluid of the canal of cochlea. The flexible basilar
membrane extends toward the upper end of the cochlea, dividing it as
shown. An impulse transmitted to the fluid of the scala vestibuli will
readily pass to the canal of cochlea and will set the basilar membrane
in motion.

1,17
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The organ of Corti containing the nerve terminals in the
form of small hairs extending into the canal of cochlea is along one
side of the basilar membrane. Lying over these small hairs is a
soft, loose membrane called the tectorial membrane.

The process of hearing is as follows. f{a low=-frequency
note, below about 20 cycles per second, impir es on the eardrum,
this sound variation is transferred as a mecl aical impulse to the
fluid of the scala vestibuli V,. This fluid is in direct contact {at the
far end) with that of the scala tympani Pi, as previously mentioned.
At this low frequency, the liquid offers little reactance, owing to
its mass, and therefore the liquids in the two canals move bodily
back and forth. The basilar membrane is not affected, and ac~-
cordingly no sound sensation is produced.

If a 1000~cycle tone is impressed on the ear, however, the
mass reactance of the fluid is great enough so that the liquid does
not move back and forth, and the impulse is transmitted through the
membrane of Reissner to the canal of cochlea. The basilar membrane
is caused to vibrate, and at some one spot the vibration will be
greatest. The relative motion between the tectorial membrane and
the basilar membrane then causes the small hairs to stimulate the

nerve endings at their base, and this sends a sound sensation to the
brain.
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If a tone of a different frequency than 1000 cps is used, a
different part of the basilar membrane will vibrate with greatest
amplitude, and thus different nerve endings will respond. When the
frequency reaches and exceeds about 20,000 cycles per second, the
‘hammer, anvil, stirrup, and associated parts absorb most of the
sound energy, and little is transmitted to the inner ear; thus, the
upper limit of audibility results. It can be shown that these three
small bones together with the membranes on which they terminate
act as a transformer to match the low impedance of the air to the
high impedance of the fluid of the inner ear.

Hearing, the perception by our ears of sound waves, may be
more easily studied by first considering the effects of simple sounds.
It has been seen that any such simple sound is defined if its frequency
and its amplitude are known, or in terms of sense perception, its
pitch and its loudness.

Consider a tone of some frequency, say 1000 cps, and at a
very low amplitude. This sound will not be perceived by the ear.
As the amplitude is gradually increased, however, a point will be
reached at which the sound is just perceptible. The amplitude at
this point marks the so-called ""Threshcld of Audibility' for the
1000 cps tone. As the amplitude is further increased, the sound
becomes louder and louder until the feeling of sound becomes
uncomfortable. This level is called ""Threshold of Feeling.' A
further increase of amplitude by some 20 db causes pain and this
level is called "Threshold of Fain'' = th! . particular tone. Other
frequencies will give like resul:- - gn the amplitude values of
the two thresholds vary with the fi. juency.

:Fig. 10 shows the results of such tests for various frequencies.

The upper limit curve is actually the threshold of feeling
above which tones become uncomiortable or even painful. The
sound is audible if the frequency and intensity values lie within the
area between the highest and the lowest curves. This area is
known as auditory sensation area. We can see that for adequate
hearing of speech this area is much smaller than for music.

As czw be seen from this graph the important hearing range
for the average normal ear lies between 30 cps and 20, 000 cps,
while the effective pressure varies at 1 kc = 1000 cps from about
0. 0002 dynes/sq cm to some 2, 000 dynes/sq cm, if threshold of
pain is assumed as 140 db, or to 200 dynes/sq cm for the threshold
of feeling assumed as 120 db.
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_ . The followmg formula is used for calculations of sound
1nten31ty for pressure in decibels, when the sound pressure level

Px is given in regular umts
Px

reference level

: 'Sound pressure level db \= 20 loglo

‘The reference level frequently used here is 0. 0002 dynes/sq cm’

equal to 0. 0002 microbar equivalent in turn to 10-1 watts/sq cm.
Reference level and P, must be expressed in the same units. ‘

V Exam-:le,m

At 1 kc/s the threshold of pain is 140 db. What is the
~ respective sound intensity r.?

| P 104 P
. = ‘ = 2 1¢ :
1%0 do _ 2Q log1o 0.0002 dynes/sq cm 20 log 2
4 .
T 10 Py . g :
10 = — Py, = 10°x 2 = 2,000 dynes/sq cm

1. 20
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The Loudness of Sounds

The magnitude of sensation produced in the brain is termed
the loudness of a sound. Although the loudness of a sound is related
to the intensity, the two are not the same. A sound that is loud for
one person may not be loud for another. Alsc, two different sounds
which produce equal intensities at the ear may not sound equally
loud to the second observer.

These phenomena are illustrated by the curves of variations
in the loudness-frequency response of the human ear in Fig. 11, the
so called Fletcher-Munson curves of equal loudness. These curves
are the result of statistics based on measurements performed on
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Fig. 11 - Variations in the Frequency Response of the
Human Ear with Sound Intensity.

many thousands of individuals under many different conditions. They
are the characteristics of the average human ear and show its sensi-
tiveness to sounds of different frequencies and intensities. Thus, at
100 =ps, a sound must be about 36 db above the reference intensity
value at 1000 cps to be just audible, but, at 10,000 cps, it needs to
be only 8 db above the reference value to be audible.

Studies of the ear have shown that the increments of either
energy or frequency that are necessary for the perception of an equal
difference in either loudness or pitch are not constant but increase
logarithmically when higher values of energy and of frequency are
applied. The ear approximately follows the Weber~-Fechner law of
psychology, which states that sense perception varies as the

1.21
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logarithm of the stimulus. If the intensity level of the sound is

- changed so that it is about the smallest change that can be detected

by ear we call this change of intensity one decibel. The fact that

. equal perceptible changes in frequency are logamthmlc is illustrated
by the musical scale. The octaves are sensed «s equal frequency
changes although the note of one octave is twice the frequency of the
conespondmg note of the next lower octave, a:.d four times the
frequency of the correspondlng note two octaves lower.

1.7 SOME ASPECTS OF SOUND TRANSMISSION

Havmg analyzed to.a certaln extent the sound as energy with
reference to its characteristics, generation and reception, the trans-
mission of sound can now be considered as a means of passing infor-
mation from point to point. Several aspects of such transmission are
discussed below.’ - '

1.71 SPEECH ENERGY AND 'AR.TICU’L’ATION

As prev1ously stated most of the power of speech is to be
found in the vowels, which are ordinarily in the lower frequency
range. Their average energy is 100 microwatts (2, 000 peak) and
the frequency ra:ge of fundamentals is from 90 to 300 cps. The
consonants, on the other hand, while carrymg less energy, are very
important to articulation. Articulation' is the term used to designate
the correctness with which speech sounds are perceived over a trans-
mission system. In the ""Syllable Articulation Test" lists of discrete
monosyllables, usually without meaning, are read into the trans-
mission system, and are recorded by listeners at the receiving end.
The percentage of syllables correctly recorded is called the articu-
lation of the circuit. Tests of this sort are more severe than is
conversation test, since the lists of monosyllables have no connection,
and are themselves meaningless, so that the recognizing of a sound
by the context, as is possible in conversation, is impossible in the
syllable tests. This accounts for the fact that a circuit may have an
articulation rating of only 50 or 60 per cent and still afford satis~
factory conversation.
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ENERGY 4
A-ENERGY DISTRIBUTION
A
' B-RELATIVE IMPORTANCE OF
B . FREQUENCY FOR INTELLIGIBI-
LITY AND ARTICULATION
: [ ) 1 1 N 1 1 & 4 »FREQUENCY
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FIGURE |2. FREQUENCY CHARACTERISTICS OF SPEECH

_ "Intelligibility'' test measures the comparative perfection in
'the reception of sounds conveying ideas.

""Naturalness''. It is the correct reprodﬁction at the receiving
end of the relationships between the fundamental and its harmonics
existing in a sound at the transmitting end.

Curves showing the importance of the various speech
frequencies for intelligibility and articulation are shown on Figure 12,
These general effects of speech indicate what results may be expected
from a suppression of various frequency ranges. If the lower
frequencies are suppressed by means of high-pass filters, the energy
will be considerably reduced, causing a loss of naturalness, while
-the articulation will be only slightly affected. Suppression of the higher
frequencies will considerably reduce the articulation and intelligibility

1.23
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but the energy vv111 be little reduced 1t 1sAeV1d‘enf,‘ therefore, that
both the lowand the high ranges are necessary; the lower for
paturalness and the higher for articulation and intelligibility.

From what has been stated above, consideration may here-
after be giyen to the requirements for satisfactory telephone trans-
mission in terms of the received acoustic energy. The general
‘adequacy of the received sounds is dependent on three factors, as
follows:

1. TL.oudness
2. Distortion
3. Extraneous interference

These three charateristics of a4t'r‘ansm:ission system affectboth
the intelligibility of the received sounds and their naturalness.

1. 72 MASKING

It is a common experience that when any sound.is impressed
upon the ear it reduces the ability of the ear to sense other sounds.

An experiment can be set up so that a sound A called
"maskee tone'' is impressed on the ear at a constant 1n1:ens1ty. At
the same time another sound B, called ""masker tone' is also
impressed on the ear but its intensity is increased from zerc level
until sound A can no longer be heard. The sound A is said to be then
masked by the sound B.

It was observed at first that low-pltched sounds had a
masking effect different from high-pitched sounds, namely that, in
general, a tone of low pitch would completely mask one of higher
pitch, but that a tone of high pitch would not mask a tone of lower
pitch. These phenomena were observed by A. A. Mayer and were
further investigated by the Bell Telephone Laboratorles Their
- experiments were conducted as follows. , :

The masker tone B was kept at a constant level while the
maskee tone A of other pitch was gradually increased in intensity
~ from zero level (when it was completely masked) unt11 it was Juet
perceptible in the presence of the m.asker tone B

A. A, Mayer's conclusions were found correct but only

- ,u:nder certam mrcumstances The B. T L f.ound that.

1. Alow tone will not ob11terate to any degree a high
tone fa.r removed in frequency, except when the low
tone is ralsed to a very high maens:_ty '

1.24



CH. 1 - CHARACTERISTICS OF SOUND AND WAVE MOTION

2. A tone of higher frequency can easily obliterate a tone
of lower frequency if the two frequencies are near to
each other.

The interfering effect of 2 masker tone (or complex sound)
is also somewhat greater if it is interrupted than if it is continuous.
This is doubtless due to the fact the beginning of an interfering
sound engages the interest because of a desire to identify it, while
the latter stages of a continuous interfering sound claim a smaller
share of attention. With an interrupted tone, this focusing of
attention on the interference occurs periodically at the beginning of
each spurt of sound, with consequent detriment to the sounds or
conversation which it is desired to hear.

Because of its non-linear characteristic the ear acts
similarly to a modulating vacuum tube, and supplies the harmonics,
the difference frequencies, and the summation frequencies of any
two frequencies contained in the impressed sound wave. This makes
it possible for the ear to supply the fundamental of a sound, of which
the overtones are present, even though the fundamental is suppressed
in some way. The difference frequency of the second and third har-
monic would be the fundamental, as would also be the difference
frequency of the third and fourth harmonics, and so on. As an
example, a voice singing "ah' at a fundamental frequency of 145 cps
had the range from 0 to 1250 cps suppressed by a filter. This change
caused no change in the pitch, although the naturalness and intelligi-
bility were entirely changed. Such supplying of frequencies lost by
suppression is probably of material advantage to the adequacy of
transmission. over systems in which distortion occurs. On the other
hand, the non-linear characteristic of the ear imposes a limit on the
increase in energy output of a transmission system; such limit is
considerably below that set by the threshold of feeling. Thus ear
starts distorting sounds of higher intensity, below the 120 db
threshold of feellng ‘

1.73 NOISE

Noise may be defined, broadly, as unwanted sound. Some
noises are entirely sounds or their harmonics, different from, while
in the case of other noises, the difference is slight.

When speech is transmitted, either directly or over an
electrical system, there is always an interference to the proper
reception of speech because of the presence of other sounds. It may
be caused by induced effects between telephone lines and power lines.

1.25



CH, 1 - CHARACTERISTICS OF SOUND AND WAVE MOTION

‘The main‘cause is pow‘erful harmonics of 60 cps, some of
which may have energies of the order of 10,000 watts. Such levels

should be compared with the power of speech currents in the telephone

lines which may be as low as 10 microwatts. The ratio of the

2 powers is of the order of 90 decibels. One of the ways to refuce
such interference is to avoid running telephone lines parallel and in
a close distance to power lines.

"Another way is to have the power supply company either:
rearrange connections of their power transforrmiers or insert 'so
called ""harmonic filters" in their power lines which would divert
the most troublesome harmonics from the sections adJacent to t‘:e
disturbed: telephone lines."

A.nOther main cause of noises is the disturbances ' originating
within the telephone plant such as key clicks or cross-talk between
adjacent circuits. -Still another main cause is amblent n01ses at
the transmlttlng or receiving location.

- In any case, the presence of noise tends to reduce the
ability of the ear to detect the signal. In effect, the threshold of
hearing is raised by an amount which depends on both the volume
and the frequency of the components of the interference. ~In other
words more signal energy is needed than the minimum at that
frequency to convey the intelligence. ;

Noises are usually classified as of 2 types:

l Random
2. Impulse

Random noise is the common type which occurs for instance
in ventllatmg systems, jets, blowers, combustion chambers etc.
It is also present in communication circuits in form of "electrical
noise dueto cross-talk, induction voltages from power lines and
similar sources. This type of noise does not have a well defined
pitch and has energy distributed non-umformly over a band of fre-
‘quencies. - Sometimes random noise is called room nmse, back-
ground noise or thermal noise.

One of the types of random noise is the so called ''white noise.

In this type of noise the énergy of noise per cycle is distributed uni-
formly over a wide band of frequencies. White noise is sometimes
injected to improve privacy by notifying the speaker that somebody
is .eavesdropping.

- 1.26
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When the broadband noise has only little energy at low
frequencies it sounds more like a hissing sound. When most energy
is concentrated in a narrow band of low frequencies, the noise
sounds like a "roar'’.

Impulse (or impact) noise. Typical examples are clicks or
statics. This type of noise is usually ten times stronger than the
white noise.

To obtain satisfactory transmission quality signal power
should be higher by 10 db than the noise for data transmission and
by 20 db for speech.

The disturbing effect of noise to a listener depends first
upon its volume. It also depends upon the frequency of noise currents.
Disturbing effect peaks rather sharply around 1100 cps.

In telephone practice the noise interference problem may be
attacked in two ways. Either the volume of the signals must be raised
to compensate for the shift in the hearing threshold, or attention
must be directed toward eliminating the noise at its source or sup-
pressing it at the point where it enters the telephone plant. The
solution is often an economic compromise between the two methods.

1.8 FREQUENCY BANDS FOR OTHER SERVICES

The preceding discussion has been directed principally
toward establishing the wire trans ‘ssion requirements for normal
speech telephone service. In ad:. .a, the wire facilities may be
used for the transmission of ringing, signaling and telegraph
impulses below 250 cycles per second; special services such as
radio program circuits may require an extension of the upper
frequency limit to 10,000 or 15,000 cycles per second; and with
sufficient amplification the same facilities may be used in future
for carrier circuits requiring an upper frequency of around 260
kilocycles per second. In addition to the extension of the frequency
ranges required for such services, it is frequently necessary to
handle greater volume ranges than those encountered in normal
speech, and a corresponding improvement in noise conditions is
often required.

1.9 UNITS USED IN TRANSMISSION ENGINEERING

1. 91 DECIBEL is used in electrical and acoustic work. Itis
derived from the formerly used unit ''bel, " which is defined as:

1.27
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bel = log1g 1_3.%. where Py is the input power
1

~and Py the output power

‘This unit was found to be too largé and was 'i'fepl'acéd:"b;y" ’
another unit decibel (db) which is 10 times smaller and may be
calculated from the formula: '

Py
db = 10 logyg 'f;i"

Itis very 1mportant to keep in: ‘mind that decibel expresses"
the ratio of powers expressed on a logarithmic scale and not the B
power levels. Following examples illustrate the use of. db

ExamEle 1

The input power gomg mto a dev1ce is 50 mic rowatts and
the output power is 100 mic rowatts What is the gam, or”
loss of the device? - '

- : -100 microw atfs - e
db = : = 10 = 0,3 ="
db» ‘. 10 lpg 50 microwatt 10 log ‘2 10x0.3=" .

= +3 decibels R
Since the answer is positive, we have a gain, if the input and
output powers were interchanged, we would have 10 log é and

 the answer would have been ~3db, or a loss. In the first o
case we had an amplifying device in the secondva‘n attzenuai;q”r., :

Exa»mgle : 2

a. Calcula.te "system gam” for the system shown in f o
the following block diagram. I‘lg 13. Its components S
are explalned by notes. , - . S
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ANTENNA  ATTE- PRE- FIXED POWER
NUATOR AMPLIFIER ATTE- AMPLIFIER
K7 (LINE) (VARIABLE NUATOR
GAIN)
10} Muw -3db -10db +60db

§ l\\ § N OUTPUT
§ lﬁ‘/ g 13/ * 10 WATT

FIGURE 13.

An input power P; = 10 microwatt is injected and an output
power P, = 10 watt is obtained. Thus the system gain is

db = 101log —2 W 10105105 = +60 db

10 x 10~6 watt

b. Calculate gain X of the ;.eamplifier A to produce system
gain of 60 db. We can write an expression in which the
system gain is equated to the algebraic sum of losses
and gains of all system components.

60 db = -3db + X -10db + 60 db or
X = +13db = the gain of preamplifier A.
Many errors in calculations of db occur from improper use

of voltage or current ratios in the formulas for calculation of db's.
These formulas are as follows:

v
db = 20 logqy 7%— for voltages, and
; 1
I
db = 20 logy _TZ_ for currents.
' 1
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Botfl formulas éaﬁ be us"’ed‘o‘nly when the input and output
impedances Rj and Ry of the device are equal. If they are not
equal fcllowing correct formulas must be used:

‘ P Ry (I,)7 1 .. R
2 2 \2 : 2 S 2
10 1o — = 10log = 75 = 201logyy 7 + 101logyy 5
€10 Py R, (11)1 ( 10 I >10 R,
or .
9 :

P R; (Vo) v R
2 1 \'2 2 . 1.

