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COMMUNICATION SYSTEM EMPLOVING PULSE
CODE MODULATION

Bernard M. Oliver, Palo Alto, Caiif., and Claude E. Shan-
non, Chatham, N. J., assignors to Bell Telephone Lab-
oratories, Incorporaied, New York, N. Y., a corpora-
tion of New York

Continuation of application Serial No. 649,347, Febroary
21, 1946. This application September 17, 1952, Serial
No. 310,046

8 Claims. (Cl. 178—43.5)

This application is a continuation of our application
Serial No. 649,347, filed February 21, 1946,

This invention relates to communication systems for
the transmission of complex wave forms by means of
code groups of a plurality of different types or different
signalling conditions transmitted at high speed. Typi-
cal types of wave forms suitable for transmission by
means of such code groups. of pulses are encountered in
speech, music, sound, telegraph signals, mechanical vi-
brations and picture transmission systems.

The object of the present invention is to provide an im-
proved communication system capable of transmitting
and reproducing with high fidelity a complex wave form
by means of code groups of pulses transmitted over an
electrical transmission path in such a manner that the
signal-to-noise ratic of the received signal is materially
improved, and at the same time the frequency band width
required for transmission of the signals is kept at a
minimum.

Another object of this invention is to provide improved
and simplified methods and apparatus capable of trans-
mitting and receiving signal pulses over a noisy channel
and deriving therefrom signals having a high signal-to-
noise ratio.

In the past various communication systems have been
proposed for improving the signal-to-noise ratio of re-
ceived signals. In one such system the amplitude of the
signal wave to be transmitted is sampled at successive
intervais and pulses having either their beginnings, or
terminations, or both a function of the amplitude of
the complex waves are transmitted. While such systems
may secure an improved signal-to-noise ratio, they re-
quire a wider frequency band than is required by the
present system to effect a given improvement in the sig-
nal-to-noise ratio.

Other systems have been proposed in which a group
of pulses is transmitted over a plurality of separate trans-
mission paths. Such an arrangement is complicated and
cumbersome and requires a plurality of transmission
paths for the transmission of each of the complex waves
to be transmitted.

A feature of this invention relates to a simplified and
improved sampling arrangement for obtaining changes
of an electrical quantity that are proportional to, or a
function of, the instantaneous amplitude of a complex
wave at predetermined instants.

Another feature of this invention relates to measuring
equipment for determining the magnitude of an electrical
quantity by reducing its magnitude by a plurality of small
steps of equal amplitude and counting the number of
steps required to reduce the magnitude of said electri-
cal quantity to a predetermined value.

Another feature of this invention relates to a high
speed storing arrangement for storing a plurality of elec-
trical conditions and controlled by the number of steps
or pulses counted by the counting arrangement.

Stili another feature of this invention relates to an elec-
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trical distributing or transmitting arrangement for traus-
mitting pulses in succession under control of stored infor-
mation.

Another object of this invention is to provide repsat-
ing equipment for receiving, amplifying, and selecting
a suitable portion of the received pulses and then accu-
rately reforming the pulses both as to shape or wave
form and as to time of occurrence.

Another object of this invention relates to improved
receiving and decoding methods and apparatus for sys-
tems utilizing permutation code groups of pulses.

Still another feature of this invention relates to appa-
ratus for rendering the repeating and receiving apparatus
insensitive, blocked, or cut off except at the instants of

5 time when pulses may be transmitted to the receiver.

A feature of this invention relates to a receiving de-
vice incorporating a network including a condenser and
resistance comnected in parallel to which received pulses
are applied. In the exemplary system described herein-
after incorporating the present invention, the magnitudes
of the condenser and resistor are so related to each other
and to the pulses that the charge upon the condenser will
change to ome-half of its previous value during the in-
terval of time between the centers of two adjacent pulse
intervals. i

A further object of this invention is to generate a
plurality of pulses of varying magnitude under control
of the potential across a parallel combination of a re-
sistor and condenser.

Still another object of this invention relates to circuits
for and methods of reconstructing complex wave forms
from a piurality of pulses of varying magnitude repre-
senting the amplitude of the desired complex wave at
predetermined instants.

