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Synopsis.—The most obvious method for determining the disior-
tion of telegraph signals is to calculate the transients of the telegraph
system. This method has been treated by various writers, and solu-
tions are available for telegraph lines with simple terminal conditions.
It is well known that the extension of the same methods to more
complicated terminal conditions, which represent the usual terminal
apparatus, leads to great difficulties.

The present paper atlacks the same problem from the alternative
standpoint of the steady-state characteristics of the system. This
method has the advantage over the method of transients that the
complication of the circutt which results from the use of terminal

apparatus does mot complicate the calculations materially. This
method of treatment necessitates expressing the criteria of distortion-
less transmission in terms of the steady-state characteristics.
Accordingly, a considerable portion of the paper describes and
illustrates a method for making this translation.

A discussion is given of the mintmum frequency range required for
transmission at a given speed of signaling. In the case of carrier
telegraphy, this discussion includes a comparison of single-sideband
and double-sideband transmission. A number of incidental topics

s also discussed.
* * * * *

SCOPE

HE purpose of this paper is to set forth the results
of theoretical studies of telegraph systems which
have been made from time to time. These results

are naturally disconnected and in order to make a
connected story it has been necessary to include a
certain amount of material which is already well known
to telegraph engineers. The following topics are
discussed:

1. The required frequency band is directly propor-
tional to the signaling speed.

2. A repeated telegraph signal (of any length) may
be considered as being made up of sinusoidal com-
ponents. When the amplitude and phase, or real
and imaginary parts, of these components are plotted
as ordinates with their frequencies as abscissas, and
when the frequency axis is divided into parts each being
a frequency band of width numerically equal to the
speed of signaling, it is found that the information
conveyed in any band is substantially identical with
that conveyed in any other; and the bands may be
said to be mutually redundant.

3. The minimum band width required for unam-
biguous interpretation is substantially equal, num-
erically, to the speed of signaling and is substantially
independent of the number of current values employed.

4. A criterion of perfect transmission is selected;
and a discussion is given of the characteristics which the
received wave must have to be non-distorting with the
requirement that the frequency range should not be
greater than necessary.

5. Directions are sketched for specifying systems to
meet this requirement.

6. Several alternative criteria of distortionless
transmission are considered and a method for computing
the corresponding transmission characteristics of the
circuit is explained and illustrated.

7. An analysis is given of the carrier wave, and it
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is shown that the usual carrier telegraph requires twice
as much frequency range as the corresponding d-c.
telegraph, other things being equal.

8. A discussion is given of two alternative methods
for overcoming this inefficiency of carrier telegraphy,
namely, the use of phase discrimination and of a single
sideband.

9. After the d-c.and carrier waves have thus been
analyzed a corresponding analysis is given of an
arbitrary wave shape, including these two as special
cases. Calculations are given on the shaping of the
transmitted wave so as to make the received wave
perfect.

10. A discussion is given of the dual aspect of the
telegraph wave. The wave may be looked on either
as a function of w, requiring the so-called steady-state
method of treatment, or as a function of ¢ requiring
the so-called method of transients. It is shown that
the steady-state theory can be made to yield the in-
formation necessary to specify the characteristies of an
ideal system. : .

11. A discussion is given of the effect of interference
and departures from ideal conditions.

The economy in frequency range, indicated under 2
and 3, should be considered as a theoretical limit which
cannot be attained in practise but which can be ap-
proached, the closeness of approach depending on the
degree with which the requisite conditions are fulfilled.
In practise, it is essential to limit the cost of terminal
apparatus and this, in turn, may lead to imperfect
utilization of the frequency range.

In certain portions of the paper the discussion is
limited to ideal telegraph systems and it is the character-
istics of such systems which are referred to above
(4, 5,and 6). These ideal systems have certain ideal
transmission characteristics; while the reader is given
sufficient information to specify suitable equilizers to
produce an ideal system, there is no information given
as to how to proceed to build equalizers to meet the
requirements. It is not within the scope of the paper
to enter into the practical questions of cost and detailed
construction of signal shaping devices. While these
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subjects are of great importance, it is thought best to
confine the paper to theory. Lest the reader should
think this lack of equalizer theory a fatal weakness in
the whole theory presented, attention is called to the
discussion of generalized wave shape; where directions
are given for approaching the ideal case as closely as
desired, by shaping the sent wave to take care of any
residual imperfections in the transmission character-
istic. Finally, under the discussion of interference,
mention is made of the effect of departures from the
ideal in the matter of signaling speed, transmission
characteristic, etc.

SYMBOLS

A@® Indicial admittance.

A, A The coefficient of the nth cosine term
in a Fourier series.

as, @ Magnitude factor of the hth signal
element.

a General quantity in formulas.

B., B The coefficient of the nth sine term in a
Fourier series.

by, b Magnitude of the Ath step of a rectangu-

lar stepped signal element.
b General quantity in formulas.

b, by, b1, bs Susceptance (coefficient of imaginary
part of transfer admittance).

C, Real part of discrimination factor.

c,,Cc, Defired in Appendix IV.

0% Nur.erical factor near unity.

0 An arbitrary increment of frequency.

E (t) Wave (usually voltage wave) as a func-
tion of ¢.

e Base of natural logarithm.

F(w),F Shape factor.

F’ (w), F” (w) Defined in Appendix I'V.

FoFa Specific shape factors.

f@® Wave form.

g, G, 91, 92 Conductance (real part of transfer
admittance).

g (t) Envelope of a carrier wave.

h Any positive integer, indicates order of
signal element.

oo sin w/4 s .

H (w) An abbreviation for ————— Y (w) e~'¢

0 Phase angle of carrier wave.

I(),I ‘Wave as a function of ¢.

I, Wave due to hth signal element.

1 Unit of imaginary quantity, > = — 1.

k An integer or zero.

A Variable under integration sign.

m An integer or zero.

N Number of signal elements in one
repetition of a signal.

n Any integer or zero, indicates order of
sinusoidal component.

P 2 7 times frequency of repetition of a

signal.
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q An integer or zero.

R A constant.

T A subseript referring to receiving end.

S, S The coefficient of the imaginary part of
the discrimination factor.

S, S”, Defined in Appendix IV.

s Speed of signaling.

s A subscript referring to sending end.

T Duration of one signal repetition.

¢t Time.

T An arbitrary interval of time.

Y (w), Y, Y, Transfer admittance.

Y,and Y, Components of Y.

Y The conjugate of Y.

¢ Phase shift of a given circuit.

w When positive, equals + 2 7 times the
frequency; when negative equals
— 2 7 times the frequency.

W, 2 7 times carrier frequency.

PRELIMINARY DISCUSSION

A simple telegraph system is obtained by connecting
a telegraph key and battery in series with a line at one
end, the other end of the line being connected to a
sounder, both ends of the system being grounded.
Signals are transmitted by opening and closing the key,
which causes corresponding movements of the sounder
at the receiving end if the system is properly designed
and adjusted. Suppose it is desired to transmit the
Morse letter a over the system. This may be done
by closing the key during one unit of time, opening it for
one unit of time, closing it for three units of time and
finally opening it for a sufficient period to assure the
receiving operator that the signal is completed. This
simple telegraph system illustrates two characteristics
of telegraph communication as the term is here used
which will serve, for the purposes of the present paper,
to distinguish telegraphy from other forms of electrical
communication. These characteristics are:

1. The time is divided into approximately equal
units which will be called time units.

2. There is a finite number of conditions, and each
time unit is characterized by a single one of these
conditions.

In the simple illustration given, where the first time
unit is characterized by closing, the result is the ‘““dot’” of
the letter ¢. The second time unit is characterized by
opening the key. Thus, the total number of conditions
is two, open and close. This is in sharp distinction to
the case of telephony where there are neither simple
numerical relations between the various time intervals,
nor a finite number of possible current values.

