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PREFACE

The Lenkurt Demodulator is an informative technical periodi-
cal published monthly and circulated without charge to techni-
cians, engineers, and managers of companies or government
agencies who operate communications systems, and to educa-
tional institutions. Each issue features an interesting and instruc-
tive article dealing with the subject of telecommunications.

This volume is a collection of 74 of the best and most popular
articles selected from past issues of The Lenkurt Demodulator.
The articles are greuped topically into five sections—(l) MULT!-
PLEX TECHNOLOGY, (ll) MICROWAVE RADIO, (Ill) DIGITAL
DATA TRANSMISSION, (V) GENERAL COMMUNICATIONS, and
(V) SEMICONDUCTOR DEVICES. An expanded Table of Contents
is included for quick and easy reference to the subjects covered
in each article.

It should be noted that these articles have been reprinted
exactly in their original form. Occasiona' references may be found
to articles not appearing in this volume. Also, some articles, deal-
ing with such subjects as satellite communicatiors, may be
slightly outdatec because of rapid technological changes, but are
included for their historical and tutorial value.

EDITOR
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of MULTIPLEX
TELEPHONY

The advancement of telephone communications
from a laboratory experiment to a highly sophisti-
cated technology records some rather extraordinary
achievements. Prominent among these achieve-
ments ts a means whereby two or more speech
signals can be transmitted simultaneously over the
same telephone circuit — a technique known as
multiplexing. This article discusses the historical
development of multiplex telephony and describes
some of the important capabilities of modern multi-
plex systems.
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he ability to transmit the spoken

word over long distances by means
of electrical circuits was indeed a revo-
lutionary step in man’s progress. Since
Alexander Graham Bell's remarkable
invention in 1876, the telephone has
become a vital and indispensable ele-
ment in promoting economic and social
progress. Today, with millions of miles
of telephone circuits, there seems to be
no bounds on man'’s desire to communi-
cate with distant places.

The first practical telephone circuits
consisted of a single grounded wire
with a telephone connected at each end.
With this arrangement, each telephone
could be connected only with the tele-
phone at the opposite end of the cir-
cuit—and not to any others. Such a
simple arrangement was very limited.

It didn't take long to realize that
there was a need for some practical
means of interconnecting all the tele-
phones in a local area. This need was
satisfied by establishing a central point
where all local telephone circuits would
come together and where any two tele-
phones could be interconnected, upon
request, through a switchboard. This
common point became known as the
telephone switching, central, or ex-
change office. The first such commercial
telephone office, opened on January 28,
1878, in New Haven, Connecticut,
served twenty-one telephones over eight
open-wire lines called subscriber loops.
Service was soon extended by inter-
connecting the switchboards in the
telephone offices with additional wire
lines which became known as franks.
Trunks interconnecting local offices
were designated exchange trunks, while
those interconnecting long distance of-
fices were designated toll trunks,

During its early years, telephony was
involved with transmitting only voice-
frequency electrical signals over a single
grounded wire line. The techniques
first used to develop the outside wire

plant for telephone circuits were bor-
rowed from the older telegraph indus-
try. Soon hundreds of wire lines, car-
ried on crossarms which were mounted
on wooden poles planted along streets
and roadways began to appear in the
towns and cities and along routes inter-
connecting metropolitan areas.

It was soon discovered that the single
grounded wire line was not completely
suitable for telephone communications
because of such things as excessive elec-
trical disturbances that were annoying
to the users. This problem was solved
with the development of the two-wire
ot metallic circuit. This type of cir-
cuit consisted of two closely paralleled
wires, with one of the wires providing
the current return path instead of re-
turning the current through the earth.

Although the metallic circuit solved
an interference problem, it presented
the enormous problems of reconstruct-
ing practically the entire telephone plant
and also doubling the already burden-
some and oftentimes unsightly mass of
wire lines. This seemingly overwhelm-
ing task was performed by the tele-
phone industry during the period be-
tween 1890 and 1900.

Putting the wire pairs into cables
served to remove some of the wire lines
from view, but the problem of con-
tinually having to enlarge the outside
wire plant to satisfy the increasing de-
mand for more circuits still remained.
A method of increasing the number of
telephone circuits without having to
add thousands of miles of more wire
was sorely needed.

Multiplexing

Early in the development of tele-
phone communications, it was found
that a frequency range from about 300
to 2800 cps would convey speech with
sufficient fidelity and clarity for com-
mercial telephone service. (Modern
telephone systems transmit speech sig-



nals ranging from about 300 to 3400
cps.) However, since it was possible to
transmit electrical waves of hundreds
of thousands of cycles per second over
wire lines, all the capabilities of the
existing telephone circuits were not be-
ing used. This fact resulted in a search
for a means of transmitting more than
one telephone conversation simultane-
ously over a single pair of wires, a
process known as multiplexing.

The underlying principles of multi-
plexing actually predate the invention
of the telephone. Bell himself was ex-
perimenting with a type of multiplex-
ing for telegraph systems at the time
he conceived the idea of the telephone.
Since electronic devices were not avail-
able to the eatly experimenters, they
had to generate and select the alternat-
ing current carriers required for multi-
plexing by mechanical means. Initially,
vibrating reeds, each with a different
resonant frequency, were used for this
purpose.