10 log —= = 10log =— =5 = 20log. — + 10107 —

_y 107y T Ry (V1)* S By

1.92 dbm - |

These units express power levels relative to one milliwatt
level. Thus O dbm = 1 mwatt. dbm are calculated from the formula

P
dbm = 10 log X where Py is the power level
1m watt which is to be expressed in
dbm.,

Exé.mp_le 1
What is the power level of 10 microwatt expressed in dbm?

1ow x 1076

= 101log 102 = -20 dbm.
1w x 10_3

“dbm = 10 log

: Exérn_'g‘le 2
The part of a transmission systefn is given as shown on the
sketch below.

' Fiud dbm levels on the input and output side as well as the
db gain.

0.5 VOLT 94.8 VOLT VOUTPUT

iNPuT 6001 i\|>> 900 fL
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a, Level on the input side

2 103
800@ x 107 6 x 10
= -10log 55 = z3.8 dom

b. level on the output side

2
dbm 10 log —22897 - 440 dbm
9008 x 10™3w
¢. gain in db (and not in dbm)
2
10 log, (94.8v) 6008 43,8 db

9008 (0_5V)2

This gain may be calculated also from the difference of dbm
levels between the output and the input:

gain = [40 dbm - (-3.8dbm)] = 43.8 db
1. 93 dbw

These umts express power levels rela.tlve to one watt level,
and the standard load is 600 ohmas.

Exa mple

What is the power level of 20 watts expressed in dbw?

dbw = 101og 2 - 10x 1.3 = 13dbw

1. 94 dbv 1w

These units are used frequently for general measurement
of video signal strength. dbv's express the voltage level relative to
1 volt. Both peak-to-peak or RMS voltages may be used in various
contexts. Therefore, thereference level must be used accordingly
as 1 volt peak-to-peak or 1 volt RMS.
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The following formula shall be used.

W \4
dbv = 201081y T o1t
1.95 VU S
These units were“sté‘.ndbardized by the industry about 1940,

Speech. and music 4 waves vary with time in a complex
manner and it is not possible to measure their precise values in
terms of watts or decibels, except on an instantaneous basis. .i..:
frequently desirable, however, to know the overall average strength
of transmitted speech or music. A device known as volume indicator
may be used for this purpose:. This is essentially a high impedance
voltmeter made up of an attenuator, a copper-oxide rectifier, and a
d-c milliammeter having specified dynamic characteristics. The
meter,which may be bridged-across a line without appreciable effect

on the transmission line characteristics, is calibrated in terms cf
VU.

VU is a logarithmic unit that measures strength or volume
above or below a specified reference level. In general, this reference
‘level, designated O VU, indicates no precise electrical quantity, bhut
the volume indicator is calibrated to read O VU on 1 milliwatt of
1,000 cycle sine-wave power dissipated in a 600 ohm resistance.

- The VU represents the same power ratio as the db and the
volume indicator may therefore be used sometimes to measure
transmission losses or gains in db when the current belng measured

is'a 1,000 cycle sine-wave, although its basic purpose is to measure
the volume of complex waves.

1. 95 DBRN

These units express in decibels the electrical noise power in
the telephone circuits related to reference noise.

Reference noise level "O" is the magnitude of current noj
that will produce a circuit noise meter reading equal to that proc ad
by 10-12 * watt of electric power of a 1,000 cps sine-wave.

Exam: Ele

Calculate the DBRN for a noise of 10 mlcrowatt

10w x 1076 105

" DBRN = 10 log = 10 log = 10 log 107 =
10 " pizy, 10 12

It

70 DBRN
1.32
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1. 97 dba

Noise is evaluated % here in the same numerical way as for
DBRN. However, different weighting networks may be used with
differing receiving devices. In practice an adjusted unit dba (where
'""a!'' stands for adjusted) is used. It measures the acoustic interfering
effect of the frequency-weighted energy. Weighting network used
must be specified always. HEqual values of dba measured across
any receiving device, with proper weighting used, should indicate
approximately equal interfering effects.

Reference for Chapter 1
1

4. © American Telephone and Telegraph Company, 1961.

1,33






CHAPTER 2

NETWORKS

2.1 ELECTRICAL NETWORKS

The transmission of any message to a remote point by
electrical means involves three essential processes:

a. Converting the original message to the electrical signal
which varies in a manner similar to the message.

b. Passing this signal through a series of connected
electrical networks until the receiving point is reached.

c. Reconverting the electrical signalto the form of originalmessage.

The original message may have many forms, the common
characteristic being that some varying element is present. Thus,
for sounds, variations in air pressure are involved; for pictures,
variations in light intensity; for remote gauging, mechanical varia-
tions such as the height of a float. These variations in the original
messages when translated into electrical signals, may have a wave
form ranging from the simple to the highly complex. As previously
shown, any repetitive (recurrent) electrical wave may be resolved
using Fourrier Series techniques into a series of a single frequency
waves each having the form of a sine wave. Similarly, any complex
non repetitive voltage may be expressed using Fourrier-Integral
techniques as a continuous band of frequencies and the response of
an electrical network to this impressed voltage is a current which
can also be expressed as a continuous band of frequencies. Further-
more, the ratio of the voltage to the current for any particular
frequency component is given by the steady-state impedance of the
network at that frequency. While the actual analysis is only rarely
attempted, the knowledge that it is theoretically possible governs the
whole philosophy of transmission analysis and leads to the classical
method of attacking the problem by means of single frequency sine
wave computations.

Obviously, no single frequency is completely representative of
a changing complex electrical wave. However, for many purposes in
the telephone transmission analysis, the performance of a circuit or
piece of equipment over the voice range of frequencies may be roughly
judged from a knowledge of its performance at a frequency of around
1000 cycles per second. This procedure has the merit of simplicity,

2.1
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with the accc .apanying disadvantage that it ignores the noise and the
quality elements of the transmission process. Where comparisons
are made between circuits and equipment having essentially the same
-frequency response and noise characteristics, the differences

in volume at 1000 cycles per second are indicat ve of the relative
merits of the various arrangements. The resu s of computations at’
1000 cycle frequency are designated as ''volurr. ' losses or gains to
distiaguish them from ratings 1nclud1ng the eifects of noise and
distortion waich are called "effective' or "subjective' losses or gains.
This chapter is largely devoted to volume considerations.

The actual transmission of the electrical wave from transmitter
to receiver is accomplished by transferring energy from one electrical
network to the next, until the terminal circuit is reached. Before any
quantitative analysis of the telephone transmission process can be
attempted, therefore, it is necessary to review some general princi~
ples of alternating current networks.

" An electrical network is an assembly of resistors, inductors.
and capacitors and, in certain cases, control devices (controlled
sources) such as transistors and electron tubes. The usual resistors
and capacitors are linear (i. e., the current is directly proportional
to.the voltage) and bilateral (i. e., they are capable of trans”. rring
energy equally well in either direction). This is also true ci air-core
inductors. Iron-core inductors, while bilateral, are not usually
- linear but'may frequently be considered so over the limited ranges of
current used in telephony. Control devices (controlled sources) are
generally unilateral and often non linear and involve a local source
of power which is controlled by the input signal.

In the analysis of the usual elec:rical networks making up

- communication circuits, Ohm's and Kirchoff's laws are the primary
tools. By the aid of these, certain other pr1nc1p1es have been de-
rived which are of considerable assistance in minimizing the efforts
required for r.etwork analysis. Although this material is familiar to
some students, it is presented here for the sake of completeness.

2.2 OHM'S LAW

The current I which will ﬂow thrcagh an 1mpedance‘ Z is eéual

to the voltage divided by the impedance, or —~;.E_. Two examples of

the solution are shown in Figures 14 and 15.
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]

1

FIGURE 14. SIMPLE SERIES
CIRCUIT CONTAINING AN
IMPEDANCE Z.

E
P==

2.3 KIRCHOFFE'S LAWS

Q)

FIGURE i5. SIMPLE SERIES
CIRCUIT CONTAINING T WO
IMPEDANCES Z, AND Z,.
A
Z,+ Zo

Kirchoff's Laws are a means of solving for unknown circuit
parameters in electric circuits no matter how compiex.

Law I: At any point in a circuit there is as much current
flowing into the point as there is current flowing
away from it; in other words the sum of currents
in a point (a node} is zero.

Law II: In any closed electrical loop the algebraic (or vectorial)
sum of the voltages generated by the sources and the
- potential drops across loop components is equal to
zero, when going around the loop in one relected

direction.

Ha

Applying Law I to figure 16, this equation can be written for point
1
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Law L' for figure 16 will net the following three equations

For loop 1: E =112 +13%Z3 1)
For loop consisting of E, Z1 & Zg: F=I15LZ+IaZg  (2)
For loop 2: IpZg - Ig7 - =0 (3)

E, Zj, Z; and Z3 in these three equations are given and thereiore
they can be solved algebraically (or vectorially) to obtain the actual
values for the three unknowns I;, I, and I;.

—sI
) A a
z S AAAAAAL SEm—

Ia'

+ ! 22
ng\) toor (1) | §z3 Loor (2)
i3

FIGURE 16. SIMPLE SERIES —PARALLEL CIRCUIT

The application of these laws to more complicated circuits
involves setting up simultaneous linear equations for solution. Thi=
can be very laborious in a practical case, and several theorems,
known as network theorems, have been developed to facilitate this
process. Two important types of networks are called, from their
configurations, the T andfj network. (/g i. the sixteenth letter in
the Greek alphabet; it is pronounced the same v as the English
wo. 4 pie'.) '

. ¢ T UIVALENT NETWORKS

In any linear, bilateral, passive network at a single frequen .y,
a three element T network can be interchanged with a three-element
T network, provided certain relations exist between the elements of
these two structures.
2.4
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AAAAA 02

FIGURE 17. EQUIVALENT NETWORKS

Figure 17 shows a T network on the left side and an
equivalent I network on the right side. We will develop3 the rela-
tionships between Zy: Zj or Zz and Z,, Zp and Zg and vice versa.
This will permit to convert any T into a 7 network and vice versa.

The designations used are as follows:
Z1gc - is the impedance looking inside into each
network from terminals 1-1 with terminals

2-2 short circuited (strapped).

Zloc - is the impedance looking inside into each network
from 1-1 with terminals 2~2 open.

Zjy5c - is the impedance looking ingide into the networks
from terminals 2-2 with terminals 1-1 open.

Following equations can be written for the T network.

Zioc = 21+ Z3 Zooc = Zg + Zg
Zz Z3
ly - +

and for the .7 network.

2.5
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Zpa(ZB+ Zg) Zp(Zg+ Zg)
LlGQ:ZA+ ZB+ ZC - ZT

where ZT = ZA+ ZB + ZC and
] Zo (Zp + Zp)
20c <

Zrp

Za Zp
Zise = oo
1sc = 7, +27g

Since the two circuits have to be equivalent impedances

for T and Pi with identical subscripts must be equal.

Part A. Find Zq ; Zgy and 23 in terms of Zp s ZB and Zg.

ZA (Zp + Z¢)

Z,+ Zg = 7y (1) from Z, ., formula
, Zg (Zp + Zp)

Zg+ Zg = ——_Z—'i‘__ (2) from Z, ., formula

Zg Zg Za Zg (8) from Zg, formula

2t Zo+Z3  ZA+Zp
By subtracting (3) from (1) we obtain

Zo 73 Zp(ZB+ZC)  ZpZp

Z3'zz+zs B Zip T Za+Zp

By taking the right side to common denominator and

developing the bracketed terms:

2 2
Z3 Zp ZC - N
Zo + Zg B 2 (ZA+ guation (2) is now

L.‘D]

substifuted in the denominator of the left

side:

2.6
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2
- = thus
PRV
3 =T g MW= 3
(Z) T

If we substitute formula (4) into equation (1), the following
equation is obtained
ZAZC ZA(ZB+ZC)

7 + = and
1 ZT ZT .

7 ®)

If we substitute now (4) into equation (2) the following
equation is obtained:
, ZpZgo ZAZg + Zg Zg 4
+ = an
2 Z Zm
simplifying it we obtain:

7B ZC

Zg = (6)

Zp

Part B. Find Zps Zp and Ze in terms of Zl; Z2 and Z3.

Taking equation (3) to a common denominator, we
obtain
Zy%3 I, Tp
Z 1t =
Zz + ZS Z A + ZB

@)

Zq(Zg+ Z3g) + Zg Zg ZAZp

75+ Z3 = Zn+ 7p and multiplying .

This equation by equation (2), namely

ZC (Zp + Zp)
Zg+ 2y = ——— we obtain
T
2.7
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All the necessary equations were thus obtained for converting
any T into a T network or vice versa.
terminal network, no matter how complex, can be converted into a

. ZZ Zo (Zp + Zp)
A“B C \“A B
Z1Zo+ Z1Zo+ ZoZq = - X =
142+ 41

877278 " zp+2p Zr

= —— 7
(Zp) B
We will now use a new designation Z19g -lamely:
Z, Z2 + 2123+ ZgZg = Zy9g3- The term inside the
brackets of (7) is equal Zg. [See formula 4)] .

Thus Z,5g = Zg Zp, and therefore

B " zg Zg

“From (7) and (5) we obtain:

Zc =73 Z

1
and from (7) and (6) we obtain:

7 =

simple T (or 7 ) network.

For example; the use of T and T transformations shows how
the circuit of Figure 18 may be simplified into the T circuit of
The sequency of sim .lifications is shown in Figures 18 to

Figure 22.
22.

Due to this any passive 3

()
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to a% AN, 02 ' v v v —o02
Zp | 2 4
Za ;Zc Zg Zy ;25
AN
26 s 26 <
%Z? f”
3 3

'FIGURE 18. NETWORK FIGURE 19. STEP 1 OF REDUCING
THE NETWORK

| z, Z+24 2 Lz
O—————AS AAAS l -B S e AV A ~—5
23‘3'26 EE Zg
A cJ
?é Zq Zs
3¢ 3
FIG. 20. STEP 2 OF FIG. 21. STEP 3
REDUCING THE NE TWORK
i 2
O AMA, S AAG ®

ARA
A Ay

o4
FIG. 22. STEP 4 FINAL

2.9
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These relationships apply only to networks having three
terminals. Similar relations can be developed for 4-terminal
networks (frequently called two-port networks). Figure 23A isa
typical 4-terminal network. If only voltages measured between

" terminals a and b and c and d are significant, tke five impedances

of Figure 23A can be replaced with the T netwo:k shown in Figure
23B.

BALANCEDH PAD UNBALANCED T PAD
- a \ c
22, 2Z 5
Z3

bo- od

W _ | . | ‘
FIGURE 23. EQUIVALENT 4-TERMINAL NETWORKS

<

2.41 PADS - COMMON TYPES

In the operation of various telephone circuits, it is frequently
necessary to reduce currents and voltages within the circuits. To
accomplish this result, attenuating networks are inserted at the
required points. To attenuate all currents of the different frequencies
by the same amount, the attenuating network obviously must be made
up of resistances. By arranging appropriate resistances in a network
consisting of series and shunt paths, any specific value of attenuation
may be obtained without 1ntroduc1ng impedance mismatch in the
circuit in which the network is connected. Such resistance networks
are usually called pads orattenuators and the most common of these
are the "T" and '""Pi" types illustrated in Figure 24.

The "T'" and "Pi" pads may be made up :2 '""H'" and '""Square"
neiworks, In the latter the series resistances in Wires 1-3 and 2-4
are equal to R1/2. This balances the two sides of the circuit with-
out charning the electrical characteristics of the pad. Thus, in
Figure 24 the "T'" and '"H' pads are electrically identical from both
~an impedance (resistance) and attenuation standpoint. The same
applies to the ""Pi'" and ""Square'" pads illustrated. '

2. 10
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/2R 172 R, I/4R, /4R,
|
R,
20~ @ 04 4
"T" PAD BALANCED"T" OR "H" PAD
ELECTRICALLY EQUAL "T" TYPE PADS
R, I/2 R,
i 3 AA—
2R, 2R,

" 10 4 2 v ¢ " (1} Q v 4
97 PAD BALANCED "fI" OR"SQUARE"PAD
ELECTRICALLY EQUAL "Jt' TYPE PADS

FIGURE 24, PADS - COMMON TYPES

In most cases pads are symmetrical; that is, their impedances,
as seen from either terminals 1-2 or 3-4, are the same and they can
be designed to have any desired loss value. It is possible, however,
for a "T," "H,!" "Pi" or '"Square' type pad to be designed so as to
have a different impedance as seen from either side. Under these
conditions the pad may be used to match two unequal impedances and
at the same time to produce any desired loss value which is equal to
or greater than a minimum value depending upon the ration of the two
impedances to be matched which are connected to two sides of the pad.

2.42 T-PAD CALCULATIONS

Problem 1) Given are two impedances R; and R, and voltages
and E, across them, see Fig. 25. Calculate
va]'lues of resistors L, M and N which would form a
T pad providing a good match between R] and R} and
also calculate the attenuation Y in decibels produced
by this pad.

2) Instead of given Ry, RZ,. E,; and E;, the input and
output powers may be given, namely P and P,.
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3) Another alternative may be a problem where R}
and R, have to be matched by a pad which would
prov1de Y decibels of attenuation.

‘The calculations which follow show steps to obtain
the solution.

FIG. 25.

Calculate parameter "X

B R | E2 2 R,
X = log‘,lo :—1;1'._;01' . X = L°g10 El : Xg

Calculate attenuat1on Y in dec1bels when X is knOWn, or. calculate
X when Y is given, from the formula

o Y = 20X
caiculate"'M“ .
2x 10X
107 -1
) ,‘Calculate "L »
2x
L Rl ‘(102x‘+ 1) oM
N 0™ -1
‘5. * Calculate "N"
N = 3299__'_2“_1) -M
(102X - 1y

2.12
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6. To check the values obtained calculate the impedance of the pad
locking into the terminals 1 and 2 with R, connected across 3 and
4. Then check the impedance of the pad looking into the termi-
nals 3 and 4 with R, connected across 1 and 2. - These impedances
should be equal to &1 and R, respectively.

7. Assume Ej = 10 volts, for instance, injected across terminals
1 and 2 and find from the calculated values of I, M & N the
voltage E». Check whether the voltage ratio E2 substituted into
formula: ‘E1

Egy [Rq
X = 10g10 E—l- % Rg

produces X equal to 2% If so, the pad was designed correctly.