In this simple illustration the rate with which
the new condition establishes itself throughout
the system is not generally the same on opening
and closing. This is because there is a change
in the terminal impedance as well as in the voltage
applied. The system would be simpler, math-



Feb. 1928

ematically, if the keys were arranged to substitute
for the battery an impedance equal to that of the
battery. It will be assumed in this paper that the
impedance is not altered when one condition is sub-
stituted for another. This is substantially true for
polar telegraphy but not for single-line telegraphy.

In the system under discussion there are two condi-
tions, battery and no battery. In the usual forms of
polar telegraphy, there are also two conditions, corre-
sponding to positive and negative battery potentials
impressed at the sending end. In well-known forms
of submarine telegraphy there are three conditions
corresponding to positive battery, negative battery, and
ground or zero voltage. Throughout the paper, unless
otherwise stated, the discussion will apply to any
number of conditions and will, therefore, include the
cases enumerated as special cases.

Due to the distorting effect of the telegraph circuit
the part of the total signaling wave which is originally
associated with a given time unit does not remain
confined to one time unit throughout. There is over-
lapping between the wave portions originating in
successive time units. It is, of course, important to
follow the history of a given contribution to the signal
wave regardless of whether it is prolonged to occupy
more time than it did originally. To this end the term
signal element is introduced and is defined as the
contribution to the signal ascribed to a given time
unit. Whereas a time unit is of a definite duration
uniquely determined by the speed of signaling, the
signal element ascribed to a specific time unit may, by
the use of signal shaping, be made to extend into
adjacent time units.

The concept which has been discussed under the term
“conditions” is an important one and it is desirable to
formulate it more precisely. It will be assumed, when
not otherwise stated, that the shapes of the successive
signal elements are the same, so that they differ only by
a factor which may differ from element to element. For
illustration: in the case of the submarine cable system
the wave shape of the impressed voltage is the same in
all three conditions, being rectangular, and there are
three proportionality factors + a, 0, and — a. In the
general case any signal element may be expressed
by the product ’

an f (8
where a, is a real factor which may vary from one
signal element to another and where f (f) is a function
of time. The origin of ¢ is, of course, a fixed instant with
respect to the signal element. The function f (¢) will
be called the wave form. It is determined by the wave
form at the sending end, and by the transmission
characteristics of the system between the sending end
and the point under consideration. It is not affected
by the particular signal or form of intelligence being
transmitted over the system. The factor a, will be
called the magnitude factor. It differs from one signal
element to another but is the same in all parts of the
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system and, in fact, in all systems transmitting the
same signals.

Speed of signaling, s, is usually specified [n dots per
second and is defined as the number of signal eiements
per second divided by two.

D-c. telegraph is characterized by a rectangular
signal element; the voltage is held constant during the
whole time unit.

A telegraph circuit may be considered as a network
upon which a signaling wave is impressed at one point,
called the sending end, and from which a signaling
wave is derived at another point, called the receiving
end. In the illustrations given, the sent waves were
voltage waves. This is not necessarily the case in
order for the discussion to apply. The sent wave
may be a current wave, or it need not even be electrical.
By providing suitable coupling the sent wave may be
mechanical or, say, in the form of variations in a light
beam. All that is required is that the system should be
linear, including the coupling between mechanical and
electrical circuit elements. Similarly with the receiving
end it is permissible to consider either the voltage across
the receiving device, the current through it, or the
motion of the receiving device to be the received wave;
provided the device is linear. An important exclusion
is the ordinary telegraph relay which is equipped with
stops and which, therefore, is a non-linear device.
The siphon recorder on the other hand is probably
substantially linear. The theory of mechanical im-
pedances and of coupling between mechanical and
electrical impedance elements will not be dealt with in
this paper.

PROPORTIONALITY BETWEEN SPEED OF SIGNALING AND
TRANSMITTED FREQUENCY BAND

It will aid the discussion to assume that the signal
considered is repeated indefinitely at equal intervals.
While this is convenient, it constitutes no real limitation
on the generality of the analysis, because the intervals
of repetition may be made as large as desirable. There
is nothing to prevent us from making the interval
very great, say, an hour or a year.

Take first the case of any arbitrary signal made up
of any number of elements and any finite number of
different magnitude factors (current values) and re-
peated an indefinitely great number of times. Such
a periodic wave can be resolved into direct current and
a series of sinusoidal components. The lowest fre-
quency component has a period equal to the period
of repetition of the signal. The next component is of
double the frequency or one-half the period of the first.
The third component is of triple frequency or one-third
period, and so forth. Certain components may, of
course, be of zero amplitude, <. e., entirely lacking.
While there always is a definite lowest frequency
component, there is generally no highest component;
in other words, the total number of components is
usually infinite.
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The transmission medium may alter the magnitude
and phase of the sinusoidal components. Some of them
may be substantially completely suppressed. Further,
the medium may introduce components either because
it is non-linear or because interfering waves exist.
The net result is a deformation of the original wave.

Now consider another signal which is just like the
one discussed except for the distinction that the signal
elements of the sent wave are of half the duration, that
is to say, everything happens twice as fast and the
signals are repeated twice as frequently. It will be
obvious that the analysis into sinusoidal terms corre-
sponds, term for term, with the case just considered, the
difference being that corresponding terms are of exactly
twice the frequency. Now if the second telegraph
system transmits currents up to twice the frequency
of the first and if, further, the transmitted currents
are treated the same in respect to attenuation, phase
shift, interference, and other modifying factors as the
corresponding currents in the first system (4. e., currents
of half the frequency), then the received wave in the
second case will be the exact counterpart of the wave
in the first case; that is, its deformation will be the same.
Generalizing, it may be concluded that for any given
deformation of the received signal the transmitted
frequency range must be increased in direct proportion
to the signaling speed, and the effect of the system at
any corresponding frequencies must be the same. The
conclusion is that the frequency band is directly pro-
portional to the speed.

It is apparent on examination of existing telegraph
systems that the factor relating band width and line

- speed does, in fact, vary from system to system. The
reason for this is that different systems utilize the
available range with different effectiveness. In the
first place, the various components suffer different
attenuation and phase changes from system to system.
Secondly, interference varies from system to system;
and there are also secondary imperfections. The
question then arises: What is the limiting value for this
factor under ideal condtions? It is one of the purposes
of the following analysis to answer this question.

ANALYSIS OF D-C. WAVE

Initially we shall assume a system which is ideal in
all respects of interest. Later on we shall indicate how
these ideal conditions can be approximated and what
will be the effect of small departures from the ideal
conditions.