In these so-called harmonic telegraph
systems, it was necessary to produce
alternating current carriers in the order
of only a few hundred cycles since the
original signals were dc pulses. How-
ever, to multiplex telephone signals the
carrier frequencies would have to be
much higher. Carriers in the order of
tens of thousands of cycles were con-
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sidered to be necessary to preserve the
characteristics of speech signals and to
properly separate them electrically. But
to produce frequencies of this higher
order of magnitude, new and different
techniques of generating alternating
current were needed. Tuning forks,
high-frequency commutator generators,
and dc arc interruprors were among the
first carrier producing devices consid-
ered for multiplex telephony.

Unfortunately, the early experimental
types of telephone multiplexing were
of little practical use. The development
of successful multiplex systems had to
await the arrival of the wireless or radio
technology which occurred shortly be-
fore 1900. During the decade follow-
ing 1900, a number of advances occur-
red which later helped to develop prac-
tical commercial telephone multiplex
systems. Among these were the inven-
tion of the vacuum tube by Edison, the
addition of a grid to the vacuum tube
by DeForest, and the improvements in
electrical wave flters.

In 1910, Major G. O. Squier, a
United States Signal Corps officer, de-
veloped an experimental multiplex sys-
tem which was operated over a short
length of cable. This experiment re-
stimulated interest in commercial multi-
plex telephony and led to extensive
developmental effort by the Bell System

Figure 1. In frequen-
¢y division multiplex-
ing, low-frequency
speech signals, rang-
ing between 0 and 4
ke, are shifted to
separate positions in
a higher frequency
range.



Figure 2. In time di-
vision multiplexing,
speech signals are
separated by briefly
sampling each chan-
nel in a regular
sequence.

—hrst by Western Electric and later by
the Bell Telephone Laboratories.

It is interesting to examine some of
the names that have been associated
with the technique of multiplexing.
The terms carrier current telephony
and multiplex telephony appear often
in early references, with other terms
such as high frequency telephone,
wired radio, and line radio receiving
some notice. The term carrier telephony
prevailed afterwards, but has been ap-
plied ordinarily only to wire systems,
while the term multiplex telephony has
been applied to radio systems. More re-
cently, the term multiplex telephony
has been used exclusively, regardless of
the type of system to which it refers.

How It Works

In order to transmit two or more
telephone signals simultaneously over
the same circuit, the signals must ke
separated so that they do not interfere
with each other. This can be done by
separating them either in frequency or
in time. Separating signals in frequency
is known as frequency division multi-
plexing, whereas separating them in
time is called time division multiplex-
ing. The concepts of these two types of
multiplexing are shown in Figures 1
and 2. Both methods were experi-

6

mented with in the early stages of
multiplex telegraphy. The vibrating
reed technique, which used a different
frequency for each telegraph channel,
was an example of frequency division
multiplexing. The most prevalent type
of multiplexing used in the telephone
industry has been frequency division.

Either frequency modulation or am-
plitude modulation may be used to
transform speech signals to separate
frequency bands, as required for fre-
quency division multiplexing. Ampli-
tude modulation is most commonly
used. In this type of modulation, the
resulting modulated wave consists of
a carrier wave, an upper sideband wave,
and a lower sideband wave. The two
sideband waves are separated from the
carrier wave by a frequency equal to
the modulating speech signal. Each
sideband wave includes all of the fre-
quency components of the modulating
speech signal. It soon became evident
that only one sideband wave had to be
transmitted. Therefore, the carrier
wave and the other sideband wave
could be suppressed, provided an equiv-
alent carrier was available at the receiv-
ing end to demodulate the signal.

By using only one sideband, the
energy required to transmit the signal
is reduced considerably and the fre-

[World Radio Histo



quency band used is essentially half
of that required if both sidebands and
the carrier are transmitted. Thus, twice
as many telephone channels can be ob-
tained in the same multiplex frequency
band. The technique of transmitting
only one sideband, known as single-
sideband suppressed-carrier, is used in
most of the multiplex systems that have
been developed for toll circuit use.

The basic components of a frequency
division multiplex system, using single-
sideband suppressed-carrier, are the
modulators, demodulators, filters, and
a source of carrier frequencies. Addi-
tional circuits are necessary to provide
such things as power, signaling, and
regulation. Figure 3 illustrates the use
of the basic components in a simplified
two-channel multiplex system.

In this system, speech signals re-
ceived from the telephone transmitters
associated with each channel pass
through a low-pass filter which limits
the upper end of the frequency range
to about 4000 cps to conserve the fre-
quency spectrum. Next, the signals are
applied to a balanced modulator where
they combine with a carrier received
from an oscillator. (Note that the two
carriers are different.) The carrier is
suppressed in the modulator; therefore
the output of the modulator contzins
only the upper and lower sidebands.
The upper sideband is then attenuated
in the bandpass filter leaving only the
lower sideband for transmission. At
this point, signals in channel one range
between 6 and 10 ke, while signals in
channel two range between 11 and
15 kc. Signals in both channels are
now combined, amplified, and trans-
mitted over the same transmission line.