2,43 PRACTICAL DETERMINATION OF EQUIVALENT NETWORKS

The problem may arise of some unknown passive, complex
network, usually called "black box', of which only the input termi-
nals 1-2 and output terminals 3-4 are accessible. Such "black box"
can be replaced always, at any frequency, by an equivalent T or Pi
nefwork by making any three of the four measurements described
hereafter. ;

INPUT oUTPUT

FIG. 26. TYPICAL BLACK BOX

2.13
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In Fig. 26 the designations used have the following meaning:

Zao - input impedance with output terminals (3-4) open
Zas - " " oo " " shorted
Zpo - output impedance with input terminals (1-2) open
st - " 1" 1 1 ) 1 shorted

The "black box'" 1s shown by dashed lines.

From the selected T configuration (we could as well start
from a Pi) we can write a set of following equations:

Zps = Z1+ Zg )

Zbo = Zg+ Z3 @)
L Zg Z3

Zag =21+ Zg + Zg ®)

From (1) we obtain:

and from (2)
Zg = Zpo = 23 (3)
By subtracting (3) from (1) and substituting (5) there-

after, we obtain:

Zg Z3 (Zno - Z3) Z3
Zao~ Zas =l3 g T gs T 28T T o T

2
Zg Iy - Zg Ipo t 23

= or
Zho
-
Zg = Zpo (Zgo = Zgg) ‘ and therefore
Za = \Zbo (Zao - Zag) ; by substitu . 3 this formula

into () and (5) we obtain the remaining two answers:

Zy = Zao-Zg = Zyo - V (Zno (Zao - Zag)  and

Zpo = 23 = Zpg - ‘\I(Zbo (Zao = Zag)
z2.14

Zg
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We could have started by selecting any other three impedances
instead of Zy4; Z5g and Zp,, and would have obtained similar
formulas.

Summarizing: any passive network, no matter how complex,
as long as it is composed of linear, bilateral impedances and has
2 input and 2 output terminals (such a network is often called 4-
terminal network or a 2-port network) can be represented at any
selected single frequency by a simple T (or Pi) section consisting
of resistors Zj; Z2 and Z3 which may be calculated from any three
out of four input and output impedances measured in the laboratory.

In one of the preceding paragraphs 2.4 we have seen an
example how a simple T or 7 network may be obtained from a
fairly complex passive network by successive simple steps
consisting of T and 'y transformations.

2.5 SUPERPOSITION THEOREM

If a linear network has more than one generator, the resulting
current through any impedance component of this network is identical
to the sum of partial currents obtained by considering each source of
current alone with all other sources removed and replaced by their
respective internal impedances, and then summing partial currents.
By the use of the principle of duality the superposition theorem can
be also applied to voltages. All that has to be done is to replace the
words '"current' by 'voltage', since the latter is the dual of current.

It is important to remember that the superposition theorem
holds only for linear networks.

Multi-generator networks can be solved by Kirchoffls Laws
(sometimes this method is called loop and node analysis). However,
the solution by using the superposition theorem often requires much
less mathematical computations. Perhaps of even greater im-~
portance is the fact that this theorem provides a useful insight into
the operation of the circuit.

It may be useful, at this stage, to review the concept of
"the internal impedance of a generator, "

2.15
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T "1 vell known that if we use a high impedance VIVM
(Vacuum Tube Voltmeter) and measure with it the so called open-
circuit voltage across terminals of a battery we will find that this
voltage is higher than the voltage when that battery is supplying
current to a load. We call the open-circuit voliage the "EMF"
or Electro Motive Force; it is determined by 1 iysical conditions of
the battery and also by the electro—chemical p: perties of the ma-

vials of which the battery is made. The difi .rence between these
) two voltag:s is called the internal voltage drop V, and it is caused
by the battery s internal resistance R and by the current I flowing
from it.'_This voltage drop equals IR; R can be calculated as a
quotient T :

¢« Itis customary to represent such physical battery by a

circuit model consisting of an ideal DC voltage generator, which
has an internal resistance zero, and by a resistor R connected in
series with the generator. If we had some actual (physical)
" current generator (instead of a voltage generator) we could repre-
sent it by an ideal current generator with an infinitely high internal
impedance and by a resistor R across it; the R value would depend
on the 1nterna1 impedance of the physical current generator

Returning to Superposition Theorem, it can be illustrated
by working out a simple problem.

PROBLEM

In the circuit shown in Fig. 27 what is the direction and
‘magnitude of the current flow in the center 10 ohm resistor?

‘ ,;—----! 8 ohms 6 ohms -,
5 ——AAN AN : !

. e : | i " ‘
Ry =2 Ohms | § ! f S | Ry=4 Ohms
7 T
! I 1 '
| ! gnoohms | i
LI L

- n s
Ejp =30 volts: = ! — | Eg=60Volts
. S
N i
| 1 ' i
e d |
BATT A BTTE'

FIGURE 27. NETWORK WITH TWO SOURCES
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Our theorem instructs to determine the currents caused
by each battery in turn, with all other batteries replaced by their
internal resistances. Ohm!'s law gives us the currents indicated
in Figures 28, a and b.

e mem 842 6.2 6/2 -1

WA r A i

| Q2/p 2amps mmp! Zarhps | AAMPS | S 1,

| i Rg Ra | l

le| 1 losz an 2.2 102 L !

b= . | = |80V
3ov, ; iamp 2amps T" : _

L |t

L3 Lo

BATT. A BATT. B

A B

FIGURE 28. TWO SOURCE NETWORK REDRAWN

The currents flowing in the circuit with two batteries will
be the sum of these component currents. Of course, sum means
algebraic sum (or vector sum if the problem is AC) and thus
currents flowing in opposite directions subtract.

r~=--7 EJZ 86./2 ===
| é T \YAVQY AN : :
1 ' | |
22 ! ' N i
| | [ amps sampsty | o472
1
i | : |
| | N
sovi — | —
PO LT
Lo - T
BATT. A BATT.B

FIGURE 29. TWO SQURCE NETWORK WITH RESULTANT CURRENTS

2,17
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Th~ resultant currents are shown in Figure 29, and we see
that the center i0-ohm resistor carries 1 ampere upward, which
is the difference (2A - 1A) = 1A. We could have estimated the
direction of the current in the 10-ohm resistor by inspection, since
‘the resistances are symmetrical with respect to two batteries and
the 60-volt battery will produce a twice larger ¢ mponent of current.

Going through the arithmetic illustrates an exan .le of the application
of *he theorem.

2. 6 THE THEVENIN'S THEOREM

v Thevenin's theorem states that, in general, any electric
network including impedances and voltage sources, such as Fig. 30,
may be replaced, insofar as an external load is concerned, by and
equivalent circuit containing one constant-voltage source and one
series resistance as shown on Fig. 31. The Thevenin's Theorem
reads in full as follows:

Any network containing voltage sources (generators) and
impedances may be replaced, insofar as terminal
characteristics are concerned, by a constant-voltage
source and a series impedance, at any particular frequency,
providing this generated voltage is equal to the open-
circuit voltage between the output terminals of the original
network, and the series impedance is the impedance be-
tween the output terminals of the original network calculated
with all voltages generated by the sources reduced to zero
(short circuited) without opening any branch in which these

- voltages occur, or removing any impedance.

‘ ' 2l ., | aavvvan—tel

K = | |- Ro |

e PRE A | s |
UL T |

I Ry | | - l

| I .
o | \ ]

~iL 'P% 30. AN EXAMPLE FIGURE 31, THEVENINS

FOR SOLUTION EQUIVALER i RETWORK
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An example of the application of Thevenin®s theorem is
shown in Figs. 30 and 31.

A simple circuit of Fig. 30 has to be transformed. This
circuit is included in the dashed rectangle, called a 'black box'’,
to indicate that little or nothing is known of what is inside it. The
circuit has two external terminals 1 and 2, to which a load may be
connected.

The purpose of the Thevenin’s transformation is to obtain
another circuit, consisting of a constant~voltage source egc and a
series resistor Ry. The latter circuit, called the Thevenin's
Equivalent Network, when connected between the terminals 1 and
2, would produce the same voltage and current in the external
circuit (load) as the original "black box'" would do.

If the circuit Fig. 30 is to be equivalent to one shown in
Fig. 31, the open circuit voltages between terminals 1 and 2, must
be equal. When circuit of Fig. 30 is solved for open=-circuit voltage
eoc the following is obtained:

R
2 )

€ =e1 5 .

This must also be the open=-circuit voltage of the generator
of Fig. 31.

As a second condition for equivalent circuit, the short-
circuit currents obtained when shorting 1 and 2 must be the same
in both circuits. The short-circuit current in Fig. 30 circuit is:

i i @)
i, = =5
sc
Ry
and the short c¢ircuit current in Fig. 31 is:

1 eO(.':

Isc = g ©)

o 4
Equating (2) to (3), thus assuming !sc = lsc

e €oc " . €oc "
_—= e, us T e

R, R, 0o ey 1

and from (1)

o 2 bstituting this into (4 btai
el—R1+R2’SuS ing this into (4) we obtain

2.19
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R4 RZ

‘R, =, "o : 5

As i” can be easily seen the value cf R, i often equal to the
computed value of impedance hetween the bame ‘0 points 1 and 2 as
we . ¢ used in computing the open-circuit voltage .,., but with all .
values of e “*s reduced to zero. »

_ It should be noted that the internal characteristics of both
networks (power, efficiency etc.) are not identical; only the
characteristics at the terminals 1 and 2 are identical.

Care shall be exercised when Thevenin's theorem is applied
to circuits containing controlled sources such as transistors or
tubes. The correct Thevenin equivalents can be determined in a
- variety of ways. The procedure that is probably the simplest and
most convenient is to evaluate the internal resistance Rg from the
ratio. of open - circuit voltage to short - circuit current, or

2.7 THE NORTON!S THEOREM

This u.eorem is the dual of Thevenin's theorem.

~ Norton’s theorem states that, in general, any electric
network including impedances and voltage sources, for instance
as shown in Fig. 32 may be replaced, ¢ far as terminal conditions
are concerned, by constant - current gen°rator shunted by a
conductance as shown on Fig. 33. The Norton's theorem reads in
full as follows:

Any circuit consisting of voltage sources and impedances
may be replaced, insofar as terminal conditions are
concerned at any particul' . r frequency, by a constant -
current source and a shunt conductance, providing the
magnitude of the constant current is equal to the current
obtained by short circuiting the texri. 2%z ~f the original

network, and the shunt conductance is 1 to the recipro-
cal of the impedance between the cutp~ ...v'mals of the
original network calculated with all - liages generated by

* ~ gources reduced to zero witl - :sening any branck =

wiiich these voltages occur or romcving any impedances.
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;___A___a~~_:| i ettt
|+ ' | l |
"‘bel é l ié\ 7 _Coc i

l i, &Ry | |=<>Zsc='“;— S0=qg

| g | 0

1 Rl < , |

i _____ i _il o | | l ol

FIG. 32 FIG. 33

An example of the application of Norton's theorem to the
same circuit of Fig. 32 as of Fig. 30 is shown in Fig. 32.

The short -~ circuit current ig., obtained by strapping
terminals 1 and 2 in Fig. 32, is obtained as follows:

EIN:

1ge

and the shunt conductance g,

L R; R, . Ry + R,
0 g, TRi+Ry’ ° B T RR,

It is obvious from the method of calculation of values for
the circuit of Fig. 33 that ige, egc and Rg are identical with the
same values obtained for the Thevenin's equivalent circuit of
Fig. 31.

The sinx plest and most convenient procedure, especially if

applied to circuits contammg controlled sources, is to find first the

equivalent Thevenin's circuit, applying the rule

e
RO = .F.O__C.
lgc

After finding Ry
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L _ Isc
go'Ro =

Now the constant - current generator producing the current
igc is shunted by g, and the necessary values for the circuit of
Fig. 33 have been found.

2. 8 POWER TRANSFER

In Figure 34, E and Z, together represent a source of
power. This source may be a telephone instrument, a repeater
- amplifier, or the sending side of any point in a telephone connection.
Z, is the load which receives the power transmitted. It may be
.another telephone instrument or a radio transmitting antenna or the
receiving side of any point in a connection. The amount of power
transferred from the source to the load will be determlned by the
relative values of Z] and Z,.

Z, or R 1’1 Zp or Ry

FIGURE 34. POWER TRANSFER CIRCUIT

Three cases should be considered here:

a. If Z: is an impedance and there is no restriction on
the selection of Z,, the power transferred will be a
- maximum when Z and Z) have equal components of
resistance, but the reactive components are equal
and opposite, one inductive, the other capacitive
(R2 = Rj and X = -Xj); such Z) and Zp are called
"'complex conjugates'’,

b. If Z; is an impedance and the magniiude of Z, can be
selected, but not its angle, the p:wer transferred will
be a maximum when the absol.ce values of Z, and Z
are equal: Z, = Z; . Thatis, the values of their
magnitudes are equal and their phases are disregarded,

2.22
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c. If both Z, and Z; are pure resistances, the power
transferred will be a maximum when the source and
load resistance are equal (Rp = Rj).

The pure resistance case ''c'' will be investigated hereafter
and three curves illustrating the circuit behavior are plotted in
Fig. 35.

100 P
= T MAX
g S0\«

> Xy
FE ool Ny
w >
so70 vKo {18
w Y olo %
' a50
o 32 v
2 o0 e \““\LBL
q o
o w30 //s= — ,
w > ZPOWER IN_LQAD R2
> £ 04 R
gu o 4/
o/ .

—e "2
0246810121416I820?"

- FIGURE 35. POWER TRANSFER AND EFFICIENCY WHEN SOURCE AND LOAD ARE RESISTIV

On the abscissa axis ratios Rz are plotted for the range of

values from 0 to 2. On the ordinate™! axis are plotted: power P
developed in load R,, curve (A); total power P delivered by the
source E to the total load (R] + R2) shown by curve (B); and the
percent efficiency of the circuit, shown by curve (C).

P can be calculated from formula

2
Pp = E
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~Since Ry is fixed and R, is variable, the graph of Py is a
hyperbola (B), 1ts maximum va %ue occurs when load Ry = 0, that
is when R is- ‘shorted. Then £2

Prmax =§_1

Current I equals in the original circuit

E .
I= ﬁ_l—*'—ﬁ— therefore power P, in the load Ry may be

alculated as follows

2 E2
=Ry = ——— X R
‘2 (R1+R2)

It may be found by standard methods of calculus that

maximum value of Py occurs when R; = Rg. Then

_ 2 2

: E E
P =~ L XRy=—
2max 2771 4R
2R7) 1

or, using the formula for Py ..., We can write

: PTmaX '
Pomax =g

Therefore the maximum power which can be delivered to a

matched load equals 25% of the maximum power PTmax available
from the source.

- The relatmnshlp between per cent efficiency a.nd the ratio
R2 will be investigated now.
1

Efficiency at any value of g% is defined as the ratio of power

P, to the total power Pr delivered by the source at that particular
value of £ Z

1
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Py 52 (Ry + Ro) Ry )
Efficiency =1 =—/ = ——8— Rz x = -
P 2 2 R1+ R R
T @®y+Ry) E S R S
Rg
Ry
a) When Rg = 'IT=0 and 1 =0
1
R,
b) When R, =R1—R—= 1 and 7 = 50%
1
c) Whenf{’zf=2 'Iil:l and 1 = 66 2/3%.
Ry Ry 2
When R; = R,, P, is maximum and the efficiency, as we

have seen, is only 50 per cent; then half of the total power P is
dissipated in the internal resistance Rj of the source and the other
half in the load R3. This approximates the desirable condition in
telephony since in most telephone applications we are interested
primarily in receiving all possible signal power P, without too
much regard to efficiency. Thus very often we try to operate at
50% efficiency; as a result we will deliver to the load R, only 25%
of the maximum power which the source is capable of supplying.
The latter is designated as Pp .. and occurs when load Ry = 0

Actually, most telephone circuits contain some reactance
so that condition "a'' (where the load impedance is the complex
conjugate of the source impedance) would appear optimum. However,
it is well known from the theory of transmission lines that complex
conjugate termination will cause reflections or echo. Therefore, we
usually compromise on condition '""b" and choose a load impedance
of the same absolute magnitude as that of the source, disregarding
the phase relationships.

2.8 RESONANCE

Ina ciz’cuit4 containing a given inductance L, the reactance,

X1, = Lw (wherew = 2mf), depends on frequency f. If f is doubled,
the reactance is doubled too. In the case of a given capacitance
value C, on the other hand, the negative reactance, % =- 1

Y cw
is reduced when f is increased. This is illustrated by Fig. 36B
where the inductive reactance Xi, and the capacitive reactance XC
are plotted against frequency. In a series resonant circuit
containing both inductance and capacitance, as shown in Figure
36A, there is therefore some frequency at which the negative

2.25
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reaciocnce XC becomes equal but opposite in value to XL Where
- the dotic. .ine {a hyperbola) crosses the absc1ssa axis in Flgure
363, the combinad reactance

X =XL+X =Lw -

T Tl

is equal to zero. The frequenc? at the inter :ction is called resonance

+)(A
- la-HYPERBOLA
/'/’
KL —a /1,/
L -~ c | : 4 J%e NS
v ] 666 ~"".'_"|e'_— . / // o
o , ) Pt ~ » §
.. O\ . '/” k‘fr - @\ 4
O— - T HYPERBOL A
.~ - /'
 FIGURE 36 /
SERIES RESONANT CIRCUIT ]

frequency Fp. Thus, since w 27f

1 »
2T . L = ——eme 22 )
“T r Zﬂfrc } and :

f ol
= Tanie
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The value of the resonant frequency, fr, therefore can be
determined in terms of the inductance L and capacitance C from
the above equations. Here L is expressed in Henry's and C in
- Farads. Since every coil has a resistance R and at resonance the
total reactance of the circuit is equal zeroc, therefore the total
impedance which is the sum of resistance and reactance equals R. -
Under these conditions the circuit current is determined solely by
R.