Let us consider again an arbitrary signal repeated at
regular intervals. As has been brought out above, such
a signal has an infinite number of components and can
be represented by a Fourier series. Suppose that each
component is measured at the receiving end, and sup-
pose that proper allowance is made for the known effect
of the circuit on each component, it is then possible to
construct each component as it was impressed on the
sending end. If all the components were received and
measured, it would be possible to reconstruct the
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original wave without deformation. Now for a given
wave form, (which in this case is rectangular) the
magnitude and phase-angle of the individual sinusoidal
components of the impressed wave are determined by
the values of the quantities @, of the signal elements,
and equations can be set for computing each com-
ponent. Conversely these equations can be solved if a
sufficient number of them is taken so that the s are
completely determined. Now the number of a’s is
finite, whereas the number of sinusoidal components is
infinite. It follows from simple equation theory that
all of the equations cannot be independent; and, in fact,
since each component (with rare exceptions)? yields
two constants, it follows that a number of components
approximately equal to one-half the number of signal
elements should be sufficient to determine the a's
completely, provided the components are chosen to be
mutually independent. It is concluded that full knowl-
edge of N/2 sinusoidal components is necessary to
determine the wave completely. It will be shown
below that this number is also sufficient.

The mathematical work of analyzing the wave into
its sinusoidal components is carried through in Appen-
dix I. It is there shown that if the magnitude factors
of N successive signal elements are given the values
a1, 02, O3 etc., up to ax, and if the signal is then re-
peated,? the expression for the applied voltage can be
written in the following form:

E(t) = A¢y/2 + A, cos pt + A, cos 2 pt + ete.

+ B sin pt + B, sin 2 pt + ete.
where p/2 7 is the frequency with which the signal
is repeated and where the A’s and B’s can be computed
from the formula

(A —1B.) =F (w) C,.—138,)
8sin w/4 s

F (w) /s

in which

C, = 1/N)(@cosnm/N + azcos3nm/N + .
. + axcos 2N — 1) n w/N)
S, = 1/N) (a,sinnw/N + a;sin3nw/N + . . .
+ axsin 2N — 1) nw/N)
s is the speed of signaling, and
wis 2w times the frequency of the component.

F (w) is independent of the values of the a’s and
depends only on n and the wave form within one signal
element, which in the present case is rectangular.
Its value is altered if, for instance, curbed signals are
used. It may, for convenience, be called the shape
factor. It should be emphasized that F' (w) is inde-
pendent of the intelligence transmitted. C,— ¢S,
on the other hand is independent of the type of wave
employed, but depends only on the particular signal
which is considered. C, — ¢ S, is thus determined by
the particular intelligence being transmitted and, in

2. B,and Ay 2 areidentically zero.
3. A convenient but not a necessary restriction.



Feb. 1928

turn, determines that intelligence completely. This
factor may be called the discrimination factor. An
examination of the expressions for C, and S, discloses
the dependence predicted above and will enable us to
select components which are independent. Both C,
and S, are made up of periodic terms, namely, cosines
and sines. If the value of 7 is increased by the value
2 N each one of these periodic functions has its argu-
ment increased by an integral multiple of 2 7 and is,
therefore, unaltered. Similarly if » is increased by N
the arguments are increased by an odd multiple of 7
and all the terms are simply changed in sign. Further,
if the expressions for C, and S, are written down for
the values N — n, and if it is remembered that cos

(m—2x) = —cosz and sin (r — x) = + sinz, it will
be found that

Cxen =—Crand Sx., = S,
The results may be written

Cxin == Coy Sngn = — Sa

Coxgn = Cryand Sonyn = Sa
Successive applications of the last formula give
C2kN+n = C,, and Sorngn = Sn
where k is any integer. '
These relations are illustrated in Fig. 1, in which
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Fi1c. 1—DiscriMINATION Factor oF C SIiGNAL

Showing the symmetry and redundancy of successive bands. The
corresponding points in the various bands are indicated by the same symbol

the diserimination factor is plotted as a function of n.
The signal which is illustrated in this figure may be
referred to as the ¢ signal. It is made of 10 signal
elements whose successive magnitude factors are
1,0,1,0,0,1,0,0,0,0. An inspection of the figure will
show the symmetrical relation between points in adja-
cent bands of width N /2, or 5 in this specific example.
Suppose that the ¢ signal is sent in 7" seconds. Then
the frequency corresponding to the fifth harmonie is
5/T (generally N/2 T) which is also the speed of
signaling.

If C. and S, have been determined throughout any
- one of the bands, their values (and, F' (w) being known,
also the values of 4, and B,) are immediately known
for the whole range from zero to infinity. Each such
band contains all the information about the signal that
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the totality of bands from zero to infinity contains.
One such band (or its equivalent) is necessary and
sufficient to determine the original signal. It will be
understood that information about F (w) is not intelli-
gence in the sense here considered. It is not necessary
that the receiving end should have any information
about F' (w) at the sending end and consequently, no
frequency range or line time need be set aside for
transmitting such information. The frequency range
which must be transmitted to specify one band is
numerically equal to the speed of signaling.

A special case occurs if the transmitted band is
chosen such that the shape factor is zero at some point
within it. Then A, and B, corresponding to this
term, will be zero and the values of C, and S, are
indeterminate. The mathematical treatment of this
case would be long and difficult and it is, moreover,
thought that these cases are of little practical interest.
For these reasons no further discussion will be given to
them.

DISTORTIONLESS TRANSMISSION

It is obvious that with a finite transmitted fre-
quency range and with a rectangular sent wave,
there will be deformation of the wave form. It
is, however, possible to have a deformed wave
and have a receiving device such that a perfect
signal is received. Suppose, for instance, that the
receiving device records the value of the wave at the
mid-instant of the time unit corresponding to each
signal element. Then all that matters is the value
of the wave at that instant; it does not matter how
much it is deformed in intervening intervals. For
convenience the term mnon-distorting wave, will be
introduced and will be defined as a wave which produces
perfect signals. A non-distorting wave may or may
not be deformed. The criterion for a non-distorting
wave will vary with the manner of receiving the signal.
In this paper, when not otherwise stated, the illustration
just indicated will be taken as the criterion, ¢. e., a wave
will be said to be non-distorting when the value at the
mid-instant of any time unit is proportional to the
magnitude factor for the corresponding element. In
Appendix II-A, the shape factor for this kind of wave
is computed. When the transmission characteristic
of the system is such that the received wave has this
shape factor, the received wave is non-distorting re-
gardless of the number of distinet magnitude factors
employed. It will be understood that this criterion is
illustrative only. Later, alternative criteria will be
illustrated and discussed sufficiently to enable the
reader to construct his own criterion proper for the
system in which he is interested.

Before proceeding to determine the characteristics of
the telegraph system which insure the ideal shape factor
just discussed it is worth while to broaden the subject
somewhat by considering what other shape factors are
capable of producing the same results. Appendix II-A
gives the deduction of more general shape factors which
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meet the requirements of being ideal. In Fig. 2, a is
a diagram of the shape factor deduced as ideal, above.
It is shown in Appendix II-A that shape factors sym-
metrical about 2 7 s, after the manner illustrated at b
in Fig. 2, do not contribute anything to the current
value at the middle of the signal elements. Hence it is
deduced that shape factors such as shown at ¢ are
also ideal in the same sense. There are obviously an
infinite number of these shape factors. In addition,
there are an infinite number of purely imaginary shape
factors having the type of symmetry about 2 = s
which do not contribute to the value of the wave at the
middle of the signal element. Each one of this infinity
of imaginary shape factors may, of course, be combined
with any one of the infinity of real shape factors spoken
of above.