At the receive terminal the com-
bined signal appears at the input of
two bandpass filters. The channel one
bandpass filter passes only the 6 to
10 kc signals and rejects the 11 to 15
kc signals, while the channel two band-

pass filter passes oaly the 11 to 15 kc
signals while rejecting the 6 to 10
kc signals. Next, the signals in each
channel are applied to a demodulator
where they combine with a carrier of
the same frequency as that used in the
transmit terminal. The output of the
demodulator is passed through the 4-
kc low pass filter which attenuates the
upper sidebands, leaving only the orig-
inal speech signals to be transmitted
to the telephone receiver.

Hence, this simplified multiplex cir-
cuit is able to electrically separate two
speech signals so that they can be trans-
mitted simultaneously over the same
transmission line, without interfering
with each other, and properly detected
at the recetving end.

Early Commercial Systems

In 1914, a laboratory model of a
complete multiplex telephone system
was tested by the American Telephone
and Telegraph Company on an open-
wire line that extended from South
Bend, Indiana to Toledo, Ohio. The
results of this test proved the feasibility
of multiplex telephony in commercial
applications. Later, in 1918 the first
commercial multiplex system began op-
erating between Baltimore, Maryland
and Pittsburgh, Pennsylvania.

The Bell System designated their
original multiplex sysiem as type A,
thus beginning a succession of different
systems with alphabet designations.
The type A system provided four two-
way channels for use over a single
open-wire line, with the same carrier
frequencies being used for each direc-
tion of transmission. This required the
use of hybrid coils to separate the trans-
mit and receive signals, a feature which
later proved to be objectionable. In
the next type of multiplex system, in-
stalled in 1920 and designated type B,
three two-way channels were provided
using different frequencies for each di-
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rection of transmission, This permitted
the use of filters to separate the chan-
nels and the hybrid coils were no
longer necessary. This technique of
using different frequencies for each
direction provided what is known as an
equivalent 4-wire system.

Both the type A and B systems used
amplitude modulation to superimpose
the telephone signals onto the carriers.
In the type A system, the carrier and
one sideband were suppressed with
only the other sideband being trans-
mitted. However, in the type B system,
one sideband was suppressed while the
other sideband and the carrier were
transmitted. When the type C system
was developed in about 1925, it incor-
porated the best features of the two
earlier systems. This system provided
three channels using different frequen-
cies for each direction of transmission,
and transmitted only one sideband.

The initial developments in multiplex-
ing were directed toward telegraphy,
and the frequencies used for this serv-
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ice occupied the range below 10 kc.
The frequency band from 10 to 30 ke,
therefore, was used in the early tele-
phone multiplex systems, limiting them
to 3 or 4 voice channels. Although
higher frequencies could have been
used, at the time it was not considered
practical because of the higher attenua-
tion and crosstalk, and other factors
associated with open-wire lines.

The type C multiplex system de-
veloped rapidly and was used ex-
tensively throughout the Bell System’s
long distance toll routes. By 1928,
several transcontinental 3-channel mul-
tiplex systems were in operation along
with many shorter systems between
such points as Chicago and Pittsburgh,
and San Francisco and Los Angeles.

Before the first commercial multi-
plex systems could be successfully used,
it was necessary to measure and ana-
lyze the characteristics of the trans-
mission medium to be used. Tests
showed that the attenuation of open-
wire and cable was a function of fre-
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Figure 3. Simplified two-channel telephone multiplex system.

quency, and increased as the frequency
was increased. The attenuation-fre-
quency characteristics of open-wire
pairs differed for different wire sizes
and for different spacings of the wire
pairs. The attenuation per unit length
was much lower for open-wire pairs
than for cable pairs under most condi-
tions, but the open-wire pairs were
more severely affected by changes in
temperature and humidity, and by
icing.

In the multiplex frequency band, the
characteristic impedance of open-wire
pairs varies somewhat with frequency,
different wire gauges and spacing, but
is generally considered to be about 600
ohms. However, for non-loaded toll
cable the characteristic impedance is
approximately 130 ohms.

Differences such as these greatly af-
fected the design requirements of early
multiplex equipment. In general, if a
multiplex system was designed for one

9

transmission medium, such as open-
wire, it could not be readily adapted
for use on a cable.

Soon, however, technical advances
proceeded far enough to permit the
development of twelve-channel multi-
plex systems designed to operate over
non-loaded cables and open-wire lines,
In the design of these systems, many
new types of components were used
and standardized so that they could be
interchanged, thereby making multi-
plex systems more economical.

The first of these systems, designated
type J, was designed for open-wire lines
and had a line frequency range of about
36 to 140 kc. The frequency band from
36 to 84 kc was used for transmission
in one direction and the frequency
band from 92 to 140 kc was used for
transmission in the opposite direction.

In addition, this system could be
used with a type C system, operating
in the 6 to 30 kc range, and a v-f cir-



cuit to provide up to 16 telephone chan-
nels over one open-wire line,

The next 12-channel system, desig-
nated type K. was used on a trans-
continental cable system and was put
into service in 1938. This system used
the frequency band from about 12 to
60 ke for transmission in both direc-
tions. This was done by using a differ-
ent wire pair for each direction, thus
establishing a physical 4-wire system.

The lower line frequency of the type
K system was achieved using a new
technique called group modulation. In
the earlier systems, the multiplex line
frequencies were accomplished by a
single direct-modulation step. Group
modulation, however, consists of using
two or more steps of modulation to
establish the line frequencies.