Briefly, in an exemplary system embodying the pres-
ent invention, a complex wave form is sampled at fre-
quently recurring intervals of time, the frequency of
which is determined by the maximum frequency com-
ponent of the complex wave form to be transmitted. In
sampling the complex wave form a charge is stored upon
a condenser in such a way that the charge upon the con-
denser, or the voliage across the condenser is proportional
to or is a function of the instantaneous amplitude of
the complex wave form at the instant each of the samples
is taken,

The magnitude of the charge or voltage of the con-
denser is then measured by changing or reducing its mag-
nitude by a plurality of successive steps of substantiaily
equal magnitude and counting the number of steps re-
quired to change the voltage across the condenser to a
predetermined fixed or reference voltage. A counting
mechanism is employed to count the number of steps re-
quired to change the voliage on a condenser by the re-
quired amount. In the exemplary system embodying the
present invention, a so-called binary type of counter is
employed.

At the end of the counting interval, the setting of the
binary counter is transferred to storage circuits where the
conditions of the various elements of the binary counter
are stored upon storage condensers. A storage con-
denser is provided for storing the condition of each
stage of the binary counter. Thereafter a code group
of pulses is transmitted under control of the charges
stored upon the respective storage condensers. Such
code groups of pulses are frequently called permutation
code groups or binary code groups of pulses.

In addition, a synchronizing pulse is transmitted for
each code group of signalling pulses. The synchroniz-
ing pulse is transmiited to maintain the receiving equip-
ment in proper phase with respect to the transmitting
equipment, so that the received permutation code groups
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of pulses may be properly decoded and the complex wave
form reconstructed therefrom.

Due to the action of the system in first determining
the magnitude of each sample and then storing this in-
formation and later transmitting a series of pulses repre-
senting the magnitude of each sample, it is possible first
to determine the magnitude of each sample during one
interval of time and then to transmit the series of pulses
representing that sample during the next or a succeeding
interval of time. During this next or a succeeding inter-
val of time, the counting equipment is free to determine
the magnitude of the next sample.

When the counter operates upon the binary principle,
as in the present invention, and a pulse is transmitted
representing the condition of each stage of the counter
after having been set in accordance with each sample,
each pulse of a code group of pulses represents a certain
fraction of the total possible magnitude of the sample.
These fractions, when added together, represent the mag-
nitude of the sample. By first determining these quantities
and then storing them and later transmitting them, it is
possible to transmit in a desired order. )

In the exemplary system described hereinafter, pulses
representing the smallest fraction are transmitted first, and
each succeeding pulse represents twice as great a fraction
of the total possible magnitude of each sample as the
preceding pulse. By transmitting the pulses in this-order,
which is equivalent to transmitting digits of a binary
number in a reverse order from which they are usually
read, it is possible to reconstruct the magnitude of each
sample by applying the pulses to a simple network com-
prising a condenser and a resistance connected in parallel
and having a time constant related to the pulsing speed.
In the exemplary system embodying the present inven-
tion, the time constant of the condenser and resistance
combination is so chosen that the potential across the con-
denser changes by one-half during each pulse interval.

While the novel features of this invention, which are
believed to be characteristic thereof, are set forth with
particularity in the claims appended hereto, the invention
itself, both as to its organization and method of operation
together with other objects and features thereof, may be
more readily understood from the following description
of an exemplary system embodying the invention when
read with reference to the accompanying drawings in
which: :

Fig. 1 shows in diagrammatic form the various ele-
ments and functions performed thereby and the manner
in which these elements cooperate to form an exemplary
communication system embodying the present invention;

Fig. 2 shows the manner in which Figs. 3, 4 and 5 are
positioned adjacent one another;

Figs. 3, 4 and 5 when positioned in accordance with
Fig. 2, show in detail, the equipment and circuits of each
of the elements of an exemplary system, and the manner
in which they are connected together;

Fig. 6 shows the manner in which Figs. 7 and 8 are
positioned adjacent one another; and

Figs. 7, 8 and 9 show in graphic form the wave form
of voltages at various places in the system as will be de-
scribed hereinafter.