In order to visualize better the theoretical results
obtained so far, these results will be stated in terms of
the design of a telegraph circuit. What must be the
characteristics of a telegraph circuit in order that the
application of the rectangular voltage wave whose
shape factor is F, shall result in the non-distorting
received wave just discussed, whose shape factor may be
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Fi1g. 2—IpeaL Saare Factors

Here the criterion for distortionless transmission is that the height of the
middle of each signal element should be undistorted

a and c represent real shape factors which produce a non-distorting
wave,—b and d shape factors which may be added without producing
distortion, the former representing a real and the latter an imaginary value

taken as F,? One answer is that the transfer admit-
tancet of the circuit Y should be made such that
F, = Y F,. It will be understood that the quantities
Y and F', may be complex. If the condition just stated
were met, transmission would be instantaneous. This
imposes an unnecessary restriction on the transfer
admittance Y. The signal will still be distortionless if
all the components suffer a constant lag . If all the
components are given a phase lag, which, when speci-
fied in angular measure, is directly proportional to the
frequency, the received wave is not changed in shape

4. The term admittance and the notation Y is used to denote
the ratio of the numerical value of two waves regardless of their
nature. This is a convenient generalization of the customary
usage, where this terminology is confined to the case where the
numerator of the ratio is a current, and the denominator a
voltage.
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but merely displaced in time and this is, of course,
permissible. This leads to the following expression:

Y = F: (cos wT— tsin w7T)

for the transfer admittance where 7 is the delay. Once
the desired value of Y has been found by this method,
the problem is reduced to measuring the phase and
attenuation characteristics of the circuit and designing
suitable attenuation and phase correctors to make the
total transfer admittance equal to Y. The actual
design of attenuation and phase correctors does not
come within the scope of the present paper.

Appendix II-B has been added for the purpose of
making a concrete application. It may be omitted
without loss of continuity in the theory.

The criterion of perfect transmission in what precedes
has been that the current value at the midpoint of the
time unit should bear a constant ratio to the
impressed voltage. It will be noted that this is con-
siderably different from the case of ordinary two-con-
dition telegraphy, where the ecriterion for perfect
transmission is that the interval between the instants
when the current passes through the mean value (or
some other specific value) shall be the same as the
corresponding interval at the transmitting end. The
principal reason why this criterion has not been used
above, is that the corresponding method of reception
is not so readily available in the general case where more
than two conditions are used. However, it is of con-
siderable practical importance and for this reason,
computations are given, (Appendix III), of the shape
factor for a wave which has the property in question,
i.e.,of giving a non-distorting wave in ordinary land-line
telegraphy. While the mathematics in Appendix III
is carried out for an arbitrary number of magnitude
factors, it is suggested that it will simplify the reader’s
picture to think of two magnitude factors only. Then
the discussion applies to ordinary land-line telegraphy.
It is there found that a shape factor for the received
wave which satisfies this condition is

F,=2cos w/ds,when0 < w <27s
F.=0,when27s < w

For d-c. telegraphy (rectangular sent wave) this corre-
sponds to a transmission characteristic given by the
equation

r

Y = 7 (cos w T’ — 1sin w7’)
- ot—g—(co '—4sin w7T’)
= 480 4.8 S WT T ),
when 0 < w < 27 s
and Y = 0, when w2 2ms

This particular shape factor has the disadvantage
that the amplitude is a function of the signal combina-
tion; in particular, a long continuation of reversals
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finally approaches zero in amplitude. To overcome
this, it is possible to add shape factors which are sym-
metrical about the signaling frequency, such as are
shown in Fig. 3, and discussed more fully in Appendix
III. :

By way of further illustrating the method, the shape
factor is worked out for a received wave having the
property that the area under the wave for a time
unit is proportional to the current at the trans-
mitting end. This case may be of interest in some
methods of picture transmission where the integrated
exposure over a small interval of time may be important.
Other criteria for distortionless_transmission suggest
themselves. For example, the signal may be taken
distortionless when the area under the wave for the
center fifth of the time unit is proportional to the sent
current. Such cases may be of interest in certain types
of printer reception where the current flowing during
the center fifth of each element might be the quantity
which is of interest. As another example, it may be
that the slope of the received current as well as the
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Fic. 3—IpEaL SHAPE FAcCTORS

1In this figure, the criterion of distortionless transmission is that the width
or duration of each signal element at the mean-value point should be
uddistorted

a and c represent real shape factors which produce a non-distorting
wave,—b and d shape factors which may be added without producing
distortion, the former representing an imaginary and the latter a real value

current value determines the operation of the receiving

dI
deviee, in which case some such functionasa I + b T

would probably be a suitable quantity in terms of which
to define distortionless transmission. It is thought
that the reader who is interested in any specific receiv-
ing device will have no difficulty either in formulating
a suitable criterion or in computing the corresponding
shape factor in accordance with the method illustrated.
In the meantime, the current at the center of the signal
element will be taken as the criterion.

ANALYSIS OF CARRIER WAVE

The analysis for the carrier-current wave, anal-
ogous to the d-c. wave discussed above, is carried
out in Appendix IV. There it is shown that
when no care is taken to relate the speed of signal-
ing and the carrier frequency there is no longer
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a simple separation into a shape factor and a discrimi-
nation factor, such as was observed in the case of d-c.
telegraphy. The expression for the sinusoidal com-
ponents is:

A,—tB,=F' () (C,/—18S,") + F" (w) (C.” —1 8.

If, however, the carrier frequency is taken as an even
multiple of the speed of signaling, so that the carrier
current is proportional to cos (2 7 ¢ st — ), where ¢ is
even, it is found that
C//n _ iS!/n — ei29 (Cln - lS’n) — ei(wq/Z +9) (Cn _ lSn)
so that
A, - 1B,

- [e__i(wq/z +6) F’ (w) + ei(ﬂ-q/Z +-6) F (w)} (Cn . lSn)
which may be written

An_ /LBn = F(OJ) (Cn— ZSn)
where C, and ¢ S, have the same values as in the direct-
current case. :

F (w) is, of course, different in the present case and
depends among other things on the phase of the carrier
wave at the beginning of the signal element. More
specifically the value of the shape factor is given by the
expressions:

F (0)) — emi(wq/2 —+0) F’ (w> + ei(rq/2+0) F (O))

4ssin (w,— w)/4s

F'(w) =

We— W

4ssin (w, + w)/4s
w. + w

F/I (w) —

It is shown in Appendix IV that when the carrier
frequency is an odd multiple of the speed of signaling,
(A, — i B,) takes on a slightly different form. How-
ever, the following discussion applies equally well
whether ¢ is odd or even.