One of the most significant ad-
vantages of group modulation was that
it provided a simplified means of inter-
connecting standard sub-groups of
channels at line frequencies, a tech-
nique employed extensively in later
multiplex systems.

Later Developments

Prior to World War II, multiplex
systems were designed for operation
over medium and long distance tele-
phone routes. The devclopment and
installation of both the Western Elec-
tric 12-channel J open-wire and the
12-channel K cable systems established
multiplexing as the method for deriv-
ing toll circuits over long distance
routes. Not only was it possible to in-
crease circuit capacity more economi-
cally, but the grade of circuit was im-
proved.

Following the war, there was an un-
precedented demand for more short,
medium and long distance telephone
circuits. At this same time, there was
a shortage of materials for outside
plant construction, and the costs of
labor and materials were increasing.
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To supply the telephone circuit re-
quirements, new approaches to multi-
plexing were necessary, since its use
prior to this time was considered eco-
nomical only for long-haul circuits.
For short- and medium-haul use, vari-
ous multiplex systems were developed
which were simple to install, operate
and maintain, and which were competi-
tive with voice-frequency circuits, even
over very short distances.

These systems included the type N
system and Lenkurt's type LN system,
which provided 12 channels over two
cable pairs, and the type O system and
Lenkurt’s type 45C system which pro-
vided four 4-channel groups or six-
teen channels over an open-wire trans-
mission line.

In a number of instances, the full
channel capacity of a 12- or even a 3-
channel system was not required. For
this reason, stackability was desirable
in multiplex equipment, and systems,
such as the Lenkurt type 33A, were de-
veloped with a minimum of so-called
common equipment. Thus, individual
channel equipment could be added
(stacked) later to meet future circuit
needs.

The extreme flexibility afforded by
stackable multiplex equipment, and its
short-distance prove-in cost, permitted
economical expansion and was a con-
tributing factor to the use of multiplex
systems for short- and medium-haul
toll telephone circuits.

Once multiplexing had been firmly
established as the standard method of
deriving toll circuits, there was increas-
ing pressure to reduce the physical size
of the equipment. During and follow-
ing World War II, a continuing effort
was made to reduce the size of elec-
tronic components, and to add new de-
vices—such as germanium and silicon
diodes and transistors — which were
small and required much less power
than vacuum tubes. Lenkurt's type
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Figure 4. In the early days of telephony, a pair of wires was needed for each trunk
circuit. Often, hundreds of wire pairs had to be strung up on a single pole line to pro-
vide the necessary number of trunk circuits between metropolitan areas.
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45A 12-channel system for open-wire
lines, developed in 1952, was the first
multiplex system designed to take advan-
tage of miniaturization techniques and
modular plug-in components. This sys-
tem led to the development of a com-
plete family of miniaturized multiplex
systems for all transmission mediums.

Today's modern solid-state frequency
division multiplex systems such as the
type N3 and Lenkurt's type 46B, de-
signed to operate over standard types
of toll cable, provide up to 24 channels
with a line frequency ranging from
about 36 to 264 kc. The line frequen-
cies are different for each direction of
transmission. These modern transistor-
ized systems provide economical service
for intertoll and toll-connecting trunks,
and other medium- and short-haul] ap-
plications.

The development of multiplex sys-
tems for short-haul applications led to
its use in exchange trunks and sub-
scriber circuits. These short-haul sys-
terms provided a simple and economi-
cal means of providing up to 10 or 20
channels over a single open wire or
cable pair. Subscriber multiplex proved
to be particularly suitable in rural or
sparsely-populated areas where one
rural line could provide adequate serv-
ice to as many as 50 homes. Exchange
multiplex systems, such as the Lenkurt
type 81A and type X, provided eco-
nomical, high quality trunks for Ex-
tended Area Service and toll-connecting
applications.

To compete with the cost of loaded
cable pairs used for exchange trunks
shorter than 10 miles, the Bell System
developed a multiplex system signifi-
cantly different from the conventional
frequency division systems used in the
past. This system, designated type T1,
is a time-division multiplex system
which uses pulse-code modulation to
provide 24 telephone channels over an
exchange trunk cable.

12

High Capacity Systems

Most of the development of multi-
plex systems prior to World War II
was directed toward increasing the ef-
ficiency of open-wire and multipair
cable facilities which provided almost
all of the telephone circuits. However,
the useable bandwidth of open-wire
and multipair cable circuits limits the
multiplexed channels to a rather small
number. The capacity of open wire sys-
tems is limited to about 16 channels,
while the capacity of multipair cable
systems is about 24 channels. How-
ever, multiplex systems could be made
to operate with much greater band-
widths than those provided by con-
ventional wire systems. All that was
needed was some wideband transmis-
sion medium.

Modern wideband transmission me-
diums are provided by coaxial cable
and microwave radio facilities which
are capable of handling hundreds of
channels. In about 1948, the Bell
System completed a transcontinental
coaxial cable transmission facility, des-
ignated type L1, to be used for tele-
vision as well as to provide a large
number of telephone channels. The L1
facility is capable of handling up to
600 single-sideband suppressed-carrier
frequency division multiplex telephone
channels, or one television channel.
Later, 2 higher capacity coaxial cable,
designated type L3, was developed.
This facility is capable of handling
1860 multiplex telephone channels, or
one television channel and 600 multi-
plex telephone channels. The Bell Sys-
tem is presently working on the type
L4 coaxial cable which will have a
capacity of about 32,000 multiplex
telephone channels.