- Fig. 1 shows in schematic form the various circuit ele-
ments and apparatus, and the manner in which they co-
operate to form an exemplary system embodying the
present invention. In Fig. 1, a single one-way commu-
nication channel is disclosed for transmitting signals from
a source 110 to a receiving device 126. It will be obvi-
ous to persons skilled in the art that additional channels
may be provided between the two stations or positions
and in particular another channel in the reverse direction
may be provided so that a two-way communication path
will extend between the two points. To accomplish this,
it is necessary to duplicate the equipment shown in Fig. 1
by providing transmitting equipment adjacent the receiv-
ing device 126 and receiving equipment adjacent the
transmitting device 110. If desired, the two ome-way
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systems operating in opposite directions may be combined
by means of any of the usual hybrid coil circuits or equiv-
alent equipment.

The source of signals 110 is illustrated in Fig. 1, as a
microphone responsive to speech, music or other sound
waves. It will be obvious to persons skilled in the art that
any suifable type of microphone or other signal source
may be employed. Typical devices which may replace
the microphone 110 include picture transmission systems,
telegraphic transmitters, vibration pick-ups, photoelectric
devices, piezoelectric devices, one or more channels from
a multichannel voice frequency telegraph system, etc.

The source of signals 119 is connected through any
suitable interconnecting and terminal equipment to an
electronic switch 111, The electronic switch 111 is con-
trolled by timer 112 so that it will operatively connect
condenser 113 to source 110 or at least charge condenser
113 to a potential determined by the amplitude of the
complex wave at predetermined intervals of time.

Condenser 113 is connected to a comparison circuit 114
which controls an electronic switch and discharge circuit
116. By the means of pulse generator 117, electronic
switch and discharge circuit 116 and the comparing cir-
cuit 114, the condenser 113 is discharged in a plurality
of steps of substantially uniform magnitude. The upper
terminal of condenser 113 is also connected to a binary
counter 115 which counts the number of steps required
to discharge condenser 113 to a predetermined reference
or zero level.

Thereafter the setting of the binary counter 115 is
transferred to storage circuits and equipment associated
with the distributor 118. The distributor 118 then causes
a plurality of pulses to be transmitted over the transmis-
sion conductor 131. Operation of the electronic switch
111, binary counter 115 and distributor 118 are under
control of the timer circuit 112 to insure that each of
these devices performs its function in proper sequence.
As shown in Fig. 1 the switch 127 is provided for syn-
chronizing the pulse generator 117 with timer 112. While
synchronous operation of the pulse generator 117 is not
essential to the successful operation of this system and
may be undesirable at times, at other times it will be
desirable to operate the pulse generator 117 in synchro-
nism with timer 112. In order to make the system flex-
ible and suitable for use under both such circumstances,
switch 127 has been provided so that when this switch is
closed the pulse generator 117 and the timer 112 are oper-
ated in definite time relation one with the other. How-
ever, when switch 127 is open, these two devices do not
have to operate in definite time relation one with the
other. Under these circumstances, the only requirement
is that sufficient time be provided for the various elements
of the system to perform their required functions.

As will appear hereinafter, the timer 112 controls the
operation of the electronic switch 111, the distributor
118 and binary counter 115 and also pulse generator 117,
when switch 127 is closed, in such a way that complex
wave is first sampled and then the magnitude of the charge
on condenser 113 is registered by the binary counter 115
through the action of the comparing circuit 114, electronic
switch 116 and pulse generator 117. Thereafter the
setting of the binary counter is transferred to the dis-
tributor circuit 118 whereupon the binary counter is re-
set and another sample of the complex wave obtained
and the process of determining the magaitude is repeated
for this sample. During the time the second sample
is being obtained and its magnitude determined. pulses
representing the magnitude of the first sample are trans-
mitted by the distributor 118. Thus a maximum time is
provided for determining the magnitude of the samples
and also for the transmission of pulses representing these
samples. In other words, during one cycle of operation
of the distributor, pulses representing one sample are
transmitted and during this same cycle of the transmitter
the magnitude of the succeeding sample is being deter-




