F’(w) represents two bands symmetrical about the
carrier frequency, each being identical except for sign
with the band determined for the direct-current cases.
F” (w) is a non-symmetrical band and interferes with
the symmetry between the upper and lower sidebands.
It is shown in Appendix IV that this factor is due to the
presence of components higher than the carrier fre-
quency in the modulating wave. Hence, one method of
suppressing this factor, and keeping the sidebands
symmetrical, is to remove these components from the
modulating wave before modulation takes place. A
second method of making the shape factor symmetrical
is to use an equalizing device, which is so designed as to
multiply each component by the ratio

F’ ()
F’ (w) + ei20 F”(O))
Finally it should be noted that if the band width is
small in comparison with the carrier frequency, F'”’ (w)
is small in comparison with F’ (w) and, therefore,
substantial symmetry is obtained without any special

precautions.
If the two sidebands are symmetrical, corresponding
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frequencies equidistant from the carrier frequency
combine to form a wave whose frequency is equal to the
carrier frequency and whose envelope is a sine wave
corresponding to a component in the direct-current
case. The frequency of the envelope equals the
difference in frequency between the carrier frequency
and that of each of the components forming the pair.
On account of the mutual redundance of the two side-
bands, the total frequency range required in the sym-
metrical carrier case (7. e., in the case where the carrier
frequency is located in the middle of the transmitted
range) for a given speed of signaling is just twice that
required in the direct-current case. Except for this, the
results as to band width required, and ideal shape
factors for the received wave, are the same as obtained
above for the direct-current case and it is not necessary
to repeat them.

It is obvious that this type of carrier telegraph
is relatively inefficient in its utilization of the available
frequency range, and it becomes of great interest to
inquire how this condition may be improved. An
obvious thought is to move the carrier frequency to-
ward one edge of the available band and to increase
the speed of signaling in proportion to the interval
between the carrier frequency and the far edge of the
_transmitted range. If an experiment of this kind is
undertaken the outcome will be disappointing, unless
certain stringent requirements, (explained below), are
met. Far from increasing the speed of signaling, it will
usually be found that the relocation of the carrier
frequency decreases it. This is more fully explained
bleow and in Appendix V.

Examining the symmetrical, carrier wave more
closely we find that the redundancy residing in having
two symmetrical sidebands gives rise to an important
property of the received wave. Its frequency is
constant, in the sense that the instants of zero value
are spaced at constant intervals. This property will be
found to restore the intelligence carrying capacity of a
given frequency range to the same point as an equal
range used in d-c. telegraphy. Let the received signal be
¢ (¢) sin w t, where the factor sin w ¢ expresses the fact
that the frequency is constant. Consider a device
which has two sets of input terminals and whose re-
sponse is proportional to the product of the two waves
impressed. Let the wave applied to one set be
g(t) sin w ¢, and let the other applied wave be sin w t.
Then the average response over a cyle is well known
to be proportional to ¢(f), 7. e., the envelope. If the
second applied wave is cos w ¢, the average response over
a cycle is zero. There are various devices whose
response is proportional to the product of two inputs.
For the purposes of this paper it will be convenient
to think of a dynamometer with one fixed and one
movable coil.

Phase Discrimination. Systems of telegraphy based
on these principles, which may be called phase dis-
crimination systems, have been proposed. Two carrier
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currents are provided, one of which may be represented
by sin w ¢ and the other by cos wt. Each of these is
then modulated in accordance with a separate signal,
and the mixture of the signals is impressed on the line.
At the receiving end the composite signal wave is
impressed on each of two dynamometers whose other
windings are energized by currents of the values
sin w ¢ and cos w £, respectively. Thus one dynamom-
eter responds to each signal and there is substantially
no mutual interference.

It is clear that in this system the total amount of
intelligence transmitted for a given band width is
twice as great as for the symmetrical carrier case which
does not utilize phase diserimination and is, in fact, the
same as for the direct-current case.

Single Sidebond Transmission. We are now in
position to take up the single sideband case. In
Appendix V, it is shown that when the carrier fre-
quency is removed from the center of the transmitted
band the received wave may be considered to be made
up of three component waves. The first of these is an
in-phase wave and builds up in the same manner as does
a d-c. wave in a low-pass system having a band width
equal to the distance from the carrier frequency to the
far edge of the transmitted band. This is obviously
the wave which we are trying to obtain; and if it
existed by itself, the problem would be solved and the
experiment referred to above would be successful.
The second wave is also in-phase but builds up at a
slower rate, namely, that corresponding to the distance
from the carrier frequency to the nearer edge of the
transmitting band. Since these components are in
phase they add algebraically at any given time and it is
obvious that the time of building up will tend to be
determined by the slower component. Hence, the
normal result of moving the carrier from the middle is a
slowing up rather than the reverse. Besides, there is
the third component wave. This is a quadrature
component which is determined in magnitude and rate
of building by the frequency band, by which the sep-
eration of the carrier and the far sideband exceeds the
separation between the carrier and the near edge.
This component, moreover, does not build up to the
signal wave, but rather to something approximating the
first derivative of the signal envelope. It is clear that
the second and third components must both be elimin-
ated. In addition, there is an important condition as
to phase correction. Ordinary filters are subject to
considerable phase distortion in the vicinity of the
edges of the transmitted band. It is of importance
that this phase distortion be corrected by suitable
means. The problem of single sideband transmission
may now be separated into three parts.

1. Phase correction.

2. Elimination of the quadrature component, being
the third component discussed.

3. Elimination of the sluggish in-phase component,
being the second component discussed.
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The first of these problems, the design of phase-
correcting networks, does not come within the scope of
the present paper. The second part of the problem, the
elimination of the quadrature component, is solved by
the methods of phase-discrimination telegraphy de-
seribed above. The third part of the problem, the
elimination of the sluggish in-phase component, is
solved by moving the carrier so far toward the edge
that it disappears. The exact requirements to be met
are set forth in the appendix.

GENERALIZED WAVE ForM

Two kinds of impressed wave forms have been
discussed, the rectangular, used in d-c. telegraphy,
and the sinusoidal, used in carrier telegraphy.
It is of interest to generalize the treatment of
impressed waves to cover any other wave form
which may be considered, and to include these two as
special cases. The restriction will be imposed that the
successive signal elements are alike, except for a
constant factor which is given the values, a,, a., etc.,
for the various signal elements. There is no need to
confine the elements to a single time unit. It may
overlap into neighboring time units. To facilitate
visualizing the wave, Fig. 4 is drawn, which indicates
how an impressed wave may overlap both antecedent

£(t)
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and subsequent elements. Mathematically it may be
expressed by saying that the contribution made by the
hth signal element to the impressed wave is given by the
expression
In=anf (1)
where f (t) is an arbitrary function of the time ¢, whose
origin is conventionally taken at the center of the signal
element in question. It will be remembered that a; is
called the magnitude factor and f () the wave form.
Incidentally, the assumption that the wave form is the
same from element to element, excludes the carrier
waves where the carrier frequency is not an even
multiple of the speed of signaling. We may, therefore,
expect to avoid some of the complications which arose
in the analysis of those waves. The total wave at any
given time is, of course, the algebraic sum of all the
components existing at that time.
I = Il+I2+Ia +,etC.

The Fourier analysis is given in Appendix VI.
It is there shown that the sinusoidal components are
given by the expression

A—1B=F-(C—-1S)
In other words, there is still the simple separation into
two factors, the shape factor and the discrimination
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factor. The latter is identical with that obtained in
the previous cases. The shape factor is determined
from the known value of f () by the expression

+ 00

F(w)=4s | f@)e'™dt

— 0
Now it will be recalled that the shape factor of the
received wave is given by the expression
F,=YF,

and in our previous work, we have evaluated Y, the
transmission characteristic of the circuit, so as to
obtain a desired value of F, for a given F,. In other
words, a desired received current is obtained with a
given sent wave by means of circuit design. The
present results suggest that the desired F, can be
partly obtained by modifying F, as well; in other words,
the desired received current can be obtained in part by
circuit design and in part by signal shaping at the
transmitting end.