In addition to the L-type coaxial
cable transmission facilities, the Bell
System has developed two long-haul
microwave radio relay systems, desig-
nated type TD-2 and type TH. The



TD-2 system, operating in the 4000
mc common-carrier band, has a capacity
of 6000 multiplex channels, with a
later version, the type TD-3, capable
of handling up to 12,000 channels.
The TH system, operating in the 6000
mc common-carrier band has a capacity
of over 11,000 multiplex channels.
The single-sideband suppressed-car-
rier frequency division multiplex sys-
tems developed by the Bell System for
use with the coaxial cable and micro-
wave facilities have been designated
type L. These systems are presently
capable of providing up to 600 or up
to 1860 multiplex telephone channels.
The type L multiplex systems com-
hine the voice-frequency telephone cis-
cuits into 12-channel groups. A series
of group modulation steps are then
used to form up to fifty 12-channel
groups (600 channels) into a baseband
with a frequency range of 60 to 2788
ke, or up to 155 12-channe! groups
(1860 channels) into a baseband with
a frequency range of 312 to 8284
ke. The Lenkurt type 46A multiplex
system, developed for use with micro-
wave radio, uses a modulation scheme
compatible with that of the type L to
multiplex up to 1200 channels.
These high channel capacity multi-
plex systems have provided an efficient
and economical means of expanding
the long-haul telephone plant to meet
the great demand for more communica-
tions services. In addition, the develop-
ment of these systems has resulted in
considerable standardization, especiaily
in group modulation schemes, thus per-
mitting sub-groups of multiplex chan-
aels, derived from different systems, to
be interconnected at multiplex fre-
quency levels rather than at voice-
frequency levels. This feature provides
large savings in equipment costs and
results in higher quality transmission.

Also, these systems have greatly im-
proved the performance standards and
reliability of multiplex systems and
have been instrumental in reducing the
size of the equipment and in lowering
the per-channel costs.

Conclusion

The telephone industry has grown at
a significant pace since its beginning
in 1875. This growth has been greatly
cffected by the development of multi-
plex systems which permit many speech
signals to be transmitted simultaneously
over a single open-wire, cable, or radio
transmission facilitv. In recent years
other industries have taken advantage
of multiplexing to solve the problems
of expanding their communications
facilities. Among these other users are
the railroads, pipeline companies, utili-
ties, airlines, various government agen-
cies, and the Armed Forces.

Today's modern multiplex systems
are capable of handling not only speech
signals, but many types of digital sig-
nals such as low and high speed data,
which have added new dimensions to
commurications technology. In the near
future, multiplexing will be providing
channels for wavegnide transmission
facilities capable of handling perhaps
200,000 speech signals simultaneously.
Perhaps further in the future, laser
beams will be piped between major
population centers carrying over one
million multiplexed signals simultane-
ously.

Multiplexing has played a key role
in promoting worldwide telephone com-
munications, which has become essential
to the efficiency and success of our soci-
ety. The great communications systems
that have emerged through the techno-
logical advances of multiplexing have
indeed become a national asset.
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In Carrier Telephone Systems
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Multiplexing is the means by which a number of cireuits may be com-
bined for transmission over a common transmission medium. Modulation
s the process by which multiplexing may be effected. Although a number
of different types of modulation are possible, only two basic multiplexing
methods —frequency division and time division—are in common use. For
the two different multiplering mothods, any one of several types of modula-

tion may be used.

In this article, frequency-division mulfiplezing is defined and its use
with the various standard methods of amplitude modulation. is discussed.
Frequency modulation (another form of modulation which may be used in
frequency-division multiplexing), time-division multiplering and modula-
tion mcthods used with time division are considered in a subsequent article.

Even at the time or the invention of
the telephone, the advantages of trans-
mitting several infcermation circuits
over a common medium were recog-
nized. Since then much effort has been
expended in developing multiplexing
In present-day practical
systems one of twa basically different

techniques.

mu'tiplexing methods s employed—
frequency division or time division.

Frequency Division

Frequency division is so called be-
cause each multiplexed circuit is pre-
assigned a specific frequency ban
(channel) for transmission of its infor-
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mation. In this way, individual circaits
may be combined on a facility and
simultancously transmitted over a com-
mon transmitting medium. The con-
cept of mult:plexing is shown diagram-
matically in Figure 1; and the technique
for frequency-division multiplexing
(FDM) is shown in Figure 2

In combining a number of circuits
for frequency-division multiplexing,
the principal requirement is that the
technique include a method of translat-
ing the original circuit frequencies into
the frequency band assigned for trans-
mission. Any one of a number of mod-
ulation processes may be used for this

World Radio Histo



purpose. Forms of either amplitude
modulation or angle modulation are
often used, with amplitude modulation
being the most common.