Figure 37 illustrates the behavior of a series resonant
circuit similar to that shown in Figure 36A, but including some
resistance R, when the applied voltage is varied through a band of
frequencies. The curves were plotted by assuming a constant
impressed voltage from the generator E of 1 volt for each frequency
of the band, and three different values of resistance R. As will be
noted, the peak current values depend entirely upon the values of
resistance R, for at the peak the positive and negative reactances
cancel each other and therefore current is determined solely by
the resistance R. The increase of resistance R in the series
resonant circuit reduces the selectivity (or sharpness) of the
resonance peak.

o || {[max 0.4

o R=2.5/Z [ii # =100

[ - PR
o [T\ rw—’?i\—l

z [ 1 ¢ =1usconst:
§ 005 ]// \§ L=.IH?=254:]
g 7] l§f=ASINNCATED
w / [ = 500N

22T T T

A o Pl Bhk.TE#

O 400 800 1200 1600 2000 2400 CPS
FREQUENCY f

FIGURE 37 CURVES OF CURRENT VALUESIN A
SERIES RESONANT CIRCUIT WHICH INCLUDES R.
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That is, e ratio of the current at the resonant frequency f; to the
current at i..guencies near this resonant frequency is reduced.
Below the resonant frequency, the capacitance C in the circuit will
have the major effect in limiting the current, and the circuit will
“tend to look like capacitance with the current lezading the voltage.
Above resonance the inductance L will limit th' current and the -
circuit will look like inductance with the curre * lagging behind the
vo'tage. At resonance the circuit current and foltage are in phase
and the current may be relatively very large. The actual vel+ages,
across the inductor and capacitor may therefore be many times as
great as ‘the voltage E applied to the circuit, but since they are

. equal and opposu:e in sign they partlally cancel. .

- Example: To what frequency is the circuit shown by
S Figure 37 resonant if C is 0.254 , L is
0.10 H; what current I, will flow at reso-
nance when R is 4 ohms and E is 1.0 volt,.
and what is the voltage drop EL across the
_ inductance ?
Solution:

1
6. 284 0. 10H x 0. 254F x 1075

n

1) Resonant frequency fy

1
6.28 x 10™°4J0. 0254
1. 000 1,000 cycles per
= 6.28x0.159 sec.
2) %at,chrrmt flows at resonance?
E 1. 0v
I, == = = 0. 25 amp.
Iy R 4 ohms ). 4o amp.
3) What is the voltage drop acicss L?
Xy, = o fL = 6.28x i, ~cpg x 0. 10H = 628 ohms

Ef, = 0.25A x 620 cluns = 157 volts.

This voltage should now be compared with the

E = 1v injected into the circuit.
| 2.28
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The resonance principle has numerous and interesting uses
in connection with communication circuits. One application is the
use of a capacitor C of proper value in series with a telephone
receiver winding, repeating coil winding, or other winding having
inductance, where it is desired to increase the current. The 1
capacitor C decreases the total reactance by reducing X1, by ¢gn
Thus the total impedance is reduced and current I is increased.

A much more common use of the series resonance principle
is the so-called "tuned" circuit which is extensively employed in
radio and other high frequency applications. It is an arrangement
whereby the circuit has a much lower impedance to some particu-
lar frequency than to any other frequency; if a band of frequencies
is impressed, it selects, so to speak, a'high current (and there-
fore a high voltage} for the particular frequency but permits only a
small current (voltage) for any other frequency. Figure 37 111us-
trates this principle.

In many tuned circuits, capacitance and inductance are
connected to form a parallel-resonant circuit as shown in Figure
38A. For this connection, when the positive reactancel wis equal
and opposite to the negative reactance=— . and the resistance R of
the inductor is low, the combined impedance Xy presented to the
generator is extremely great and there is 2 minimum current flowing
from the generator. In other words, the generator circuit is practi-
cally open. Figure 38B shows the resultant reactance, X¢, pre-
sented to the generator by this circuit. It can be seen that at the
resonant frequency the two parallel reactances combine to give a
resultant of extremely high value. At the same time, at resonance
there must be a current through the inductance L, determined by
dividing the voltage E of the generator by the impedance of this
branch. Similarly, there must be a current through the capacitor
C which can be determined in the same way. These two currents
are equal in value, but are flowing in opposite directions, thereby
canceling each other in the lead to the generator. Effectively, this
gives an open-circuit insofar as the generator circuit is concerned,
but gives a circuit equal to either the inductance or capacitance alone
connected tc the generator insofar as either of the branches is con-
cerned. The physical explanation of the phenomena here is that a
current is oscillating around through the inductor and capacitor, with
the emf of the generator merely sustaining and triggering this
oscillation. Of course, since the inductance L must have some
resistance R, there will be an 12R loss in the inductance, and it
would never be possible to have the theoretical case where the
generator current is actually zero, or the load is actually an open
circuit.

2.29
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. Vigmre 39 illustrates the selectivity of a parallel -resonant
circuit made up of the same units as were used in the series
resonant circuit. It will be noted that the selectivity of the parallel-
resonant circuit is also decreased as the resistance R is increased.
Indeed, there'is a value of resistance R beyon which the circuit
loses its resonant characteristics altogether. Moreover, in this
case, the resistance may be seen to have sor effect on the value
of the resonant frequency. When R is increz :d fy decreases.

In radio and other high frequency work the parallel-
resonant circuit is often called a ''tank circuit,’ because it acts as
a storage reservoir for electric energy. Here it may be more
‘helpful to think in terms of energy transferring back and forth
between the electric field of the capacitor C and the magnetic
field of the inductor L rather than merely of current oscillating
back and forth in the parallel circuit.

"It may be said,in general that the series-resonant circuit
steps up voltages injected in to it, and the parallel- -resonant circuit

steps up currents.

2.9 FILTERS

An electrical network which consists of inductors,
capacitors and resistors designed to permit the flow of cu.rent at
certain frequencies with little or no attenuation, and to present
high attenuation at other frequencies is called an electric filter.

- Therefore, the purpose of a filter is to provide a circuit which
'will easily transmit certain frequencies and suppress others.

The action of a filter depends upon the fact that the higher
the frequency the easier it is for the current to flow through a
capacitor and the more difficult it is to flow through an inductor.
In other words a capacitor passes high frequencies-readily and
offers a decreasing reactance with increase in frequency, while
the reverse is true of inductance, which passes low frequencies
readily. :

The filter characteristics show usually either attenuation
provided by the filter or current which it passes as functions of
frequency.
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Four basic filter attenuation characteristics are shown.
Figure 40 shows a low-pass filter, which passes readily lower
fr- ‘iencies and attenuates higher ones; Figure . ' a high-pass
filt. », whose action is reverse to low-nass. [ Figure 42 is
«1ovwn the characteristic of a band-pass fill .r; it passes only a
definite band of frequencies while it attenuates frequencies outs.de
the pass-band. In Figure 43 is shown a band=-elimination filter
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whose action is opposite to band-pass; it attenuates {eliminates) a
definite band of frequencies, while passing readily others outside
the elimination band.

In Figure 44 are shown typical examples of the circuits of
low-pass and high-pass filters as well as their current versus
frequency characteristics.
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HIGH- PASS FILTER FREQUENCY

FIGURE 44, TYPICAL FILTER CIRCUITS

The presence of resistance in the inductors used in filter
sections introduces additional losses in the transmitting bands,
and reduces the sharpness of cut-off (See Figure 44). In telephone
and telegraph carrier systems, the number of channels which can
be used in a given frequency range depends on the width of the pass
band plus the "transition bands'’ on each side of it.
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Or o of the most practical ways to obtain a high ratio of
reactance to xzsistance is to use mechanical vibrating systems,
such as the piezo-electric crystals. In an electric circuit such as
a filter, a crystal acts as an impedance. Crystal filters find wide
application in "broad-band" (J, K, and L) carricr systems. In
Figure 44A is shown the equivalent electrical n' :work and the
reactance characteristics of a quartz crystal.

fr faA FREQUENCY @

REACTANCE
o

]
FIG. 44A. A QUARTZ CRYSTAL ACTS, WHEN ASSOCIATED WITH
A SUITABLE ELECTRIC CIRCUIT, AS THE NETWORK SHOWN
ABOVE. THE REACTANCE CHARACTERISTICS OF THIS CIRCUIT
ARE SHOWN BELOW.

Electrical filters have a large number of applications in the
telephone art. In addition carrier systems, composite sets and
many central office power plants require their use. In fact, much
of the present electronic art has been made possible by theixr
development.

2. 10 QUALITY OF A COIL

Where resonant circuits are used? fos . 'rposes of tuning
or .. zquency selection, it is important that ti.. ziic.tive resistance
-{ the circuit be held to a minimum. This ‘. illustrated by
Fig.:. 37 and 39 where it is shown that ..;. sharpness of tunir _is
greater the lower the resistance R. "Effective resistance'' R is no

2.34
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the DC resistance but one measured at the actual operating
frequency; its value takes care of all the high-frequency losses.

Since the resistance in the circuit is largely contained in
the inductor, the objective is to have the ratio of the reactance of
the inductor to its effective resistance as high as possible. This
ratio is known as the Quality or Q of an inductor and is usually
expressed by the equation

XL _27fL '

1
Q=%"="f and by Q = 5752

a capacitor, represented as a series model.

The Q of resonant circuits used in practice varies from
values in the order of a hundred in the case of iron-core coils to
values as high as 20 thousand or more in the case of certain cavity
resonators or quartz crystals.

In a series resonant circuit (Figure 37) at the resonant
frequency, the voltage developed across the capacitor C is Q times
the net voltage E applied by the generator, or Ec = QE. Ina
parallel-resonant circuit when Q is large, the total impedance of
the L and C combination at the resonant frequency is Q times the
coil or capacitor reactance, or Z = X1 Q = -X_Q (at resonance
Xc = XL).

Example: In a parallel-resonant circuit
having an inductance L of 50
microhenries and an effective
resistance R of 10 ohms, what
is the Q of the circuit and what
is the impedance Z at a resonant
frequency of 1000 kc?

2.35
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Solution:

.50 microhenries = 5 x 10"5 Hehi'ies;

1000 ke = 108 cycles.
Xy, = 2mfL=6.28x 10% cpsx 5x 10-5 1
= 314 ohms
X
L 314
Q =— =312 _314

R 10 —_

Z = XLQ =314 x 31.4 = 9860 ohms.

References for Chapter 2

‘3. From John D. Ryder, NETWORKS, LINES AND FIELDS,
2nd Edition. 1955, by permission of Prentice-Hall, .Inc.,
Englewood Cliffs, N.J.

4, © American Telephone and Telegraph Company, 1961.
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CHAPTER 3

REPEATING COILS AND TRANSFORMERS

3.1 THEORY OF THE TRANSFORMERS

The inductive effects4 of the magnetic interlinkages from one
turn of a coil winding to the other turns of the same winding are
defined as self-inductance. The current resulting from the induced
emf is superposed upon the current resulting from electromotive
force {(emf) impressed across the coil.

In practice, we may experience inductive effects in circuits
other than the first one in which the current is flowing due to the im-
pressed emf. That is to say, two coils may be so related that the
lines of magnetic induction established by a current in the first coil
may cut the turns of the second coil (which may be connected to an
entirely different circuit) in the same way that similar lines estab-
lished by any one turn of a first single coil cut the other turns of the
same coil. This effect is called mutual induction and the property of
the electric circuit that is responsible for the effect is known as its
mutual inductance.

3.2 THEORY OF THE TRANSFORMER

In the study of magnetism it is found that a wire through which
there flows a current is always surr~unded by a magnetic field. This
field, when created by a current est.blishing itself in the conductor,
extends concentrically from the wire and is proportional to the current
magnitude at any instant of time. Figure 45 shows a group of lines
of a magnetic field around a conductor (shown in cross=~section) in
which the current is flowing.

®

FIGURE 45

MAGNETIC FIELD AROUND A CURRENT
CARRYING CONDUCTOR
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If a secon’ conductor is in the vicinity, it will be cut by these lines
extending concentrically outward from the current-carrying con-
ductor. This induces an emf in the second conductor, if the current
in the first conductor is non-stationary. As illustrated in the
Flgure 45, this will establish a current in the opwnosite direction to
that in the first conductor. The induced current will cease to flow,
however, when the current in the first conducto' reaches its maxi-
muar: value, or at any other instant when it has .. steady, unchanging
value bec:ts: the magnetic field has become stationary and the lines
“of magnetic 1nduct10n are also stationary.

If the current in the first conductor is decreased, we have the
reverse condition, or that shown in Figure 46. Here the lines,
instead of being concentric in the clockwise direction, are again
~ concentric but counterclockwise. "Now the current induced flows in the
opposite direction, It is now in the same direction in the second
conductor as in the first. The law for 1nduced emf may be expressed
as follows: For any two parallel conductors, a- changing current in
-one. 1nduces an emf in the other, tending to establish a current that
~will counteract the mechanism that produges it.

FIGURE 46

MAGNETIC FIELD ity oi:a NEITE
 DIRECTION -

-3.2
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FIG. 47. PRINCIPLE OF INDUCTION COIL

Instead of two single conductors shown in Figure 45 and
46, let us consider two separate coils, one inside the other, as in
Figure 47. If we call the one carrying the original current the
primary, which in this case we may represent by the inside coil,
and the other the secondary, we shall find that a magnetic field is
established by a changing current in the primary. This will cut the
entire group of conductors represes. ‘ed by the turns of the secondary,
thereby inducing a potentlal in the secondary. The ordinary telephone
induction coil operates in this manner. The prlmary, when con-
nected in series with the telephone transmitter, carries a current
which decreases and increases in value in response to the varying
resistance of the transmitter. Consequently, an alternating current
is induced in the secondary of the coil.

If now the two separate coils of Figure 47 are wound on the
same iron core the effect will in intensified. Because iron offers
a path of low reluctance to the magnetic flux, the total number of
flux lines will be greatly increased and almost all of the lines set up
by the primary winding, P, will cut all of the secondary winding, S.

If the windings, P and S have the same number of turns, and
both the coils and core are constructed so as to have negligible
energy losses, we shall find that the reading is the same when a volt-
meter is connected across the terminals of S as when connected across
the terminals of P. In other words, the induced emf of the secondary
winding is equal to the impressed emf of the primary winding. Such
a device is called an ideal transformer of unity ratio.
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I »w, we Should increase the number of turns Ng of the
secondary winding S, we would find that the voltmeter reading would
be greater on the secondary than on the primary side of the trans-
former. If we should decrease the number Ng of turns of the winding
S, the effect would be reversed. ‘We have here a means
of controlling the voltage applied to a load; we rr .y effectively in-
crease or decrease the generator voltage by a p' 'per choice of
tran.former. If a’‘transformer has a greater nn aber of turns on
the secondo;y N, than on the primary N, so that the voltage i~ in-
creased, it is called a step-up transformer; if it has a lesser
number of turns on the secondary than on the primary so that the
voltage is decreased, ‘it'is called a step~down transformer. The
voltage across the two windings is directly proportional to the
number of turns. This relation is expressed by the equation:

primary volts _ P _ primary turns (1)
secondary volts ~— Eg Ng ~ secondary turns

We may explain this relation between the number of turns
and voltage by our original law governing inductive effects, which
-states that the induced voltage is proportional to the rate of ~ :ing
lines of magnetic induction. Each time the alternating emf iu the
prlmary completes a cycle, it establishes a magnetic flux in the
iron core which collapses to be established in the opposu:e direction,
to again collapse, etc. This flux will cut each and every turn about
- the iron core. 1In doing so, for the ideal case where there is no
loss due the magnetic leakage, etc., the same voltage is induced in
each individual turn of secondary. This voltage may be represented
by the symbol V. Now, the voltage measured across the secondary
'(Wlth no 1oad connected)

2 .
FIGURE 42

.(«'Qis;r_ﬁei"euly,’_i:he sum of these ‘in"dividual turn voltages {See Fig. 48) or

3.4
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Eg=NsV  {2)

where Ng is the number of turns on the secondary.

In the primary the induced emf V in one turn must be exactly
equal and opposite to the originally impressed emf since the emf due
to an IR drop is practically negligible. This could be expressed by
an equation similar to equation (2), thus assuming that V is the same
for primary as for the secondary -

E,=Np V. (3)

Since V is the same in both equations (2) and (3), we may derive
equation (1) by dividing (3) by (2).

FIGLPE 49

If a load Z; is connected across the secondary winding S, as
shown in Figure 49, the emf induced in the secondary S causes
Current I to flow through the impedance Z . This current is:

E
1-'S :——E-
Zg

When current I starts to flow through the secondary it will
establish additional lines of magnetic induction in the transformer
core, which lines will oppose those established by the primary
current I,. This phenomenon tends to neutralize partially the mag-
netic fi,elg in the iron core, thereby tending to counteract the effect
of the inductance of the primary winding P.

As a result the primary winding P will behave more nearly
like a resistance than an inductance. Therefore, own induced emf
of the primary, which opposes the voltage of the generator G, will
be reduced and a larger current Ip will flow from G through the

w
(%2
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B
4

primary I, "'~ in turn will increase the flux in the iron core.
Fma.lly, there iz produced the same induced emf in the secondary
as in the case without load Z_ when the secondary was open. Thus
it may be said that the transt%rmer adjusts itself to a load Zg which
is connected to the secondary just as if an ''equiv .lent' load were
‘connected directly to the generator G (without th transformer),
i.e. the current supplied by the generator G tot = primary in-
creases with an increase of the current L in the secondary of the
transforme.

The relation between current values is the inverse ratio of
the number of turns. In other words, the winding having the greater
number of turns has a pr0port10nate1y smaller current. We know
from the law of conservation of energy that the energy Py existing
in the secondary circuit can never exceed, but for an ideal trans-
former will be just equal to, the energy of the primary circuit,.
where since

P, = Py andin general P = EI,

P
we have
Ellg = 'EpIp
frorn which
I«  Eqo I Ny o 4
—S-=—-4E.or<—§-=-2- ; (4)

The value of the current in tha eecondary c1rcu1t is of course
dependent on the value of the load 1mpedance Zg --tha.t 13, ,
-E /Z From W uch \

Es

—

Ig

Z.=

Similarly. the 1mpedance presented to the generator by the prtma ry
of the transformer is . . AR

B T T ﬂnah1p between the impedance = ' and the tutns ratic ie

»then dete1 mmed w1th the ‘help of equatmne (1) and {4), as

3.6
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Zg Es T Es I Ns Ng
2 = —= x—= =— X = =" X T
2 (Ns)2 L N %
or —_— = | =
| Z, ~ \Np Ny Zy

Transformers which have different numbers of turns of
primary and secondary windings are called in telephone work
"inequality ratio repeating coils, "

or in accordance with their impedance ratios.