While signal shaping and equalizing are equivalent
it does not follow that they are equally practicable.
It may be said that under usual conditions the use of
networks is the simpler when only moderate accuracy is
required; whereas, the use of signal shaping provides
the greater accuracy but is complicated.

There is an infinite number of sent waves which
result in non-distorting received waves. Thus it is,
for instance, permissible to use a sent signal element
consisting of a succession of rectangular waves such as
shown in Fig. 9; provided the intervals between changes
are not made too great. The calculations for this case
are given in Appendix VIIL.

In the introductory part of the paper mention was
made of the fact that the design of equalizers would not
be covered. It was also stated that a method of signal
shaping would be discussed, which would make up for
the resulting incompleteness of the theory. The
discussion of the present section, together with Appen-
dix VII, in the matter there referred to.

DUAL ASPECT OF SIGNALING WAVE

It will be apparent from what has preceded that there
are two distinct methods of specifying the wave.
One method is based on the time ¢ as the independ-
ent variable. This aspect, which may be referred
to as progressive, contemplates the signaling wave
as a succession of signal elements following one
another at constant intervals of time from the
first to the Nth. The other aspect which may be
called the cyclical aspect, is based on w as the inde-
pendent variable. This contemplates the signaling
wave as the sum of direct current and a succession of
sinusoidal components beginning with the funda-
mental and including harmonics at least up to the
N/2th. In the cyclical aspect, it is necessary to know
only the magnitude and phase of the successive com-
ponents. It does not matter in specifying the signal
what time it took to transmit the signal. It may be of
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some economic interest to know how rapidly the signal
is transmitted, but from a technical standpoint, ¢ is
very much in the background. Analogously, with the
progressive aspect of the wave the frequency is very
much in the background. Itis not required to specify
the wave, but is of economic interest, in the sense that
it is of interest to know the frequency range required
for transmission.

An enumeration will now ke made of analogous
processes and quantities under the two aspects. The
signal element is the unit out of which the signal is made
up when considered as a progressive wave; when
considered as a cyclical wave the corresponding ele-
mentary unit is the stnusoidal component. The signal
element has been denoted by I, and the whole wave by
I = X I,: The sinusoidal component is specified by A4,
and B, and the whole wave by I = 2 (A, cos npt
+ B, sin npt). Theintelligence transmitted is specified
in the cyclical aspect by the discrimination factor,
C.— 7 8,; in the progressive aspect this office is taken
by the magnitude factor a.

The wave form f (t) specifies the shape, or form, of the
signal element and includes the degree of deformation.
The analog in the cyclical case is the shape factor
F (w). The alteration in the wave, which is caused
by the circuit or any circuit part, is specified in the
cyclical aspect by the phase and magnitude changes;
and to be definite, it may be taken as the transfer
admittance, Y (w), which is a function of w, and which
may be defined as the wave (specified as to magnitude
and phase) resulting at the driven point due to im-
pressing a unit sinusoidal wave at the driving point.
The analog in the progressive case is the indicial
admittance, A (¢), which may be defined to be the wave
as a function of ¢, resulting at the driven point from
suddenly impressing a unit wave (constant) at the
driving point.

In order to change from one method of consideration
to the other, it is desirable to have available equations
for changing from the set of quantities suitable for one
method to the set suitable for the other. These equa-
tions fall into three groups. The first relates the wave
form and the shape factor, the quantities which define
the type of wave used. The second relates the discrimi-
nation factor and the magnitude factor, the quantities
which define the particular signal. The third relates
the transfer admittance and the indicial admittance,
the quantities which define the effect of the circuit on
the signaling wave.

The equations are:

+ o
F(w) =4s | f@)eiodt
. ta
RO, =8%8 F(w) e i dw

—
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Cn — @Sn — ]{] Eah e—i(21rn/N) (h —=1/2)
h=1
“ _ N/2-1
" 2 (Cn — fLSn) ei2mn (h —1/2)/N
n=—N/2
+ co
Y(w) =-— f@ we @A (t)dt
+ @
Y 1 Y iwt

—

Negative values of the argument w do not require
the conception of negative frequencies. The frequency
may be thought of as signless and as represented by
positive and negative values of w or both.

With either set of quantities, given, or found by the
equations, it is possible to make corresponding compu-
tations in the two systems. For instance, when the
shape factor of the sent wave and the transfer admit-
tance are known, the shape factor of the received wave
can be computed from the expression

F.(w) =F,(w)Y (w)
Analogously, if the sent wave form and the indicial

admittance are known, the received-wave form can be
computed from the expression

+

fr (t) = %JVA (>\>fs (t“ )\)d)\

— 0

or others which are equivalent. Further, if the trans-
mission characteristics of two circuits connected in
tandem are known, their combined characteristic can
be computed from

Y(w)=RY,(w)Y:(w)
in the one system, and from

+

d

—®

AL (M)A t— N d A

or an equivalent. R is a constant in these formulas.
It is not the purpose of the present paper to go into
circuit relations to any greater extent than is necessary
to bring out, clearly, the parallelism and respective
self-sufficiency of the two systems. For a fuller exposi-
tion of the relations between the various functions of w,
the reader is referred to K. S. Johnson’s book, “Trans-
mission Circuits for Telephonic Communication” and
for a fuller treatment of the functions of ¢ to J. R.
Carson’s book, “Electrie Circuit Theory and the Opera-
tional Calculus.”
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The formulas shown in the last paragraph indicate
that the fundamental parallelism between the two kinds
of functions extends to calculations of the received
wave. There is a difference, which is not of great
significance from the standpoint of pure theory, but
which is important from the standpoint of practical
computation. Itis seen that in the case of functions of
w the operations consist of the multiplication of two
characteristics. In fact, by expressing the character-
istic in terms of a logarithmic function of Y in the
usual manner, it is possible to reduce these operations to
additions. In the case of the functions of ¢ the compu-
tations are much more complex involving differentia-
tion, the multiplication of two functions, and the
the evaluation of an integral. The processes of differen-
tiation and integration, are, in general, essentially
graphical operations which cannot be carried out with
the same precision as processes which are essentially
arithmetical. It is, therefore, as a practical matter,
greatly advantageous to arrange the calculations so
they can be carried out with functions of w.

The important fact is that for telegraph purposes the
two methods are substantially equivalent in result,
though different in processes and labor involved. The
fundamental reason for this difference is that, on the
theory as developed in the paper, it is not necessary to
compute the received wave as a function of £.5

The method of analysis used in this paper is that
of the Fourier series. It should be mentioned at this
point that there is an alternative method, known as that
of the Fourier integral. The Fourier integral can be
made to yield essentially the same mathematical
formulas as have been obtained in this paper. Also,
if care is taken, it is possible to obtain essentially the
interpretations here given. Appendix IX sets forth
the relation between the series and the integral,
and points out the problems where special care is
needed in applying the integral.