Modulation

In telecommunications, modulation
is used in many different applications.
For example, the conversion of sound
energy into electrical energy by a tele-
phone transmitter is a form of modula-
tion. However, in frequency-division
multiplexing, modulation is the word
used to describe the process in which
an electrical wave acts to change a
characteristic —for example amplitude
or frequency— of a second wave. The
resulting wave then contains propertics
of both origiral waves.

In the process of modulation, there
are three basic waves —modulating
wave, carrier wave and modulated
wave. The modulating wave may be
made up of any type of information
which has been converted into electrical
impulses. In carrier telephony, the
modulating wave is the complex elec-
trical wave form of speech obtained
from the telephone transmitter.

The carrier wave is normally a sin-
gle-frequency electrical signal that has
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been derived from a frequency genera-
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sition in the available frequency spec-
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it contains the carrier wave modified by
the action of the modulating wave.

Amplitude Modulation

In amplitude modulation, the ampli-
tude of the carrier wave is controlled
by the modulating wave. As shown in
Figure 3, the resultant medulated wave
has the same frequency as the carrier,
but the carrier wave amplitude varies
in direct relation to the modulating
wave. In fact, the curves through poth
the positive and negative peaks of the
modulated wave are identical to the
modulating wave, and they are called
the wave envelopes. The modulation
factor, m, is a measure of the degree of
modulation. For a stnusoidal variation
as shown in Figure 3, the modulation
factor —normally called the modulation
index and sometimes the degree of
modulation—is cqual to the peak am-
piitude of the envelope minus the
amplitude of the unmodulated cartier
divided by the amplitude of the un-
modulated carrier. For more compiex
signals, the modulation index is more
difhcult to determine since it will vary
from one instant to another. In any
case, the modulation index is the frac-
tional extent by which the modulation

varies the amplitude of the carrier, and
is often expressed as percent modula-
tion by multiplying the modulation in-
dex by 100.

From Figure 3 it is apparent that the
maximum amount that the carrier am-
plitude can be varied, without loss of
signal, is equal to the carrier amplitude.
When this occurs, 100 percent modu-
lation is obtained.

An analysis of the modulated wave
resulting from amplitude modulation
shows that the modulated wave con-
sists essentially of the carrier wave and
frequencies above and below the car-
rier wave. These side frequencies are
separated from the carrier by a fre-
quency equal to that of the modulating
Where a complex modulating
wave —such as speech or music— is
used, the side frequencies above and
below the carrier each consist of a band
(sideband) of frequencies. A sideband
includes all of the frequency compo-
nents of the modulating wave.

wave.

Three important factors in the use
of amplitude modulation are derived
from an analysis of the modulated
wave: (1) the sidebands obtained from
a complex wave each have the same
bandwidth as the original modulating

Fig. 3. Amplitude
modulation. The
amplitude of the
carrier is varied by
the modulating
wave. The fre-
quency of the
moduluted warve
envelope is the
same as the modu-
lating wave.
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wave; (2) the same intelligence is con-
tained in each sideband; (3) the fre-
quencies in the upper sideband have
the same relative relationship as the
modulating wave, but those in the
lower sideband have an inverse rela-
tionship. Not so apparent is the fact
that the power distribution in the side-
bands is directly related to the distribu-
tion of power in the modulating wave.

Double Sideband

As a result of amplitude modulation,
the frequency band of the modulating
wave is translated to a different posi-
It is
this ability of translation during the

tion in the frequency spectrum.

modulation process which is used in
combining circuits for frequency-divi-
sion multiplexing. If both sidebands
and the carrier are used, the multiplex-
ing technique is called double-sideband
amplitude modulation (DSB-AM, or
normally AM).

Although AM is quite commonly
used in radio broadcasting, a disadvan-
tage of this method in carrier telephone
multiplexing is the magnitude of power
in the carrier in relation to the sideband
(information) power. Even with 100
percent modulation, the power in cach
sideband is only 1/ of that in the car-
rier. Since the power in the sidebands
is proportional to the square of the
modulation index, for low modulation
levels the sideband power will become
only a fraction of the carrier power.

In multiplexing, this is quite impor-
tant because of the number of channels
that are involved. The various parts of
the system common to more than one
channel must be designed to be capable
of handling a large amount of power
that is not useful in the transmission of
information. In addition, the sideband-
to-noise power is relatively low.

FFor these reasons, it is common in
double-sideband multiplexing either to
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suppress the carrier (DSB-SC) or to
transmit the carrier at a relatively fow
level. Where the carricr is suppressed,
some method of deriving a carrier fre-
quency at the receiving terminal is
necessary. This may be done either by
separately generating the carrier fre-
quency, deriving the carrier frequency
from the transmitted sidebands, or by
transmitting a separate tone from which
the demodulating frequencies may be
derived.

After the carrier is suppressed, it is
possible to increase the sideband power
and still keep the power handling ca-
pacity of common equipment units
below that which would have been re-
quired if the carrier were transmitted.
This increases the operating range of
the equipment considerably

Some of the advantages of DSB-SC
multiplexing are: (1) the relative sim-
plicity of the modulation process; (2)
relatively lenient filter requirements,
particularly in the transmitting dircc-
tion; and, (3) the reiative immunity to
distortion which may occur in transmis-
sion. A particular disadvantage is the

19

bandwidth used for the information
transmitted.