Before taking up specific uses of the transformer, let us
review in general what its presence in Figure 49 has or may have
accomplished. .

a. The characteristics of the electric energy may have been
changed, or we might say its state may have been
"transformed, " inasmuch as in the primary circuit we
may have had high current and low voltage, while in the
secondary circuit we may have had low current and high

voltage, or vice versa, depending upon whether the trans-

former was step-up or step-down.

b. The electric energy was transferred from one circuit to
another without any metall’ - connection being made
between the two circuits; ivom a direct-current aspect
the circuits are separate units. Thus the transformer
separates D.C. components from A.C. components con-
tained in the primary winding. Only A.C. components
are transferred to the secondary winding.

c. The transformer in effect changed the nature of the con=
nected load, or in other words changed the impedance of

the load to a different value unless the transformer was of
This is called impedance transformation and

unity ratio.
formula (5) is used to calculate the transformer's turns

ratio
Ng ‘; ’ Zg

p

- or to find the value of ''reflected impedance" Zp when Zg is

connected across the secondary:

2

'N
_ P
Zp = ZS.(NS>

They may be rated either accord-
ing to their voltage ratios, step~up cr step-down as the case may be

(5)
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3.3 TRANTTORMER APPLICATIONS TO TELEPHONE CIRCUITS

The applications of transformers4 to telephone circuits are
numerous and varied. The reduction of energy losses in alternating-
current transmission due to stepped up voltages Ias an application
to telephone transmission but is not so important is to other uses
especially to power transmission. One very gen -al use is to ac=
complish the result given as '""b'" above. In this case, the primary
function of tho transformer is to transfer energy to another circuit
(separatmg D. C.) ‘rather than to change the voltage and current
values. When SO used in telephone work, the transformers are
generally called répeating coils rather than transformers because
their primary function is to ""repeat' the variation of energy into a.
different circuit rather than to transform it into a different .,v.oltagef
or current. There are, however, inequality ratio repeating coils
which perform both functions. On the other hand, in connection with
telephone repedter circuits and certain other telephone apparatus,
input and output inequality ratio coils are used primarily to match -
impedances to permit maximum energy transfer. Another very
general use ‘of repeating coils in the telephone plant is for deriving
"phantom” circuits. Here the coils serve a unlque purpose which
has no counterpart in electric power work, and is not included in
the class1flcat10n of transformer functions given above:

3.4 THE PHANTOM "CIRCUIT

, Figure 50A shows a simplified d1agram4 of two adjacent and
similar telephone circuits 1~2 and 3~4 arranged for phantom oper-
ation. By mearns of repeating coils installed at the terminals of the
wire 01rcu1ts, a third circuit is obtained. This circuit is known as
the phantom, the pair of conductors of each of the two metallic or
side circuits is utilized as one conductor for the phantom circuit.
The two side c1rcu1ts and the phantom circuit are together known as
a phantom group. The three circuits, employing only four line con-
ductors, can be used simultaneously without interference from, or
1nterfer1ng w1th, any of the others of this combination. The four

~wires must have identical electrical characteristics and be properly
transposed to prevent crosstalk, and can carry three different
channels of communlcatlon.

Since the two wires of each side circuit are almost identical,
any speech current set up in the phantom circuit in E will divide
almest equally at the midpoint of the repeating c¢. line windings.
As suown by the full line arrows in Figure 5(‘ one part of the

~ ntom current will flow through one half of the line winding, and
the othe. . ~rt of the current will flow in the opposite direction:

through the other half of the line winding. The speech currents in
side 1-2 and side 3-4 are shown by dashed arrows. The inductive

3.8
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FIGURE 50. PRINCIPLE OF PHANTOM OPERATION

effects of the coil windings will be almost neutralized, as shown in
Figure 50B, and there will be a very small resultant current set up
in the "drop'' side of the repeating coil. As the phantom current i
divides in approximately two equal parts, the halves of i current
will flow in the same direction through the respective conductors

1 and 2 of one side circuit, and likewise return in the other side
circuit via 3 and 4. At any one point along a side circuit, there will
be ideally no potential difference between the two wires caused by
currents i/2 in the phantom circuit. This can be seen easily from
Figure 51A. Here the two line conductors 1 and 2 are electrically
identical. If a telephone receiver is installed at any place F G along
the line the impedances (1-1 + A) and (2-1 + B) are equal. The same
is true for the right part of the line between F and 2 and G and 2,
that is impedances, (1.2 + C) and (2.2 + D) are equal. Thus com-
ponent currents of i in the wires 1 and 2 must be equal and due to
that there is no potential difference between points G and F.
Therefore, no conversation over the phantom circuit will be heard
in side 1~-2 circuit. The same reasoning is true for the side circuit
34

X e
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PRINCIPLES OF NO INTERFERENCE WITHIN THE PHANTOM GROUP

It will be equally true that the conversation over a side
circuit cannot be heard in the phantom circuit. As can be seen from
Figure 51B a signal from side 1-2 is applied across two parallel .
impedances {A + B) and (wire 1 + C + D + wire 2). Here A = B and
(1 + C) = (D + 2), as required by the balanced condition. Therefore,
there will be no potential difference between points 1 and 2,, and an
A.C. voltmeter connected across these points will read zero voltage.
This proves that no signal from the circuit 1-2 will be heard in the
phantom circuit. The same reasoning is true for the side 3-4
circuit.

In considering the theory of the pha,ntom4 it should be kept in
mind that the ccnductors are assumed to be electrically. identical, or
in other words, the conductors are perfectly '"balanced.' The \
phantom is very sensitive to the slightest upset of this balance, and

circuits that are sufficiently balanced to prevent objectionable crose- '

talk or noise in physical circuit operation, may not be sufficiently
balanced for successful phantom operation.

3.5 STANDARD REPEATING COILS

A number of general types of repeating coi1s4 are currently
- -1 in the Bell System. One principal tvpe, illustrated by the
52 and Y. . -ies, has four windings, the terminals of which are
designated by numbers as shown by Figure 52A. The other type, .-
illustrated by the 173 series, has six windings which may be con-

nected as shown in Figure 52B with four windings on the line side, or
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-

with the 9-10, 11-12 windings not used, depending on the impedance
ratio required. In all types, the windings which are used to form
the line side are precision manufactured so as to be as nearly
identical electrically as possible. This balance is required on the
line side, as we have already seen, to avoid crosstalk where the
coils are used in phantom operation. The drop windings (that is,
1-2 and 5-6) do not need to be as well balanced in ncrmal use on
both coils.

TABLE 1
STANDARD REPEATING COILS
IMPEDANCE RATIO "LINE" TO
"DROP'" 4-3 AND 8-7 TO
2-1 AND 6-5
3-8 AND 1-6 STRAPPED 93-TYPE 62-TYPE
1:1 93-A . 62-A
1:1.62 93-B 62-B
1.62:1 93-F | 62-C
2.66:1 93-G 62-E
1.24:1 93-H
2.28:1 93-J
1:1.28 62-F
1:2.34 62-G

3.11
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i . 7 #nd 93-type coils have toroidal cores made of many
turns of fine-~ ~gas- silicon-steel wire sawed through at one point to
introduce a gap in the magnetic circuit. In the 93~type coil this gap
is filled with compressed powdered iron which, while increasing
the reluctance of the uncut core slightly gives it . high degree of
magnetic scablhty due to preventing permanent 3 agnetlza.tlon under
abhormal service conditions. In the 6Z~type co the gap in the
mag. :tic eircuit is an unfilled air gap which te. is to make the coil
even moxzxe _..ble. This coil is especially well adapted for use on
circuits used for d-c telegraph operatlon. The same feature,
however, tends to make the 62 series inefficient due to low in-
ductance at low frequencies and they cannot be used on circuits
employing 20-cycle signaling, whereas the 93 series may be used
for such purposes. Standard 173-type coils are built with permalloy
cores of high permeability thus very efficient magnetically.

The types . of repeating coils discussed above are manufac-
tured with a number of different turn ratios to provide various im-
pedance matching combinations. Table 1 gives the standard imped-
ance ratios for 93~ and 62-type coils. The 173-type coils are like-~
wise available in a wide range of impedance ratios. The impedance
ratio obtained in their use depends on whether all four of the line
windings are used and on how those used are connected. The ‘'m-
pedance ratios that can be obtained accordingly do not lend t* .-
selves: readilv to tabular presentation, but various ratios: line -to~
drop ranging ‘rom as low as 0.6:1 to as high as 2.52:1 may be
obtained.

3.6 THE HYBRID COIL

In telephone repeater opera’cionq as well as in duplex

‘ Htelegraphy, we mu.st receive 1ncom1ng energy and direct it into a

receiving circuit (inout) which is separate and distinct from the
sending (output) circuit., This is necessary because the amplifier
used for voicc frequency currents operates usually in one direction
only. It woul not be possible for two such amplifiers to be con-

' nected at the zame point in a telephone circuit as shown in Figure 53,
because part of energy amplified in one circuit, in say the output of
amplifier #1, would be delivered to the input of the other #2, to be
again amplified in it. Part of this returning energy would again
reach the input of the #l amplifier and the ~vcle would be repeated,
with energy thus circulating through the two <. fiers and in-

cr sing in level until a condition of "howl" o: + ing" was reached.
The epeater would then continue in this coni’ion rendering the .

¢ " -mna circuit inoperative. '

To eliminate such possgibility of repeater singing, the two

circuits must be connected to the same 2Z~wire line so that any
current flowing in one ampliiier must not in any way affect the other.

3.1z
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AN INCORRECT AMPLIFIER CONNECTION SINCE SINGING IS POSSIBLE
FIGURE 53

We can obtain this desired result by applying the balance principle of
the A.C. Wheatstone bridge. To illustrate this, we have a repeating
coil connected in an alternating current Wheatstone bridge in

Figure 54A. Here the source of voltage is a telephone transmitter
instead of a generator. An emf is then impressed across a and b by
mutual induction instead of by direct connection. In place of a
galvanometer, we have substituted a telephone receiver or in
practice an amplifier,

AMPLIFIER
OR
&
RECEIVER
TELEPH.
>
TRAMSM.

A , B
FIGURE 54, BALANCED BRIDGE

3.13



WEST
LINE

2-WIRE |

< —

CH. 3 - REPEATING COILS AND TRANSFORMERS

£

-~a clear and equivalent representation of the same

circuit is shown in Figure 54B; here the telephone transmitter is
replaced by an AC geunerator and an amplifier is substituted for a

telephone receiver.

adjusted to give a good balance, any voice curre
telephone transmitter (AC generator) cannot be
.« ‘fier) circuit for the same reason that a g

is' stationez.”;” in any balanced DC bridge.

Figure 54B clearly shows a Wheatstone bridge.
With the R and L, components of the variable arm of the bridge

¢ coming from the
ard in the receiver

sanometer needle

If we apply two bridae

circuits, we have double-~tracked, so to speak, the ordinary Z4-way
telephone circuit as shown in Figure 56; the operation of such circuit
will'be explained later.

The coil that takes the place of the bridge mechanism in
Figure 54A and 54B is known as a ""hybrid coil" or "three winding

transformer. "

In the actual coil, there are a few additional details

of des1.gn that do not permit the identity of the simple AC bridge
circuit to be so readily recognized. The line coils are divided and
connected on both sides of the two wire line as shown by Figure 55,
in order that symmetry in the W1r1ng of the talking circuit may be
maintained. Each hybrid coil has six windings, and all of them are

wound on a single magnetic core.

tively coupled to the third winding.

W-E AMPLIFIER

Both sets of windings are induc-

WEST
'SIGNAL

—

|
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FIGURE 55
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The circuit arrangernent also include '4 fwo balancing net-
works, Z; and Zg,each designed and adjucied £o have exzctly the
same impedance as the line section Z; oxr 24 which is connected to
the same coil. The function of the overalil circuit arrangement is to
permit energy shown by dashed line arrows entering the ccil from
the East line to pass to the E-W amplifier Z3 and thence out to the
West line through the West Hybrid coil {1). Similarly energy coming
from the West line shown by full line arrows passes through the
W-~X% amplifier Z4 and therefrom to the line East. At the same time,
the circuit must prevent the output energy of either amplifier from
crossing a coil to enter the input of the other amplifier, since this
would set up a local circulation that would cause the repeater to
"sing'" or '"howl, "

How the hybrid coil acts to meet those requirements may be
vnderstood by an analysis of the circuit of Figures 56, and simpli-
fied schemnatics of Figures 57 and 58.

For the proper operation of the hybrid circuit Z, is adjusted
to equal Zj and Zg to equal Z,.

FIGURE 57

A. Operation of the hybrid coil (1) for EAST to WEST transmission
Energy flowing from EAST to WEST shown by dashed line arrows
in Figure 56 enters from the 2-wire line Z;. It is delivered via
coil (2) to the input of amplifier Z3. How this energy passes
coil (2) will be explained in the following part B. The operation
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of the coil (1) is explained here by means of the simplified
circuit of Figure 57. Two of the windings Ll and L2 are omitted
for simplicity since their presence would have no bearing on the
analysis.

The output of the amplifier Z3; may be represented as a generator
in series with the impedance Z3. This establishes? a current I
through Z, and the identical coil windings L. and L, as indi-
cated by the arrows. This induces voltages across Ly and Ly
which are exactly equal in value because these two windings are
also identical. The resultant current i will produce equal voltage
drops across Z] and Z;,, because these two impedances have
equal values. The potential at a is accordingly the same as at b
and therefore no current will flow in Z,. In other words, there
is no transmission from Zg3 the output of one amplifier to Z,, the
input of the other amplifier. It may be noted, however, that only
half of the energy delivered from Z goes into the line Z, the
other half being dissipated and wasted in the balancing network
Z,. The ampllfler must therefore be adjusted to supply twice as
much energy as it is desired to feed to the line.

Operation of the Hybrid coil (1) for WEST to EAST Transmission
Energy flowing from WEST to EAST, shown by full line arrows
in Figure 56, enters from the 2-wire line Z;. This part of the
operation is explained by means of the simplified circuit of
Figure 58.

FIGURE 58

Here the signal from WEST may be represented as a generator

in series with the impedance Z;. The behavior? in this case is

best followed by first assuming that Z, is disconnected, leaving
the terminals cb open. The voltage source then sets up a

3.17
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curzc . ~rugh Zy, Z4 and the winding L3, as shown by the
arrows. The current through L3 induces a current in wmdmg
Lg which also flows through Z3 and winding L6. This in turn
induces 2 voltage across a ¢ which is the same in value as that
across J a since these two windings are iden' cal. The turn
ratio of the transformer is such thai the znp dance Z3, which
is the reflected impedance of Z3 as seen ths .gh the Wlndmg L3,
S eoual to Z ‘The potential difference be. ..een d and a is then
equal oo 4@ rop between a and b across tbe impedance 7 . .

- is'also equal to the potential difference between a and c, as
" noted above. But the voltage across a c is opposite in direction
- to the drop across Zy4 so that points ¢ and b are at the same

potential. Therefore, no current will flow in Z, if it is now
“'reconnected. This means that energy coming from the line Z;
divides equally between z! {or Z3) and Zy and none reaches the

 balancing network Z. Again, however, only half of the incoming
-energy reaches the input of the amplifier Z, wherc it is useful,

7 the other half being dissipated and wasted in the output of the
-other amplifier Z3. The amplifier Z, must be designed to take

into account this loss also. '

.. Qverall Operation of the Complete 2~wire Repeater with Two
Hybrid Coils

- The complete WEST-EAST flow of energy will now be er  ined.

It is show . by full line arrows in Figure 56.

 Energy of the WiEST signal coming from a 2-wire line Z; is split
in half in the hybrid coil (1). Only one half of it reaches the input
of Z, amplifier, the other half is dissipated and wasted in the out-
put of Z3 amplifier as was explained before in part B. Therefore,
disregarding the amplification required by other considerations,
the Z4 amplifizz must supply at least twice the energy delivered
to it.

From . tput of the Z, amplifier the signal snergy is delivered
to the -:yr. 4 coil {2). The operation of coil (2) was explained in
part A fou coil (1}. Again, disregarding other consideratic =,

Z4 must supply twice more of the signal energy, whose flow is
shown, as before, by full line arrows. One half of Z, output

: flows td EAST line Zy and the other half is dissipated and wasted
in the balancmg network Zg.

Tuae to the properties of the AC Wheatstox Age in balanced
ondition, there will be no flow of ¢ uer; . ciweei. the output of
wmd the input to Z4, as well as bei" “he output of Z, "nd

2 ' to Z3. Disregarding gains . o3 and Z4 amplifie: ., the

.power output of the complete repeo ter is approximately only 25°
- of that *x*gvhwh would be obtained if these amplifiers were used in
-tandem’and in one direction. :

3,18
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3.7 FOUR-WIRE TERMINATING SETS

In Figure 59, are shown two basic methods of telephone
operation, the two~wire and the four-wire. In the upper part,
typical repeaters are shown using hybrid coils which are discussed
in the preceding part 3.6. LPF - designates low-pass filters which
are used to ease the out-of-band balancing problem, namely to pro-
vide high loss above the voice-frequency transmission band.

For the four-wire circuits, one of which is shown in the
bottom part of Figure 59, a hybrid coil is often replaced by a
different transformer arrangement known as, four-wire terminating
set. It is shown in Figure 60. The set consists of two repeating
coils #1 and #2 connected with one winding B reversed. A few com-
ments regarding comparison of the two methods will be given later.

Suppose a signal is to be transmitted from line 1 EAST to the
2~wire line WEST. The energy flow is shown by full line arrows in
Figure 60. Energy from amplifier #1 is supplied to winding C of
the coil #1. Due to transformer action this energy is sent into
2-wire WEST line and also induces a voltage in coil A. The same
energy from amplifier #1 is supplied to coil D as well. It also
produces, due to transformer action of coil #2 terminated in the bal-
ancing network N, an induced voltage in coil B. If the balancing is
done properly voltages (or currents) in windings A and B are equal
and opposite and therefore cancel each other. Therefore, there will
be no energy transfer between the output of amplifier #1 and the input
to amplifier #2.