INTERFERENCE

So far it has been assumed that the circuit is
free from external interference. In any actual
case there is always some interference present,
and it is necessary to take it into account. The effect
of the interfering wave is to superpose itself on the
singaling wave and give the resultant received wave a
different value, which otherwise it would not have. If
the interference is great enough, the received wave will
be interpreted as different from that intended. If the
interference is non-predictable, (as likely to be positive,
as negative), its arithmetical value must be less than
one-half the difference between any two current values
employed in signaling. In fact, the number of distinct
magnitude factors, hence, the amount of intelligence
that can be transmitted over a circuit, are definitely

5. Submarine Cable Telegraphy, J. W. Milnor, A. 1. E. E.
TransacTIONS, Vol. 41, p. 20; in particular the suggestion made
in the closing paragraph on p. 38.
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limited by the interference. It is, therefore, important
to consider the nature of the interference and to
determine to what extent, if at all, it may be overcome.

Interference may be of many kinds and sources,
including such telegraph currents as cross-fire and
duplex unbalance. We shall go a step further: and
consider as interference such portions of the telegraph
wave as'result from departure from the ideal of the
telegraph current. Thus the difference between the
actual wave and the desired ideal wave is interference.
It is realized that this convention is not in agreement
with common usage but, for the purposes of this paper,
it is justified by the simplification which results.
In order to distinguish this interference from other
forms it may be called the characteristic interference.
The term ¢ntersymbol interference has also been used for
this effect. It is closely related to characteristic
distortion.s :

Interference may usually be reduced by suitable
means: Duplex unbalance currents may be reduced by
improving the balance; characteristic interference may
be reduced by improving the transmission characteris-
tic; and interference from other circuits reduced by
decreasing the coupling. But when everythingprac-
ticable has been done to reduce the interference, there
is, in general, a residual left which produces distortion
in the signals. The total amount of interference sets a
limit to the number of distinct magnitude factors
which may be employed and, therefore, to the rate with
which intelligence may be transmitted over the circuit.
The interference which can be tolerated depends on the
amount of energy in the signaling current. This is
again limited by the power-carrying capacity of the
line, either because certain apparatus overloads or
because interference into other circuits becomes too
great.

It is of considerable interest to determine the spectral
distribution of power in the signal which is most
suitable for overriding a given interference. The
assumption will be made that the maximum power is
definitely limited. It is shown in Appendix VIII that
when the shape factor is a constant from zero to the
frequency s and zero for other frequencies, the mean
total power is proportional to

N
1
w2
“h =1
and it follows that for this case all signals which are
made up of the extreme values of the magnitude factors,
(it is assumed that the positive and negative values are
numerically equal), load up the system to the same
extent. If some other shape factor were used it would,
in general, result in the maximum power only for the
most favored signal combination; for others, the power
would be less. It is concluded that for the purpose of

6. Measurement of Telegraph Distortion, Nyquist, Shanck
and Corv, A. 1. E. E. Ji., Vol. 46, p. 231, 1927,
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overriding interference, when the power carrying
capacity of the line is the limiting factor, the shape
factor just considered is the most suitable at the point
where the interference is introduced.

In discussing the interference above, it has been
assumed that the circuit is linear. If some of the circuit
elements are non-linear, the result may be looked on as
interfering currents generated in the elements. This
interference is predictable and it is theoretically pos-
sible to eliminate or reduce it by introducing elements
which produce a compensating distortion.

The assumptions have been made that the signal
elements are all of equal duration and that the system
is designed especially to handle signal elements of
that specific duration. In other words, the system is
designed for a given speed of signaling in preference to
other speeds, both slower and faster. It is of obvious
interest to inquire what the effect is when the speed is
somewhat different from that for which the system has
been designed, the signal elements being of equal
length.

Suppose a system is designed to be distortionless at a
speed of signaling s, and suppose that it is used to
transmit signals of the speed < s, where « is a factor
which does not differ greatly from unity. Let the
system be such that the admittance is given by

Y (w) (cos w7— tsin wT)
An admittance which would give distortionless trans-
mission at the speed of « s is then given by the
expression
Y (w/v) (cos wT— tsin w7)
The difference between the actual admittance given by
the first expression and the ideal admittance given by
the second expression represents an admittance giving
rise to interfering currents. Neglecting the constant
delay, this admittance is given by the expression
Y (@)= ¥ (/)
and the current corresponding to this admittance is the

portion of the characteristic interference which arises
from the alteration in speed.

Formulas for the interfering wave may be deduced
from this expression, but it will be sufficient for our
purposes to note the ratio of the interfering wave to the
signaling wave at a specific frequency. This ratio is
given by the expression

Y ()= Y (w/v)
Y (w)

or approximately
(w— w/y) , dY
Y (w) d w

It will be seen that for a small discrepancy between
the ideal speed and the actual speed the amount of
distortion is largely determined by the slope of the
transfer admittance curve. The more abruptly the
transfer admittance changes, the greater will be the
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interference accompanying a small change in signaling
speed.

It has been assumed that the change of speed is
uniform, 7. e., that all signal elements are lengthened or
shortened in the same proportion. It is of considerable
practical interest to inquire what happens when there is
no such regularity in the change of speed, in other
words, when some signal elements are shortened and
some are lengthened and when the various elements are
not changed in the same proportion. Consider first a
signal consisting of a single element of finite current
value, the current values of the remaining signal
elements being zero. It is clear that it makes no
difference where the ends of the signal elements are
taken when the current value is zero, and consequently
this particular signal may be considered to come under
the case already discussed. In other words, the inter-
ference due to any one element is as discussed above.
Further, the total interfering current at any instant is
the sum of the interference caused by all the elements.
It follows that to a first approximation, the interference
is the same as that deduced above for the regular
lengthening or shortening.

It has been indicated that if interference from foreign
sources is kept low, the transfer admittance made to
comply with certain requirements and the speed of
signaling kept constant, it is possible to transmit signals
with very little distortion, utilizing a frequency range
which is only slightly greater than the speed of signaling.
One advantage of keeping the distortion small is that a
large number of current values may be employed, thus
increasing the intelligence-carrying capacity of the line.
As explained above, the total interfering current should
be less than one-half the difference between adjacent
current values. In actual practise it will probably be
found desirable to keep considerably within these
limits, so as to have a definite margin. On the other
hand, there would be no object in reducing the inter-
ference beyond the point where the signal is decipher-
able with certainty and ease.

Appendix I.

Analysis of D-C. Wave. It is required to find the
sinusoidal components of a telegraph wave of T sec.
duration composed of N rectangular signal elements and
repeated an indefinitely great number of times. Let
the value of the wave at any instant be denoted by
E (t), where

E () = a;for0 <t < T/N, (time unit 1),

E () = asfor T/N <t < 2T/N, (time unit 2),

E () = apfor (h—1) T/N < t<hT/N, (timeunith).

Represented as a Fourier series the wave is

A~ :
5 + E (A, cos npt + B, sin npt),

n=1

E@) = )

where p/2 m = 1/T is the frequency of the fundamental
wave. The problem is to find expressions for the A’s
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and B’s, so they can be computed from the known
values of the o’s.

Multiply both sides of the equation by cos kpt dt and
integrate from zero to 7. In this expression k is a
positive integer.