Single Sideband

In amplitude medulation, the two
sidebands produced each carry the same
information. If only ore sideband were
transmitted, the required bandwidth
could be reduced at least in half.

The frequency separation between
the carrier and each sideband is equal
to the frequency of the modulating
wave. Where a complex modulating
wave such as speech or music is used,
the sideband frequencies may differ
from the carrier frequency by a few
cycles per second up to several kilocy-
cles. Unless the low frequencies are
restricted to above about 200 cycles,
the problem of suppressing the carrier
and the unwanted sideband, without
undue distortion of the wanted side-
band, becomes very difficult. The loss
of the low frequencies has very little
cffect on the quality or fidelity of
speech, and is usually tolerated to a very
high degree in music. For this reason
single-sideband suppressed-carrier mul-



tiplexing is suitable for carrier tele-
phony, and in fact has been the most
commonly used method.

The principal advantage of SSB-SC
is the efficient bandwidth utilization in
the transmission of information. In
toll telephone applicitions, the in-
creased channel capacity that can be
obtained in a limited bandwidth far
outweighs the necessary complexity of

equipment design. In addition to band-
width conservation, the reduced band-
width improves the signal-to-noise ratio
as compared to a DSB-SC system. How-
ever, SSB-SC systems suffer from an
inherent delay limit which is a result
of filtering out one sideband and the
carrier; and, an SSB-SC system cannot
be used directly for pulse transmission
because of the low frequency limit.
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The use of amplitude modulation in frequency-division neultiplexing
was discussed in the first of this two-part article. Because of its wide-
spread usage in toll applications, single-sideband suppressed carrier has
become almost synonymous with frequency-division multiplexing. However,
current applications of carrier —such as rural subscriber and cxehange
systems— have made other types of modulation and multiplering attractive.

In this article, frequency madulation and its use in frequeney-division
multiplexing is considered first. Then, time-division multiplexing and some
of the modulation methods used in this type of multiplexing urc discussed.

Although frequency-division mulci-
plexing is often associated with ampli-
tude modulation, the various types of
angle modulation may also be used in
frequency-division multiplexing appli-
catiors. Angle modulation fs the gea-
eral term used to describe any form of
modulation in which the frequency or
phase of a sinusoidal carrier wave is
controlled by the modulating wave. Fre-
quency and phase modulation are the
two types of angle modulation mast
commonly used. While these types of
angle modulation are somewhat differ-
ent, they are also closely interrelated.
In fact, both are often used in a single
modulation system. Because the basic

2
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considerations are similar, the follow-
ing discussion will be restricted to fre-
quency modulation.

Frequency Modulation

Frequency modulation (FM) is the
process in which amplitude changes of
the modulating wave are used to vary
the instantaneous frequency of the car-
rier wave from its unmodulated value.
An example of the action of the modu-
lating wave on the carrier wave to pro-
duce a frequency-modulated output
wave is shown in Figure 1.

The magnitude of frequency change
for a given amplitude of the modulat-
ing signal is called frequency shift, fre-
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Fig. 1. Frequency Modulation. Both (a) and (b) show how the carrier frequency
varies with the amplitude of the modulating wave. A comparison of (b) and (c)
shows how the deviation rate is controlled by the frequency of the modulating wave.

quency swing or frequency deviation.
However, the last two terms are also
often used to define other properties of
the change in frequency. Frequency
swing is normally reserved to denote
the maximum frequency shift that oc-
curs when a sinusoidal modulating wave
is employed; frequency deviation is the
maximum value of frequency shift per-
mitted by equipment design, and is also
called peak deviation. The term fre-
quency deviation is also often used to
denote the instantaneous difference be-
tween the instantaneous frequency of
the modulated wave and the carrier fre-
quency.
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While frequency shift is controlled
by the amplitude of the modulating
wave, the rate at which the carrier fre-
quency is shifted, called deviation rate,
is controlled by the frequency of the
modulating wave. If a carrier of 1
megacycle is modulated by a 1000-cycle
sinusoidal modulating signal, the fre-
quency swing that will occur will de-
pend upon the amplitude of the modu-
lating wave. If the frequency swing is
500 cycles for a givea amplitude, the
carrier will swing between 1,000,500
and 999,500 cycles at a rate of 1000
cycles per second. If a signal of a differ-
ent frequency but same amplitude is



used, the frequency swing will still be
#500 cycles from the carrier, but the
deviation rate will be equal to the frc-
quency of the modulating wave. This is
shown diagrammatically in Figure 1.

Bandwidth

Since the frequency shift is depena-
ent upon the amplitude of the modu-
lating wave, it would appear that the
bandwidth required for FM transmis-
sion could be made considerably less
than that of the modulating wave.
However, the individual cycles of a
modulated wave obtained from an FM
modulator are not sinusoidal because of
the instantaneous variations in frequen-
cy which occur during modulation. An
analysts of the modulated wave shows
that this complex wave contains a large
number of sidebands rather than the
two normally associated with amplitude
modulation.