Now suppose that the signal is to be transmitted from the
2-wire line WEST to line 2 EAST. The energy flow is shown by
dashed arrows in Figure 60. Energy from 2-wire line WEST pro-
duces a current in winding A which also flows through B winding and
the input circuit of amplifier #2. After amplification signal energy
flows into line 2 EAST. Due to transformer action coil #1 produces
a certain voltage in coil C. On the other hand current flowing through
winding B produces, also by transformer action of coil #2, a voltage
in winding D. This voltage is equal and opposite to the voltage in
winding C. If the balancing is done properly voltages (or currents)
in windings C and D will cancel. Therefore, there will be no energy
transfer between 2-wire line WEST and the output side of amplifier #l1.

As shown in the bottom part of Figure 59 at the EAST end of
the 4-wire line there is another four-wire terminating set which
operates in the same way.
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When the operation of the two-wire circuit is compared with
that of a four~wire circuit™ it may be said that, in general, the
advantage of four-wire circuit lies in the higher gain which can be
obtained with one-way repeaters, both because of absence of loss in
balancing circuits and the impossibility of singing in a single, prop-
erly designed, one-way repeater. Also, as will be described later,
possibilities for echoes are greatly reduced. Thus because of
higher gain the number of repeater points may be reduced, or the
size of the conductor may be reduced, or both. Most long-cable
circuits operate on the principle of four-wire circuit.

The four-wire terminating sets work up to about 4,000 cps
whereas the hybrid coils are used for much higher frequencies. The
hybirid principle has been successfully used for operation in the
thousand megacycle range. Thus it can be said that hybrid coils
may be used for broad-band operation, they have to be manufactured
in a much more precise manner and therefore they are more expensive
than the four-wire terminating sets.

References for Chapter 3

2. From Everitt & Anner's COMMUNICATION ENGINEERING, 3 ed.
Copyright 1956 McGraw-Hill, Inc. Used by permission of
McGraw-Hill ,Book Company.
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5., Standards for noise measurements. American Standards,Assn.,
publication Z24.2, February, 1936.

3.21






CHAPTER 4

TRANSMISSION LINES

4.1 GENERAL

A transmission line is used to conduct or guide electr&cal
energy from one point to another. In long distance telephony
the telephone transmitter is the scurce of energy; the line from one
end to another, including its parts such as conductors, coils and
connections, may be regarded as the medium of transmission; and
the telephone receiver at the other end may be considered to be the
third part of the transmission system, or the device which converts
electric currents into audible vibrations of air, called sound waves.

There are several types of transmission lines in use. One
of them is the open-wire line. The telephone line strung on cross-
arms on poles is an open-wire line.

Another type is the cable. 3 For telephone use it
consists of many individually insulated conductors, twisted in pairs,
and combined inside a lead or plastic sheath.

Still other forms of construction are employed in the coaxial
line in which one conductor is a hollc™r tube, the other being located
inside and coaxial with the tube. 1. = dielectric may be solid or
gaseous, but if the cable is gas-filled, occasional solid dielectric
disks are employed to maintain accurate spacing and location of the
central wire. Coaxial cables in present practice® may be manu-
factured to include 2, 4, 6 or 8 tubes and in all cases may also
include a number of ordinary wire pairs or quads.

Our study here will concern itself with an analysis of the
characteristics of a transmission line consisting of simple open-
wire conductors at relatively low frequencies up to 150kc.

A transmission line has certain characteristics which
combine to form a 'line impedance."” If a uniform line of this type
is made infinitely long,all of the energy applied to the sending end
will be transmitted along the line and progressively absorbed.

Such a uniform line has constant impedance along its length, called
Zo. In other words,the impedance determined by dividing the
voltage by the current at any point in the line will be the same. If
such a line is cut (that is made finite in length) and then terminated



CH., 4 - TRANSMISSION LINES

in this Zo or ''‘characteristic’ impedance, it will behave in the same
fashion as « .ine of infinite length. This is the type of line which is
normally used in tclephone plant for the transmission of voice
frequency currents.

4. 2 EQUIVA LENT CIRCUIT

In our discussion of networks in paragr -h 2.43 it was
found that any 2-port passive network composed of linear,
bilateral impedances can be represented by a T (or Pi) netwourx.
Since a transmission line is a passive network and, as will be seen
- later, corresponds to the above definition its equivalent T- network
can and will be developed hereafter. o

Basically, a transmission line is a pair of conductors
uniformly spaced and extending for a considerable distance. These
conductors have a total resistance R. And since the two conductors
are terminated at both ends they form a one turn coil and,
therefore, have an inductance L. If we wish to construct a lumped
constant network that is electrically equivalent to such line, we
must start with a resistor (R) and an inductor {L) connected in
series. But there are other factors to consider. The insulation
between the line wires is never perfect; there is some leakage
between them. The leakage resistance may be very large, a2 in a
cable, or it may be fairly small in the case of a wet open-w. = lead.
This leakage resistance is denoted by a conductance (G) measured
in mhos per unit length of line. (G) is the reciprocal of the leakage
resistance (but not of R}). The quantity (R) obviously represents
the imperfection of the conductor, while (G) represents the imper-
fection of the insulation. Thus our equivalent circuit must contain
a resistor having a conductance (G) in shunt between the line
conductors. Any two conductors separated by an insulator across
which a potential difference exists have the propert1es of a
capacitor. So our circuit must have a capacitor (C) in shunt.
Finally, if as usual, a line appears the same (electrically) when
viewed from either end, our equivalent circuit must also be
symmetrical.

On the basis of preceeding discussion we can represent the
equivalent circuit for a transmission line as the T-network shown
in Figure 61. R, L, C, and G are called the "primary constants"
of a transmission line. For convenience, "2 can lump the series
consta.nts R and L into an impedance Zj and th .hunt constants C
anc. 7 into another impedance Z, as has been vo..e in Figure 61B.
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FIGURE 6l SECTION OF UNIFORM TRANSMISSION LINE

It is obvious from Figure 61 that Z; =R + jwL and

1
G+ jwC °

Zg =

The equivalent circuit in Figt.-e 61B is a poor approximation
of a real physical line, for we have lumped all of the distributed
constants at one point namely the center of the line. All of the
leakage, for instance, does not occur at the center of the line, and
the same is true for other primary constants. We would improve
the approximation by having two T-sections in series, each con-
taining a half of the line constants, but the best ideal approximation
would be to have an infinite number of T-sections, each having the
constants of an infinitely short section of the real, physical line.

4.3 CHARACTERISTIC IMPEDANCE

Let us simulate an infinitely long line with an infinite
number of identical recurrent T-networks as suggested by Figure
62. If we measure the impedance looking into the terminals a-b,
we shall obtain a value Z,. Suppose now that we open the line at
c-d and again measure the impedance of the line looking to the
right. The effect of removing one section from an infinite number
of sections is negligible, so we would still measure Z,. This
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i
FIGURE 62 UNIFORM INFINITE LINE SIMULATED BY A
LARGE NUMBER OF IDENTICAL. NETWORKS

impedance, Zg, is called the characteristic impedance of the
network. It may be thought of as the impedance of a line if that
line were of infinite length. A "long line,’’ while not of infinite
length, does for all practical purposes exhibit the characte .tics
" of an infinite line and an impedance Z,.

The impedance at a-b was Zo when the first section was
connected to an infinite line presenting an impedance Zj, at c-d.
Therefore, if we terminate the first section at c~d with a lumped
impedance having a value of Z,, we shall still measure Zg looking
to the right at a-b. Zo depends only * on the impedance values of
the unit sections ¢of the network; this is obvious from the fact that
those were the onl - impedance values used in determining it. The
first section between a-b and c~d, terminated in Z, is shown in
Figure 63. '

Z zZ
=z 2
Ae ANy ANy
—e Lg=Lin
Z, —o : %z . 2z
(o] : 2 “é“i‘!"’zejm‘i’ % o]

FIGURE €3, LINE TERMINATED IN
CHARACTERISTIC IMPEDANCE

4.4
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’ Z1 Z2 'é— + Zg
o 2 27
— + Zg + Zg
2
ZoZ1 s 2P 737 ZoZy  Z1Zy
2 +ZOZ2+ZO_T+ 3 3 3 +Z022
2
2 4
ZO = "'4— + Z]_ZZ

As has already been pointed out, the more identical T-
sections that are used in the multisection network to represent a
given length of transmission line, the more closely does the
network approximate the line. If we take a transmission line having
a series impedance Z; per mile and a shunt (parallel) impedance
Z, per mile and represent each mile by n T-network sections, the
impedance of each series T-arm will be Z1/2n and of each shunt

4.5
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arm will be nZ). The characteristic impedance of the network
may then 5: rritten from the last equation as

From this it may be seen that as the number r »f sections is
increased to a very large number, the first tesm under the radical
‘approaches zero and the equation reduces to

Z0 = Zl 22 (:2-)

Actually the use of higher level mathematics will show that this is
the exact expression for the characteristic impedance of a uniform
transmission line. '

The impedance Zj] contains an inductance and Z2 a capacitance.
Since the reactances of inductor and capacitor change with frequency,
the magnitude and the phase angle of Z, of a transmission line also
change with frequency. This property must be recognized when
selecting a network which is to terminate a line in its characteristic
impedance Zg over a band of frequencies. '

It is sometimes necessary to determine the characteristic
impedance Z, by performing measurements on an actual physical
transmission line. This can be done easily if we have a telephone
circuit terminating at the same end points as the transmission line
to be tested. Now testing can be accomplished at both the near and
far end of the transmission line based on instructions send over the
second or parallel line. First impedance Zg. is measured at the
sending end with the conductors strapped (shorted) at the receiving
end. Thereafter & second measurement is made of the impedance
Zoc at the sending end; during this the two conductors at the
receiving =n.: are kept open-~circuited.

A formula will be developed now for the calculation of Z,
after the two impedances Zg and Zoc have been measured. Figu: :
63 is used for this purpose.

If the right side of the circuit sho. ° in that Figure is
open-circuited, instead of being terminated & ., the impedance
a. =B is :
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Zq

Zoc =5 T Z2

And if the right side is short-circuited, the impedance

at A-B is
Zq
ety
Zse = 5 +——Zi—
Zz-’r—z—'

The product of Zge and Zg, will now be developed:

ZOC ZSC = -E- + Zz T + 227—2_1 _
2 2 2

4 T2z +229) 2 Z1+22,

2
= + + - +Zz. =
4 2 Zl+222 2
2 2
T4 T2 TTe \7 2z =T T %1%

If now a square root of the final development of the equation
ie taken, the following is obtained

oc Zsc =Y T * 217,
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Zy = Zoe Zsc ( 3

. Using two formulas Z; =Rq + jwL and Zg = G+ jlwc

’ R+jwL "
= e 7o =) —————
ZO %} 1“2 Y G+ jwC 4)

Here R is resistance in ohms 4 per unit length of line; L.
is inductance in henries; G is conductance in mhos; C is capacitance
in farads.

‘As the above equation shows, the value of characteristic
impedance is dependent solely on the primary constants of the line
and the frequency. At any given frequency, therefore, this
impedance has a fixed value for any given type of line regardless of
the length of the line or what may be connected to the line terminal.
One of its most useful applications in practical telephone work lies
in the fact that receiving devices to be connected to a line may be
designed with impedance equal to the characteristic impedance Zg
of the line, thus permitting a maximum transfer of power out of
the line.

4.4 PROPAGATION CONSTANT

We have seen that a line of infinite length (or of finite length
when terminated in Z,) has a special property; at every point along
the line, its impedance is the characteristic impedance, Zo. Now
impedance is just another way of saying voltage divided by current
(E/I). Therefore, for Figure 62, we can write the equation:

Eab _Ecd _Eef _Egh

L, L, L I

=. ... =12

Bear in mind that the voltage and current are not constant
as we proceed down the line, only their ratio is constant. In fact,
voltage and current decrease. This follows from Kirchoff's Laws.
The voltage Ecd is less than E;p by the voltage drop across Zy,
and the current I; is less than Iz by the curre~* shunted
* »ough Z;. These effects result in only a .. .on of the signal
ern:ering the line at a-b being passed on to the nexi section of line
z~~  Suppose that the energy reachiny ~- ¥ is 1/2 of that supplied
at a-b  3ince the line constants are unitsrmly distributed.alc. g
the line, the energy reaching e-f will be 1/2 of that at c~d. So the

ISN
[e:3)
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signal at e-f will be 1/2 of 1/2 or 1/4, of the original signal sent
at a-b. This decrease in energy, as a signal is propagated down
a line, is called "attenuation.' Our main interest in the line will
be to know the attenuation. We will alsc be interested in how long
it will take the applied voltage, current or energy to reach the
receiving device.

Referring now again to Figure 62 let us assume, as before,

that all the small T-sections are identical. Therefore, we can
write the following equation.

i tant
— = —=— =, , , = — = constan
: -1

We can also write another equation, obviously true

L Lk I I In
X— X =—X. .. .X = constant

I—a_E Ic e In—l

The last equation can be represented in another form

L L\"
—= Taking the logarithms to the
Ia \Ih-1

hase of "e'" of both sides of the equaticn we obtain

In
In—=nln —
Ia In-1

The propagation constant ¥ is defined by the equation

y=-In—7F ®)

h-1

Because L < In the logarithm is negative and

-1
thus ¥ is positive. When we consider that I, is the input current and I, is

the output current we can use a different pair of symbols namely I, = L, and
Tn = Tout-

Thus we may write the following equation

1 Tout 1 i 1 n
n = n——=nin
Tin I -1

4.9
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Using the well known formula for division of total current
into two pac..’ * hrunch currents we may write the following equation using

ciréuiti shown in Figure 63.

Towt W Z9 o
—_— e = fron which ¥ can be .
hn I Z1

Zg + ry + Z0

calculated as féliows

1 IOllt 1 ) Ill’l
-=ln——=4=1n
n - Iin no Iyt

n

Y

By expansion as the power series and by means of binomial

series* the following expressions may be obtained:

I. fZ
no Iyt N Zg

¥

From this formula it can be seen that ¥ is a vector qv - ‘ity
because it is equal to m and both Z; and Zg are vector quantiiies and
functions of freqiency w. Both Z; and Zy are composed of resistive elements
R and G which dissipate power, and reactive elements (L and wC, which cause

a phase shift in time.

The propagation constant ¥ may be separated into a '"real'" and

"imaginary" components and therefore, represented as
y=0a+jB | ()

o is called "attenuation constant'" and is the real part of v,

and B is called '"phase constant'" and is the imaginary component.

a. The "attenuation constant ‘113 what fraction of

the current entering a s2~ ion of line is passed on to

the next section. In other words, itis a

*See Everitt & Anner, Communication Engineering, 3rd edition p. 301.

4. 10
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measure of the rate of decay of the current
transmitted along the transmission line. Since
the impedance is the same at all points along a
uniform line, the attenuation constant®is also
a measure of the difference in power at the two
ends of each section of line. Attenuation is
calculated in nepers per mile, but often for
practical application the result is converted to
"db per mile." One db = 8. 686 nepers.

b. The "phase constant’' B gives directly in radians
the phase shifi in current or voltage over a unit
length of line such as one mile. A radian is
360/2m or 57.3 degrees. For our purposes, we
will consider later the phase constant in the more
familiar form of ''velocity.! Velocity V can be
expressed in ''miles per second.'! Theoretically
the maximum possible velocity of propagation
would be the speed of light or radio waves in free
space, which is 186,000 miles per second.

Example. Consider a typical open-wire telephone line
which has R = 10 ohms/mile, L = 0,0037 henry/mile, C = 0. 0083 x
10-% farad/mile, and G = 0. 4 x 107° mho/mile. At a frequency of
1,000 cps, we have from Eq. (4):

R+jwL _ f 10 + j23.2
Zo = \G+jwCc 9 -6
\4(0.4+ j52.1) x 10

25. . 8°
=ﬂ\\/ 5.3 /66.8°  _ [45.5x 10% /g2,
U52.1x 1076 /89. 6°

= 697/-11.4° = 683 - j 138 ohms

4. 11



CH. 4 - TRANSMISSION LINES

From Eqg. (6) the -propagation constant at this frequency is

Ly \I?R +jwL) @ +jwC) = Ves. 3/66.8) (52.1x 1075 /89. 6"

\[13 2x 1074 /156.4° =

N

0. 0363 (78.2° = (0.0074 + jO0.0356) pc mile

_ Therefore the attenuatlon constant is

= 0. 0074 nepers/mile
and the phase constant is

B = 0.0356 rad/mile

It should be noted ¢ that while’ B represents an angle of
phase shift, it should not be confused with any phase angle which
may exist between the current and voltage at a particular point on

.a line. In-practice it is usually easier to evaluate o and f hy
making use of equations (6) and (7). They also may be expr sed

directly in terms of the primary constants - R, L, G and C, as
follows:

o g%m + 0?12 @2+ 0P C)+ (GR - &% 1.0) @

B = Q(Rz +w?1?) @2+ w?c?) - (GR - w2 1LC) @)

In the foregoing discussion 4 we considered for the most
part the mathematical significance of g au. ﬁ . Letus now
analyze the physlca,l circuit to determine Whr wally happens as
th. urrent is sent from point to point. In o: “cxr tu simplify the
=na.ysis, we shall start with an actual cyci- .:>;E emf impressed on
tic ,2r 'ing and of a multisection networ! . .nd consider separa!:ly
the effecic of inductance and capacitancs on the propagation.

4.12
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Egr |Load

!

FIC. 64.VOLTAGES AND CURRENT IN AN INDUCTIVE CIRCUIT

From our previous study, we know that inductance acts to
cause the current I to lag behind the impressed voltage E, so that
in a circuit made up of series connected resistance R and inductance
L we would expect a lagging currer”. Figure 64 shows the time
relationship between voltages and current in such a circuit, where
E is the curve of impressed voltage, and I the current curve. This
current sets up a back or induced emf E], which is the sum of the
IR drop across the resistance and the IX drop across the inductance
L.. It combines with the original impressed voltage E to give the
resultant voltage Efp across the load. The curve ER is obtained by
adding E and Ej an& it will be observed that the resulting curve Eg
lags behind E, the original impressed voltage.