T T

f E (t) cos kpt dt = —%’— f cos kpt dt
0

0

oo

+ >4,

n=1 o
0

T
(3
cos kpt cos npt di

© pT

cos kpt sin npt dt, (2)

From a well-known trigonometric formula
cos (k + n) pt + cos (k— n) pt
> .

cos kpt cos npt =

The integration is carried out over an integral number
of cycles and the result is, therefore, equal to zero with
the single exception where n = k when the integrand
has the average value 1/2 and the integral is T'/2.
Likewise, V

sin (k+n)pt—sin(k—mn)pt
2

coskptsinnpt =

The integrals of these obviously are also zero. The
right member of equation (2) reduces, therefore, to the
single term

ArT/2.
The left member of equation (2) may be written
TIN 2T/ N
a, f cos kptdt + as | cos kpt dt + ete.
TIN
or N AT/N
E an f cos kpt dt .
=L Gy

Changing the origin of ¢ to the center of the time unit to
which each integral refers, 1. e., putting
t=(h-1/2)T/N +t
and dropping the prime, we have
N T/2N

Eahfcos[lc(h— %)%p-{—kpt]dt
b=l XN
N T/2N
1 T
= Eah[cosk<h—§)—]v—p cos kpt dt
h=1 “rpN
+T/2N
. 1 T .
- s1nk<h— 7>—N—p s1nkptdt].
—T/2N
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The integral in the second term is equal to zero. Re-
arranging and substituting n for k, this expression
becomes:

T/2N N

cos npt dt 2 a,,cosn(k— -;—)% = AET .
YN h=1
(3)
The value of the integral is:
2 sin npT /2 N
np )

Remembering that T p = 27, N/2 T = s, the speed of
signaling, and np = 2 # n/T = w, the result becomes

N
A, T 2sin w/4ds 27n 1
>— = o Eahcos——N (h——z—)
h=1
or
N
_8sin w/ds 1 27mn 1
A, = w75 N Eahcos N (h——Z-)
h=1
“4)

This has now been established for all values of n except
zero. If the same procedure be gone through with
equation (1) without multiplying by cos kpt it will be
found that this formula does in fact hold for A, as well.
Further, if equation (1) be multiplied by sin kpt and
the same operations are performed it will be found that

N
B, = 8Sir;;;/4s ]%7 Eahsin 2;” (h— -;—)
h=1
‘ ®)
Put F(w) = —8%%“—&, (6)
N
Cn=-—;]—2ahcos 2;” <h~%> (7
h=1
N
8, = Sasin 2T (h- 3), (8)
h=1
The expressi'ons (4) and (5) may now be written
A,— 1B, =F (w) (C,—18,) 9)

The function F is determined by the wave form and
(C,— 1S, by the intelligence being transmitted.
The former will be called the shape factor, the latter
the diserimination factor. :

It is a matter of convention whether a plus or minus
sign is chosen in equation (9). The choice made is
consistent with the more usual convention.

Appendix II-A
Specific Criterion of Distortionless Transmission. It
is  of interest to investigate how intelligence may be
accurately transmitted by signals employing rectangu-
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lar wave shape at the sending end with a minimum
frequency band width. In Fig. 1 it is indicated that
this is usually possible when a band width equal to s is
transmitted. A case of practical importance is where
frequencies are transmitted from zero up to the speed
of signaling. When such a limited frequency range is
employed the received wave is, of course, different from
the sent wave. In order that the received wave
convey intelligence, it is sufficient that something
pertaining to the wave in each of its time units be pro-
portional or equal to the magnitude factor of each
signal element at the sending end. First, let it be
assumed that the received wave at the middle of each
time unit, measured by an ideal receiving device, be
representative of the signal element sent during that
time unit. No notice will be taken of the wave at any
other point in the time unit, and consequently deforma-
tions of the wave at other points will not matter. It
will be computed below what shape factor the received
wave must have in order for its value at the middle of
each time unit to equal the corresponding amplitude of
the sent wave.

Let the current at the receiving end at the middle of
the time unit, #, beequal to a,. Nowt = (h— 1/2)T/N
at the middle of the time unit, and the Fourier series
becomes:

N/2

ah=-é23-+z[Ancos 2]7\'.7" (h- ; )

n=1
21n 1
() |-
There are N such equations, since 2 may successively
take the values 1, 2. . . N. There are also N un-
known values of A’s and B’s. (Note, B, =0 and
Ay, = 0.) These unknowns may be determined by

the usual methods of solving simultaneous equations,
or more simply in the following manner: Multiply all

27wk

N h'(%)

+ B, sin

(1

equations from h = 1 toh = N by cos

and add them:

N

Ea COS 2k
h N

h=1

(=)

(a)
N
=——é—"zcos 2]7(715 (k— —;—)

N N/2 (b)

+%22{An[cos(n+k)%<h——%)

h=1 n=l
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(©)

+cos(k~n)2—]\;r—(h— %—)]
(d)
-I-Bn[Sin(n—i-k)—ZNl(h— .;_)
(e)

——sin(k—n)%(h—%—)]}. (2)

In equation (2), use has been made of the trigono-
metric formulas:

cos (@ + b) + cos (a — b)
2

sin (& + b) — sin (@ — b)
2

In order to simplify equation (2) we will employ the
identities:

cosacosb =

cosasinb

N

1 _ cos Nx/2sin Nx/2
Ecosx(h— 5 )— Snz/2 3)
h=1
N
. 1 )\ _ sin?Nz/2
Esmx(h— 5 )— Snz 2 4)
h=1

To prove these identities, multiply the left member of
(4) by 7 and add to the left member of (3):

N N

1 ; Q] 1 i(h—1/2)z
Ecos(h— §> x +zs1n(h— 7) x = Ee (h=172)
h=1 h=1

. N .
= e 2 2 eite = % (1 4 eiz + ei2s 4 . | | @i(N-Ds)
h=1
_e2(1——e"Nx)_e2(e—z—e2)_e2sian/Z
T 1 e T e /2 sin x/2
cos Nx/2 sin Nz /2 . sin? Nx/2

B sin x,/2 T sin /2 (5)

Equating real and imaginary parts gives equations
(3) and (4), respectively.

By applying formula (3) to terms (a), (b), and (c),
of equation (2), and applying formula (4) to terms
(d) and (e),

N

2 27k 5 1) _é cos km sin km
@ COS 7 < ~92) =2 Tsnkr/N

h=1
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N/2
1 cos (n + k) wsin (n + k) 7
+2 21 [A"( sin (n + k) m/N

+

cos (k — n) wsin (k — n)7r)
sin (k — n)w/N

B ( sin? (m + k) w sin? (k—mn) w
"“\sin(m + k) #/N _sin (k—n) =/ N

)Jo

As k approaches any integral value of n, for instance
m, from 0 to N,/2 — 1 inclusive, all the numerators of
the terms in the right-hand member of equation (6)
approach zero. Consequently, these terms approach
zero except one term

A, cos(k—m)wsin(k—m) T
2 sin (k— m) w/N

whose denominator also approaches zero. This term
becomes N A ,,/2. Setting k = m, solve equation (8)
for A,.:

N
2 2mTm 1
A, = —]—V——Eahcos N (h— 5 ) =2C,. (7)
h=1
Changing subseripts:
A, =2C,. (8)
Now if, instead, we multiply equation (1) by
sin 2k <h - L ) a similar process gives:
N 2 b p g M
B, =28, (n < N/2). (9)
But when n = N /2 this process gives:
Bxjs = Sxja. (10)

From equations (8) to (10) it is seen that the shape
factor which will be denoted by F, (w), is equal to 2
from zero frequency up to the speed of signaling where
it suddenly drops to half that value. Above this
frequency F, (w) is equal to zero, as shown in curve a,
Fig. 2.

It will next be shown that there is an infinite num-
ber of shape factors which may be added t