Where a single sinusoida! modulat-
ing wave is used, the spectrum of the
modulated wave is symmetrical with
respect to the carrier frequency. In this
case, the sideband frequencies are dis-
placed from the carrier by integral mul-
tiples of the modulating frequency. For

example, a 1000-cycle modulating wave
would produce a first-order pair of side-
bands that differ from the carrier fre-
quency by 1000 cycles, a pair of second-
order sidebands located at 2000 cycles
on either side of the carrier as well as
higher order sidebands. This is illus-
trated graphically in Figure 2.

If a more complex modulating wave

such as more than one sinusoidal sig-
nal or speech— is used, the frequency
spectrum of the modulated wave be-
comes very complicated. The sideband
frequencies present include not only
those that would be obtained with each
modulation frequency acting separately,
but also various combination frequen-
cies. However, although complex mod-
ulation greatly increases the number of
frequency components present in the
frequency-modulated wave, it does not
widen the bandwidth occupied by the
high energy portion of the wave,

Although the total bandwidth of a
frequency-modulated wave is quite
large, the higher-order sidebands often
contain oaly a small portion of the total
wave energy. In these cases, the actual
bandwidth can therefore be reduced
considerably without introducing un-
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due distortion. The energy distribution
depends upon the amplitude of the dif-
ferent frequency components. Compo-
nent amplitudes, in turn, are related to
the modulation index, and may be cal-
culated with the aid of a table of Bes-
sel's functions. The results of a num-
ber of such calculations are shown
graphically in Figure 3, from which
the bandwidth for a variety of condi-
tions may be determined. Bandwidths
determined from Figure 3 will contain
all but about 1 per cent of the energy
in the modulated wave. The loss of 1
percent of the energy will cause dis-
tortion. Although the distortion intro-
duced can be tolerated in some applica-
tions, in others the distortion require-
ments are more severe, and a greater
proportion of the energy must be in-
cluded. For these cases, a detailed anal-
ysis is made, and Figure 3 is not used.
With reference to Figure 3, some use-
ful rules can be derived for determin-
ing the approximate bandwidth re-
quired for transmission of a frequency-
modulated wave. When the modulation
index is greater than 1, the bandwidth
is equal to twice the sum of the fre-
quency deviation plus the modulating
frequency. Although not shown in Fig-
ure 3, as the modulation index decreases
to values of 0.5 and below, the band-
width becomes essentially equal to
twice the modulating frequency. In this
last case, the bandwidth is the same as
for an amplitude modulated wave.

Noise Advantage

Because both methods are used in
frequency division multiplexing, the
advantages and disadvantages of fre-
quency modulation are normally ex-
pressed in terms of similar character-

istics in amplitude modulation. On this
basis, the chief advantage of FM is in
its ability to exchange bandwidth occu-
pancy in the transmission medium for
improved noise performance.

The noise-power reduction advan-
tage of FM over AM for random noise
is often given as R = 3 f42/B2, where
fq is the frequency deviation and B is
the output bandwidth of the receiver.
(B is equal to the highest modulating
frequency.) This advantage is also ex-
pressed in terms of FM advantage (db
of quieting) and may be written as
db = 10 Log 3f42/B2 For example,
for a frequency deviation of 3 kc and a
3-ke modulating signal, a random-noise
reduction advantage of about 4.8 db is
obtained. In both equations, 100 per-
cent amplitude modulation is assumed
and the comparison is made for average
output power,

On the basis of the same peak power
at the transmitter, SSB-SC has a noise
advantage over AM of about 8:1 (ap-
proximately 9 db). However, when
peak power is used as the basis of com-
parison, FM has an additional 4:1 ad-
vantage (total of approximately 15 db)
over AM than that given by the above
equation. Therefore, on a peak power
basis, the noise advantage of FM as
compared to SSB-SC is R = 3f;2/2B2.

In addition to noise advantage, FM
exhibits a characteristic often called
capture effect. Where two signals in the
same frequency band are available at
the receiver, the one appearing at the
higher level is accepted to the near ex-
clusion of the other.

Improvement Threshold
The noise advantage of FM is ob-
tained for normal signal and noise lev-
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els at the input to the receiver. And
this advantage increases as the frequen-
¢y deviation (modulation index) is in-
creased. However, as the peak signal
level is decreased to that of the peak
noise level, there is a rather sharp tran-
sition between good and poor signal-
to-noise ratios. The point at which this
transition occurs is often called the
tmprovement threshold (sometimes
shortened to threshold).

Although the noise advantage in-
creases as the modulation is
increased, the corresponding increase
in bandwidth increases the neise. For
large bandwidths, the threshold be-
comes more critical and is reached at
higher signal levels. The optimum
value of modulation index is thus a
compromise between service range and
noise advantage.

Other Features

Other features of FM make its appli-
cation to frequency-division multiplex-
ng attractive where bandwidth is not
a critically limiting factor. These are:
(1) separate regulation is not necessary

index

since in a properly designed FM re-
ceiver, the output signal level is insen-
sitive to input signal level variations
above threshold level: and, (2) syn-
chronization is not a problem because
of the detection method.

Time-Division Multiplexing

Although less well known because of
its relatively limited usage, time-divi-
sion multiplexing is the most direct and
is basically the simplest multiplexing
method. In this method, the circuits
to be transmitted over a common trans-
mission medium need not be connected
together as in the frequency division
case, but are arranged so that each cir-
cuit is successively connected to the
transmission medium for a short time
int