A circuit conta.ining4 resistance R and capacitance C, on
the other hand, produces a leading current I as shown in Figure 65,
and this current produces an IR drop which is trying to oppose the
. flow of the current I. Now if we combine the IR drop and the
voltage E, we obtain the resultant voltage ER, which exists across
both the capacitor C and the load. This voltage ER likewise lags
behind the original voltage E.
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L and— IR

FIG. 65.VOLTAGES AND CURRENT IN A CAPACITIVE CIRCUIT

In both cases we have obtained a resultant voltage ER which
lags behind the impressed voltage E. Bridged capac1tance C
assists series inductance L in the phase retarding effect ina
circuit containing L instead of R in Fig. 65. Due to the presence
of reactancé, ‘herefore, the voltage ER has been 'delayed in time"
behind E, so taat the maximum of voltage ER reaches any given
.. point along the network later than it would if the reactances were -
not present. ‘

Each section of the network representing a transmission
line absorbs energy and thereby reduces the voltage which can act
on the next section due to resistance R and leakage G. Further,
the voltage avs‘lable at the next section ER lags behind the voltage
E impressed o the section, so that as we move away from the
generator, the acting voltages Ep are lagging farther and farther
behind the generator voltage E. Here we have a connecting link
between time and geographical distance traveled along the line.

’ To'bring this out clearly, 4 let us 2ssume that we take our

T sections of such a length that, for a frequenm' ~f 1000 cycles, the
tim~ lag between voltages E and ER can be re:  vted by 30 de-
gree per section on the time-voltage dlagram ii we simulate by

‘"1 section fourteen and three-quarters ro1 s of 104 open wire
circait, %= will obtain such a relationship. in order to make the
story complete, we will also assume the reduction in voltage mag-
nitude due to resistance and leakage loss to be such as to give a

4.14
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ratio of 0. 895 between the end and beginning of each section. If we
assume the original voltage E, to be 10 volts, the voltage at the end
of the first section, Ej, will be 8. 95 volts, lagging 30° behind E,,.
E2, at the end of the second section, will be 0. 895 x 8. 95 or 8.01
volts, lagging 30° behind E; or 60° behind E,. If we represent the
voltages E, at various points by vectors, we will obtain a system of
vectors as shown in Figure 66 (B), where the multisection network
is shown as Figure 66 (A) and the voltage acting at each junction is
directly below.

0
P —
— W/
AA

(3]

o

I 2 3 4 5 6 7 8 9 o 1 12 13
A-Uniform Multisaction Network

/‘9/‘«———*\56\ //E__,_\ \ \ / 7,

ES
E, Ea B-Voltages Ep

vﬁ\\}”//l ‘v’\“\f//#\

Z
C—Currents I Flowing m-—-Senes Impedances

FIGURE 66. TRANSMITTED CURRENTS AND VOLTAGES AT JUNCTIONS OF A MULTISECTION UNIFORM NETWORK

Since the ratio of voltage to current is constant, 4 at each
frequency, and equal to Zg it follows that the chart representing
currents I will have the same form, with each vector proportional
to E,, and shifted by an angle © from the corresponding voltage vector
En, where © is the angle of the characteristic impedance Zo. Thus
we may treat a similar figure such as 66 (C) as a ''distance-current
diagram'' where the vectors, 1o, I, I2, etc., show the magnitude
and relative phase of the currents at the network junctions. If now

4.15
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we refer 2 1 the current I, vectors to a common reference point G,
‘we will obtam a broken curve such as that of Figure 67 (A), which
shows graphically how the currents at various points are related.
In this Figure the vector Ig, shown as G-0, is the current entering
the first section and I3 = G-1, the current leavirng that section.
Then the vector 1-0 must be the current 1] that  asses through the
shunt Z; in the first section, because the sum o the current I
thirough the shunt and the current I] going aheac gives G-0 or I, as
the resulta..; of the vector diagram. This is perhaps more clearly
illustrated by Figure 67(B). For the same reason 2-1 will be the
current passing through the second shunt, etc.

We may, therefore, conceive of the total entering current
I, as the resultant of a number n of component currents I_ which

flow from the generator through the various shunt paths 212 and

~back to the ‘generator, each component of a different magnitude and

.(’ 1RE 67 POLAR DIAGRAM OF THE VECTORS I n AND.
I', FIGURE 66.(C) ‘

phase. The effect of these components can "= observed, since at

vcer‘taln junctions the line current is flowing in “~ opposite direction
- to* ttaken by the entering current Ip; at othe ... ‘nts there is a
' '90(’ }j sase difference between the two; and ai ~:iil other points there

“tage difference. In other words, ¢~ -urrent vector I, may
be congire ed as moving about center G, 'cotatlng clockwise through
300 for every section traversed and dlrmmshlng in value about 10%
in each section.

4.16
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Figures 66 and 67 show 4 the effective values of the current
at certain points along the line and their phase positions with
respect to vector I, assumed to be in the initial horizontal position.
These diagrams are independent of time, i.e., they are applicable

‘at any and all times. If on the other hand, we select a given
instant of time and plot the instantaneous values of the current at
some points along the line, we obtain the curve shown in Figure 68
which shows clearly how the current reverses in direction as it
passes through the various sections. It also shows how the current
decreases in value or is attenuated as it passes along the line. It
will be noted that at the selected instant (t = 0) shown here the
input current is at a maximum value I, flowing in a positive
direction; at a point 3, three sections along the line,zero current
is flowing; at a point 6, six sections along the line,maximum current
is flowing in a direction opposite to that of the current at the input
end; at nine sections there is again zero current while at 12 sections
a maximum positive current is flowing.

If it is kept in mind that since all current (or voltage)
vectors rotate with the same angular velocity counterclockwise
it is possible to draw a series of plots of the instantaneous values
of currents at subsequent instants. Figure 69 shows the plot of

\ Oro Wave Longth “)\.

P —
AN
)
/
/

N4

N1

F1G. 68. INSTANTANEOUS CURRENT ALONG UNIFORM
TRANSMISSION LINE

current I, one twelfth of a cycle later than Figure 68. If more such
plots were drawn at several instants,each of which would be one
twelith of a cycle later than the preceding one. it would become

4.17
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obvious that the wave shown in Figure 68 is mov1ng to the right;
this indicates a current or voltage wave travehng down the 11ne
startmg from the generator

L2 5.\4 5 6 7 8 9/"’ 1otz 13 14 is \®
N/

~ 7 FIG. 69. INSTANTANEOUS CURRENT ALONG UNIFORM
‘ TRANSMISSION LINE ONE TWELFTH OF
A CYCLE LATER THAN IN FIG.68.

The distance between adjacent points 4 Where maximum
positive (or negative) current is flowing is known as the wavelength
and is represented by the SVmbol )U The time required to set up
one wavelength along the line is equal to the time required for the
impressed voltage to complete one cycle. The velocity of propa-
gation V of the energy along the line is therefore equal to the
wavelength divided by the time required to establish the wave, 1
which is the rec1p1joca1 of the applied frequency; thus since T =5

A
1/f
This velocity fin telephone circuits may range in value from as

little as 10,000 miles per second to a maximum approaching the
speed of 11ght ina vacuum, some 186,000 miles per second.

V = =fA

The value of the wavelength A is readi'- ?etermmed from

the -alue of 8, which, as we have seen, depen .. = the primary
consiants of the line and the frequency. 3 gives the phase shift in
~dians or delay per unit length of line.” Tl.» total phase shift for

- -one wav:, ngth is-obviously 360° and since 360° equals 2 radians
we may write the -equation.

4.18
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21

X ==
Ig

The equation for velocity may then be rewritten

- 2 f
V IS ——— =
B8

| &

..

Constants @, B8 and V have been determined for the common
types of transmission lines at typical operating frequencies. A few

/]

typical values are shown in Table Z.
TABLE 2

Attenuation and Velocity of Typical Facilities

Attenuation & Velocity V
db per mile miles per second
104 mil Copper Open Wire
1000 cycles 0.067 176,000
140 kc 0.308 183,000
19 gauge Toll Cable
1000 cycles 1.06 47, 200
60 kc 3.78 - 124,000
150 kc 6.02 129,000
19 gauge H88 loaded Cable
1000 cycles 0.36 14,300

You will note in Table 2 that attenuation and velocity are different
for each type of facility. This is reasonable when we consider that
the propagation constant is determined by the R, L, C, and G of a
line. Attenuation and velocity also vary with frequency, since the
effect on current flow offered by L and C depends on the frequency
of the signal. In general the higher the frequency, the greater are
both the attenuation@. and the greater the velocity V.

The variation of attenuation and velocity with frequency
results in two types of distortion:

a. Frequency distortion - Signals of different
frequencies suffer different amounts of attenuation
¢ in traversing the line. Hence, they will be
received at different relative volume levels.

4.19
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h, Delay (or phase) distortion - Having different
velocities V, signals of different frequencies which
are transmitted simultaneously will not be received
at the same time at the receiving end.of the line.

4.5 FACTORS AFFEC TING ATTENUATION

Although the attenuation constants ¢ expressed in db per
mile (as shown in Table 2) are not impressive numerically, they

" “can add up to tremendous losses in transmission over practical

" "distances. ‘Remember that each section of line (say one mile)
reduces the signal transmitted by an equal proportion - not an equal
amount. One of the great challenges in the development of telephony
has been getting a usable amount of signal to the far end of a trans-
mission line. The strong arm approach is to put a large enough
signal into the sending end of the line, but very often this is not a
realistic solution.

‘ " Example

Consider a 19 gauge cable with a loss of about 1 db per mile.
The frequency of signal is 1 kc. Thirty miles would have a loss of
30 db. Expressed as a power ratio this would be 1/1000. To
receive one microwatt, we would have to send 1000 microwatis or
1 milliwatt. This is not unreasonable. Now suppose that the line
is a hundred miles long. The attenuation is 100 db, and we must
send ten billion times the power we wish to receive. Ten billion
microwatts is 10,000 watts. That's enough power to run an
electric stove, which is usually hooked up with #6 or #8 wire.
" Obviously, this is not the way to run a telephone system.

The obvious error in this example is that we have chosen
the wrong facility for our 100 mile line. Table 2 shows that the
- attenuation of 104 copper open wire is 0.067 db per mile. Had we
~used this type of construction, the line would have a loss of 6.7 db.
This would be a power ratio of 1/4.7, or we would have had to send
only 4.7 microwatts to receive one microwatt. Electrically, the
© 104 mil open wire and 10 gauge toll cable pair in our example diffe-
only in the values of their primary constants.  These values are
compared in Table 3. '

4. 20
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TABLE 3

Line constants of 19 ga. Toll Cable
and 104 mil Copper Open Wire at 1000 Cycles

Ratio
Units 19 ga. 104 cu. Cable/
perloopmile TollCable Open Wire Open Wire
(2 way)

Attenuation Constant @ db 1.06 0.067 15.8
Resistance R ohms 84.0 10.0 8.4
Inductance L millihenrys 1.13 3. 66 0.3
Capacitance C ‘microfarads 0.062 0.0085 7.3
Leakage Resistance—(lj megohms 1.0 19.0 0.05

When current passes through a resistance, a portion of the
electrical energy is converted into heat. This heat is dissipated,
and the energy is lost to the electrical circuit. In the table, the
higher resistance 19 ga. cable has a greater attenuation than the
lower resistance 104 mil open wire. The relation between line
inductance L and attenuation constant & is a little tricky. It is part
of the story of loading, and is a subject by itself. It will be discussed
later.

Line capacitance C provides a shunt path between the
conductors for alternating currents. All currents taking this path
return to the sending end of the line without being passed on to the
next section. Therefore, capacitance contributes to attenuation.
In Table 3, we note that the 0. 062 mfd/mi cable has more attenuation
than the 0. 0085 mfd/mi open wire. Line capacitance is primarily
responsible for attenuation increasing with frequency. Leakage
also constitutes a shunt on the line, but the leakage comparison in
Table 3 is a little deceptive. Under normal conditions the present
techniques hold leakage resistance to such high values that it has
little effect on line loss. However, the reduction of leakage
resistance can materially increase attenuation. '"Wet cable' and
""trouble' are synonymous. Rain increases the attenuation of open
wire, but not to the same degree that water affects this loss in
cable.

To summarize, if a line is to have low attenuation, it must
have:

a. Low series resistance R
b. Low capacitance C, and

1
c. High shunt leakage resistance, equal G

4.21
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4.6 WAVF PROPAGATION

Having examined some ‘mathematical and quantitative
aspects of the long transmission line, it may be proper to consider
some of the quahta.twe effects that we might expect to occur.

- Figure 70 shows the sine waves of voltage and ¢' rrent in-phase or
out-of-phase .that exist on an infinite line being f d from a sine-wave

~~ generator. ' The volﬁage maxima and current maxima appear at the

same points on this line but,because of attenuation, the curves keep
diminishing in amplitude down the line. Figure 70 could only be
-obtained if the voltage and current could be "frozen" at a particular
instant in time. An instant later all waves would have moved
“‘to.the right slightly. Waves exist because it takes certain amount
‘of ‘time for electrons to transfer. emergy along a wire by" means of
:their motion. . :

Electrical waves normally travel at approximately the speed
of light which is 186,300 miles per second equal to 300,000,000
meters per second. Thus, if a source were producing a voltage at
30 ,000, 000 cycles per ‘second and this voltage were applied to a
transmlssmn line, a positive voltage or current peak would travel
down the line only ten meters (a little less than 33 feet) before
another posn:lve peak would be applied to the end of the line by the
transmitter.” The distance which the waves move during one -ycle
of the alternatmg voltage is known as the wave length. At 3,00
‘megacycles per second the distance is about four inches; at 186, 000
cycles almost one mile, and at 1,000 cycles 186 miles. At com-
mercial power frequencies of 60 cycles, 3, 100 miles would be
traversed durlng one cycle. A comparison of these waves is shown
in’ Flgure 71." At.a frequency of 1,000 cycles we would find that the
current in a non- ~loaded 19-gage cable circuit is flowing in opposite
 directions (see Figure 70) at points about 88 miles apart instead of
'93 miles due to delay by Liand C, and that an appreciable time is
requlred for the transm1s sion of energy over tha.t distance along the
c1rcu1t

In con51der1ng the transfer of electric energy 4 along
‘circuits at the lower frequencies, we ordinarily think of a continuous
flow of current through the conductors under the influence of an
. applled electromotive force; and, furthermore, in short transmission
lines, we ordinarily think of this energy iransfer as being practically
instantaneous. In the study of long transmissior lines and higher
frequencies these concepts tend to become inad:  te, if not
1ncu -ect. It is easier now to think of a wave of cnergy traveling
Tong the line 1n the space between and surr: nding the conductors,
and set. . - np "'ripples' of electron motion .n the wires as it goc s
along. This traveling wave of energy is usually thought of as an
electromagnetic field which, in the present case, is associated with

4,22
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or bounded by the wire conductors but which can also exist in free
space where no conductors are present. Under this concept the
electromagnetic field is considered as being made up of (1) the
electric field whose lines of force radiate at right angles from the
charges on the surfaces of the conductors and () the magnetic
field whose lines of force encircle the conductc’'s and are always
at right angles to the force lines of the electric field as shown in
Figure 72. The total energy of the wave is al.vays equally divided
between the electric and magnetic fields and passes back and forth
between them at a rate determined by the frequency of the applied
emf. The entire electromagnetic wave travels along the lines at
the speed of light if not retarded by inductance or capacitance
effects in the conductors.

4.7 REFLECTIONS ON TRANSMISSION LINES

If a tri,hsmission line were actually of infinite length and
without loss, * an electromagnetic wave of energy would obviously
travel along the line forever; and this would be true even though

the sending-end source of energy was disconnected some time after

the wave was started. Pract1ca11y, of course, we are concerned
with delivering power to receiving devices over lines of finite
length. It becomes necessary, therefore, to consider what will '
happen when a traveling wave reaches the end of a uniform line.

For- purposes ‘of such ana,lys1s, it is convenient to assume
a line of such low resistance as to be practlcally without loss, a
situation which is actually approximated in a relatively short
line at very high frequencies. Let us investigate first the situation
where such a lossless line is open at the far end. In that case,
there can be no current flow at the open end and the magnetic
field created by the current must disappear there. But the energy
which the magnetic field contained must be conserved and will
be transferred to'the electric field. This energy, added to the
energy already contained in the electric field approaching the -
end of the linc, doubles the total electric field at that point. In
other words, the voltage at the open end of the lossless line be-
comes twice as great as the voltage applied at the sending end.
This will be explained in detail, further.

We may then consider that the increased voltage at the
open end starts a wave of energy returning alon~ the line towards
- the sending-end. Thus the traveling electroma;_; i.2tic wave reaching
thiz total discontinuity (open circuit) in the line is reflected in
eomewhat the same way as a light wave is veflected from a mirror.
If the .niiial or incident wave is a sine wave the reflected wave will
also be a sine wave. Back over the line, the reflected wave will
add to the incident wave at all points and the sum must also be a

4024
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MAGNETIC FIELDS OF AN ELECTROMAGNETIC FIELD
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sine wave. This is illustrated in Figure 73 where an incident
voltage wave is shown reflected from the open end of the line at
its positive crest.

4.25
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o saumed here that the initial incident voltage wave is
reflected withu.i "hange in phase in point B, which can be explained
in the following manner. Electric lines of force are assumed to
extend from one wire of the line to the other. The two wires are at
different potential-and, since there is no conductir g path at the receiv-
ing end (open circuit), no interchange of cha*'ge from wire to wire
can occur. Thus,there is no change in phase of =flected voltage at

“en eud Because of that the reflected wa* . is essentially a
continuat. . ~fthe incident voltage wave so far as wave actior "=
concerned, I‘hus,l:f we would draw the continuation of the incident
wave to the right beyond point B and then would fold it back at the
ordinate of point'B we would obtain the dashed reflected wave of
Figure 73. This wave is in phase with the incident wave and is of
almost the same dimensions. Therefore the resultant wave will
be of almost double voltage of the incident wave. This is the case
when r’eﬂectmn occurs ‘at the crest of the 1n01dent wave.

Flgure 74 shows con_dltlons of reflectlon in the same line
which occurs at the zero amplitude of the incident voltage wave at
point B. If the same reasoning is applied a2s for conditions shown
in Figure 73 it will be seen that the amplitudes of the incident and
reflected waves are of opposite sign and almost equal along the line.

/OLTAGE
4 1
L ) [}
e REFLECTED  RESULTANT |
P WAVE - 'WAVE : ,
s \ - | .
‘f\ /,/ ~ :OPEN
AN
\ sc.w,‘ . , . lEE%EIVING
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_’_// \\\ // ]
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1
1
REFLECTION AT "0" OF VOLTAGE WAVE
FIGURE 74.
™~ fore,the resultant wave will coinc.de w U the abscissa axis
" voltages along the line at tha! »cular instant will ~ =
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The two examples shown indicate that the reflected wave then
adds * in phase or out-of-phase in the open line at two extreme
instants when rotating vector is either at 0° or 90° respectively. If
all positions of the rotating vector are considered we will obtain the
resultant wave known as a sianding wave because it does not travel
longitudinally along the line. In other words, if an RMS voltmeter
is used to make measurements along the line it would read zero at
the nodal points and maximum voltages of twice the effective values
of the applied voltage at the points where the positive and negative
voltage crests are shown. Instantaneously at these points the
voltage would be varying from maximum positive value through
zero to maximum negative value in accordance with the frequency
of the applied voltage. This is illustrated by Figure 75.

A reflection from an open-end line that results in the
development of a standing voliage wave of approximately double
magnitude will occur only when the distance from the sending end
to the receiving open end is equal to an odd number of quarter wave-
lengths. The two illustrations given as an example show a line one
and a quarter wavelengths long. It may also be noted that if, as we
have assumed (Fig. 73), the line is lossless the impedance at the
sending end 0" in this case is theoretically zero because resultant
voltage at this end 0 is always zero. Energy is nevertheless surging
back and forth in the line. The line may accordingly be thought of
as behaving like a series resonant circuit. For this reason, lines
having discontinuities which cause reflections and consequent
standing waves are known as resonant lines. A uniform line of

FIGURE 75,
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infinte te. _ +» one terminated in its characteristic impedance, on
the other hand, is a non-resonant line. Of course the complete no-
loss condition we have assumed for discusgion purposes never
actually exists, but at very high frequencies the inductive and
capacitive reactances may be so large compare with the
resistance as to cause the actual situation i~ a3 roach closely the
no-loss condition. v

A adar analysis 4 of a line consi sting of an odd nu.. Lev
of quarter wavelengths and shorted at its distant end will show that
the standlng voltage wave will have its maximum value equal to the
maximum value of the applied voltage at the sending end and will
have a nodal point or zero voltage at the shorted end. The sending
end impedance of such a line approaches infinity. Lossless lines
whose length is an even multiple of quarter wavelengths, on the
contrary, have extremely high impedance at the sending end when
open at the distant end,and impedance near zero when shorted at
the distant end. :

Analogical reasoning applies to the behavior of current in
a line consisting of an odd number of quarter Wavelengths If there
is a short at the receiving end B of the line, there is no voltage
developed there and there is no change in value and in phase ha-
tween the initial and reflected currents. Thus,wave relatio. :kips
such as shown in Figure 74 apply at 90° vector angle. The
resultant current wave coincides with the abscissa axis at that
instant. If o the cther hand,the receiving end at B is open, no
- current can flow there and therefore the initial and reflected
current waves must be 180° out of phase. Similar reasoning
applies here as for voltages. ‘

: The, extreme situations that we have discussed above 4

. would not occur ir: » transmission line designed to carry energy
from one pcint to another. We have considered only lines that were
open or uh ¢, and only at points that wexre some integral multiple
of a quarter-- avelength at some specific frequency. Short resonant
lines of these types have numerous useful applications in very .:igh
frequency work, but they are not useful as transmission lines in tk
ordinary sense. Nevertheless, ihe phenomena of wave reflection
must be taken into consideration in any transmission line where the
impedances are not matched at all ju.ncf:ic" ~nints. Where there is
any such impedance mismatch on any type of . ;mission line, and
re- rdless of the frequencies being transmit:. .. ~re will be some
~ef. ctions. In general, the impedance v -ularity will not only

* » maximum power transfer &t t”za' . ..nt of mis_match bu-

Wis Glo -sult in actual loss of enex pf‘ “'his is due to the fact
that any actua,l transmission line mugt dve seme resistance which
will cause I2R losses due to the 18F.5.8C|,€d§ currents in addition to

4, 28
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the I2R losses of the useful current transmitted to the load at the
receiving end of the line. The extent of a reflection loss, of course,
depends on the extent of the mismatch.

Summarizing the preceeding discussion,it may be stated that
a line which has standing waves present is said to be a ''resonant
line' (at the particular frequency involved). A line which does not
have standing waves is defined as a ''non-resonant line.' Such a
line is either an infinitely long line or a line terminated in its
characteristic impedance Z,. Since there are no reflections all of
the energy coming down the line is absorbed by the load. Non-
resonant lines are typical of the telephone transmission lines.

Standing waves on resonant and mismatched transmission
lines are usually expressed in terms of the ratio of the maximum
Amax voltage to the minimum voltage Amin (Figure 76) on the line
which is obtained by measuring the outgoing voltage Vg and the
reflected voltage Vi and then dividing the sum of the two voltages
by their difference as shown in the formula below. This ratio is
known as the voltage standing wave ratio or, more commonly,
VSWR and equates to 1.0 when the reflected voltage is zero, and
infinity when the reflection is 100 per cent.

FIGURE TS.STAND‘l—NG WAVE MEASUREMENT

4.29
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" e SWR may be used to determine the percentage of

reflection .. .ir 7 place from the following formula:
(SWR - 1)2
% REFL = " X 100
SWE + 12

/.8 LOSSES DUE TO REFLECTION

It icilows from the previous section that,unless the

" impedance Zg of the sending circuit is exactly equal to the impedance
of the connecting line Zj, and the impedance of the receiving

circuit Zy is exactly equal to the impedance Z, of the other end of
the connecting line (see Figure 77), there will be reflections and
other losses in addition to the usual attenuation loss. Figure 78
represents a simple transmission system in which a sending

. circuit having an impedance Zg, is connected at points X and Y to

~a receiving circuit Zgp. In the sending circuit the voltage to

'~ current ratio between points A and B is ‘

__% = Zoa
Ia
SENDING
Ve CONNECTING RECEIVING
CIRCUIT LINE CIRCUIT
Zy a— |2 <7z, = Zg
FIGURE 77.

N
B

Lo
<
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In the receiving circuit the ratio between points C and D is

Zq Zq
s < ¥
MV Zp Zp
I, | = 2 ¢
7 S——AAN- AAA— O = =
oa : —>1p
. OfIBM

z p— P
—>1Loa § la : ) ! §Z|b Zope— Zop Ep
Ea/~ Pr:
"(‘) Zys— | _5Zp
: Iy

'T‘ - —— —
B : A-B SENDING CIRCUIT

C-D RECEIVING CIRCUIT
REFLECTION ON TRANSMISSION LINE
FIGURE 78.

Before the signal generated in the first section can enter
the second section it must adjust itself to a new voltage to current
ratio at X - Y. During this adjustment a portion of the signal is
reflected. This reflection may be zompared to other phenomena
where there is a discontinuity in the transmission media such as an
"echo.'" In Figure 78, if P is the power of the signal arriving at the
junction X and Y, then part of the signal Pt is transmitted through
and the remainder P, is reflected back toward the source. The
reflection loss is the ratio (in db) between the power P transmitted
in a mismatched impedance circuit and the power P that would be
transmitted if the impedances match. The reflection loss in db is
equal to i

Py P; (Mismatched)
Reflection Loss = 10 log e 10 log b (Matched)

The preceeding formula may, in turn, be expressed in terms
of impedances by writing current equations for Figure 78 and then
taking the ratio of these currents to result in:

24fZyx 7,

Reflection Toss = 20 log A
a b

I Z, = Zp, reflection loss = 20 log1=0
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A~ ther consideration of real practical 1mportance in the
telephone work is the return loss which is the ratio in db of the -
power P that would be transmitted if the impedances were matched
to the power P, reflected in a mismatched impedance circuit.

_ P - (Matched)

Return Loss = 10 log Pr = 10 log P, (Reflec d in Mismatched Cond.)
= 20 log =————
. g Za - 7

: Example

A'"}'C'a:‘leulate return loss when Z,; = 600 ohms and Zy, = 400 ohms.

B | 600 + 400 _ .
Return Loss = 20 Io og 6—00+—406 20 log 1—;096(1 = 20 log 5 = 14 db

Note that if the junction is maiched (Z; = Zp), the return
loss becomes infinite. Thus, the better the match, the highc. the
return loss. If there is more than one discontinuity in a trans-
mission system, ‘a portion of the signal reflected at one junction will
be re-reflected at the other junctions and give rise to an oscillatory
condition called "singing. ' The impedance irreguliarity can in
general be eliminated-by an impedance matching device at the
Junctlon These may consist of inequality ratio transformers or
A’Pa.ds R : : : o " ‘

Within certain limits, impedances may be matched by the

- insertion of a simple T pad made up entirely of inductors or

capac1tors ‘Such T pad introduces relatively little attenuation loss
but its effectiveness as an impedance matching device is limited to
the frequency range for which its reactance values were determired.
Transformers are,therefore, generally used for 1mpedance matchin
purposes in the v01ce frequency range. : ;

References for Chapter 4

" 3 From JohnD Ryder, NETWORKS LINE.) RN FIELDS, Z2nd
Hition. 1955, by perm1ssmn of Prentice- -Ha.l, .ac.,
Eaglewood Cliffs, N.J.

4. (¢) #rervican Telephone and Telegraph Company, 1961,
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CEHAPTER 5

TRANSMISSION IMPROVEMENT

5.1 INTRODUCTION

Some of the previous chapters, notably the ones on networks
and transformer circuit, have already covered apparatus and tech-
nigques employed to improve transmission. In this chapter we shall
discuss some additional devices and arrangements used to improve
transmission.

5.2 THE DISTORTIONLESS LINE

From the equations for attenuation and velocity4 developed in
the preceding chapter it will be seen that in the general case both
quantities are functions of frequency. For telephone transmission
over long lines, variation of these quantities with frequency is
obviously undesirable because it results in distortion of the trans-
mitted signal. Thus frequencies at the upper end of the voice range
might suffer more attenuation than frequencies at the lower end of
the range; also they might differ from the lower frequencies in the
time taken in reaching the receiving point. The seriousness of such
distortions in practice would depend of course on the extent of the
attenuation and phase shift variations with frequency.

If a line is to have’ neither . suency nor delay distortion,
then ¢ and the velocity V of propagation cannot be functions of fre-
quency ¢y . In view of the fact that

0
vV = ‘Bf

then B must be a direct function of frequency.

6=%/—;-§/(R2+w2113)((}2+w202)—%(GR-szC) | (9)
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showls that if the term under the second radical be reduced to
equa

(GR + w? L0)>

then the required condition onﬂ is obtained. Expanding the
terms under the internal radical and forcing the equality gives

R2G2 + wt 1202 + w2 12G2 + @2 C2R2 - (RG + o LC)> (92)

This reduces to

w2 L2G2 - 942 LCRG + w2 C2R2 =

1]
(=)

w? (LG - CR)>

- Therefore the condition that will make} a direct function of fre-
quency is .

LG = CR

A hypothetical line might be built to fulfill this condition. The
line would then have a value of B obtained by use of

‘B = W \/LC

The velocity of propagation is then

1
V= —
"LC
which is the same for all frequencies, thus eliminating delay
distortion

Equation for o

1
a=g—2- d(R2+w2L2)(G2+w202) +%(GR—w2 LC)

5.2
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may be made independent of frequency if the term under the internal
radical is forced to reduce again to

(RG + w2 LC)2

Identical analysis shows that the condition of Eq. (10),
LG = CR, will again produce the desired result, so that it is possible
to make @ and the velocity V independent of frequency simultaneously.
Applying the condition of Eq. (10) to the expression for ¢ gives

which is independent of frequency, thus eliminating frequency
distortion on the line.

The characteristic impedance of any line at any frequency is
given by equation (4) in Chapter 4.

R+jwL
Zo = = —_—
o V%1 73 ‘Qj CESTATe

At radio frequencies wL and 7" bacome so much greater
than R and G that the latter may be ne_iected, and accordingly

VA = A\_:.R'_+.j(o_l‘.= ._I_i
° VG+ijwC Y C

where L is the series inductance of the line in henrys, C is the shunt
capacitance; Z, will be the characteristic impedance in ohms and will

be a pure resistance. The values of L and C may be for any (but the
same) length of line.

The developments of the preceding formulae were made by
Oliver Heaviside in England about 1890; he showed theoretically that,
if the linear line constants (or parameters) were so related that
LG = CR, transmission conditions would be improved. Thus, if
LG = CR, the wave velocity, the attenuation, and the characteristic
impedance are independent of frequency as was mentioned before.
If complex voltage waves, such as of speech, are impressed on this
type of circuit, the current entering the line (determined by Z,) will
be independent of the frequency, the rate at which the various com-
ponents travel along the line will be independent of frequency, and
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the attenuation will be independent of frequency. Thus a complex
wave will be transmitted without a change in wave form (without
distortion), and therefore a transmission circuit in which LLG = CR is
known as a distortionless line.

Other characteristics of the distortionless line are that the
attenuation @ becomes the least possible value, and the character-
istic impedance Z becomes a pure resistance and is increased to
a high value.

Unfortunately, a hypotetical transmission line having such
optimum characteristics is not attainable in practice with distributed
parameters, but the precedmg analy51s points the way to the solution.
To a.ch1eve the cond1t1on :

L R ’
LG = CRor c~ G ‘ (10)

requires a careful evaluation.

The value of shunting conductance G is very small in normal
transmission line, otherwise losses would be large; G cannot be
artifically changed because it would increase attenuation. The value
of capacitance C likewise cannot be changed because the spacing
between wires depends on the type of insulation. To attain the
optimum condition shown by the equation (10) it would be necessary
either to increase the value of inductance L or to decrease the value
of resistance of wires R. The latter method is not practical. To
reduce R means to raise the diameter and cost of the conductors
above economic limits, so that the hypothetical results cannot be
achieved. However, it is possible to increase the value of inductance
L to a limited degree and thus approach the ideal condition. This
practice is known as loading..

5.3 LOADING

v . Heav1s1de suggested that the inductance L be increased.
Attempts ‘to follow his suggestions did not prove successful at first.

: Pupin successfully solved the problem of what is called
inductive loading. He suggested adding series inductance, in the

form. of carefully constructed c01ls, at regular and comparatively
short 1ntervals ‘

At about thls same time Campbell, working independently,
~also, developed a theory of inductive loading. Priority was adjudged

: Pupln, ‘and his patent rights were acquired by the Bell System, whose
‘engineers are largely respon51ble for the application of loading to
modern communication.

5.4
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loading was fiwst appiied to telephone open-wire lines in
about 1900. By the use of loading, talking distances were approxi=-
mately doubled. By 1925, most loading in the United States had been
removed from open-wire lines. This was because of the develop-
ment of the vacuum-tube amplifier. Loading is expensive, and on
open-wire lines is particularly susceptible to impairment and damage
by heavy transient currents, such as are induced by lightning
‘'sometimes. At the present time, only cables are loaded in the
United States.

In practice, loading coils having an impedance of %ZL are
installed in series with each cable conductor at spacings S miles
apart as indicated in Fig. 78. :

'/zzL I/a ZL

~000

| Z
| |

' B
T
e’ @ 5 MILES OF LINE & —— =

|
y2zl. /aZL

FIG. 78 METHOD OF INSERTING LOADING COILS IN A CABLE PAIR.
THE COILS AT EACH LOADING P T ARE INDUCTIVELY COUPLED

o ¢

40O

Loading Advantages

Adding inductance L to the line results4 in an increased
resistance R which partially offsets the beneficial effect. Material
net reduction in the value of ¢ (attenuation) is obtained by proper
loading, that is increase of L. as can be seen from the formula.

_R [C
=% %YL

Practical loading also decreases phase distortion B and
increases the value of the characteristic impedance Z . Imcreasing
the characteristic impedance gives the effect of transmission at a
higher voltage and lower current. Thus inductive interference is
reduced. '
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Loadmg Dlsadvantage S

: Despite the'advantages of loadmg descrlbed above there are
1mportant practlcal limitations to the usefulness of loading. One
dlsadvantage is 1ts effect in decreasing the velocity of propagatlon

When relatively large amounts of inductance are added, the
time delay of propagation over very long circuits may be great
enough to introduce disturbing effects. Much more important,
however, is the fact that practical loading imposes a sharp limita-
tion on the total range of frequencies that can be transmitted. This
would not be true if it were feasible to add the required loading
inductance on a continuous uniformly distributed basis by wrapping
each conductor with a spiral of magnetic material. This is done on
long submarine telegraph cables where only a single conductor is
involved but is obviously impractical to apply to the large number of
conductors of a telephone cable. '"Lumped' loading is applied as
mentioned before by inserting inductance coils at regularly spaced
intervals along the lines. This effectively breaks the loaded circuit
up into network sections, the major electrical constants of each of
which are the series lumped inductance and the shunt capacitance.

A network of this type has the characteristics of a ''low-pass
filter" which means that it tends to block frequencies above some
.critical value.. This filtering action is due to resonance effects. The
: .,cr1t1ca1 frequency where the attenuation of the loaded circuit begins
't6 ‘increase rapidly is known as the cutoff frequency and is determined
from the following equation:

fe = ¢ \,LC

“where L is the inductance of the line between coils in henries and C
s the c:a.pac1tance ‘of the line between coils in farads.

In the de 51gn of 1oad1ng systems the value of this cutoff fre-
quency may be varied considerably by varying the spacing of the
loading points (and thus C) and the amount of inductance L added. It
is not feasible in practice, however, to design a loading system in
which the cutoff frequency is much higher than about 30, 000 cycles.

" Lioading, therefore, cannot be applied to circuits on which broad-

‘band carrier .systems are to be superlmposed Its present appli-
cation in‘long distance telephone practice is limited to toll cable
circuits on which carrier systems are not superimposed, and to the
relatively short entrance cables connecting to open-wire facilities.

5.6
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Loading Symbols

Loading sy:mlools4 have been coded to indicate many things in
terms of transmission. The first letter of the code indicates the
spacing between coils (in feet). The number following the letter gives
the inductance in millihenrys. The next leiter S, P or N indicates
whether the circuit is side, phantom or non-phantom. (See Table
5 ~ 1). The code is further extended so that phantom group loading
may be indicated by a letter followed by two numbers, and the
letters S, P or N may be omitted. Thus, B-88-50 represents a
phantom group in which the phantom circuit is loaded with 50 milli-
henry coils and the side circuits with 88 millihenry coils, both spaced
at 3000 feet intervals. If the spacing between phantom and side
circuit differs, two letters are used as the first s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>