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Since the first Light Amplification by Stimulated Emission of Radiation (LASER)
was demonstrated in 1960, this new kind of light has stirred the imaginations of
almost everyone. The wide interest in lasers and their possible applications has
produced devices that are used for everything from delicate eye surgery to taking
"pot-shots” at the moon. There is an almost endless list of laser uses, but the one
which has received major interest is the potential of the laser in the development
of a high-density communications system. Engineering interest in this pursuit has
been marked by aimost a decade of growing optimism. Only in the last year or so

has this enthusiasm begun to show signs of diminishing.

Scicnlists and engineers, in
their pursuit of the laser as a
practical communications system, have
built an impressive technology and
solved a number of problems. Work-
able methods of modulation and de-
modulation have been developed and
are still being refined. Operating laser
communications systems have been
designed and demonstrated — in the
laboratory. Many laser sources are now
available, solid-state, gaseous and
liquid, which are more compact and
more efficient than the early solid
ruby type. A complete system can be
put together with equipment now
stocked by several manufacturers. The
problem which remains to be solved is
the development of an efficient, in-
expensive transmission technique
which can compete with existing
microwave and cable systems. This
challenge is compounded by the fact
that microwave and cable techniques
are constantly being improved. Al-
though the skeptics may not represent
the majority, their attitude does ex-
plain the leveling-off of enthusiasm.

In spite of the obstacles, it scems
certain  that the search to find a
workable, economically feasible
method of harnessing the laser’s tre-
mendous message potential will con-
tinue until it is either accomplished or
discarded as impossible. Prognostica-
tions of a system calpable of transmis-
sion rates of 2 x 10'% bits per second
are too tantalizing to put aside.
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The Basic Principle

The laser theory is based on atomic
physics and dates back to 1917 when
Albert Einstein pointed out that con-
trolled radiation could be obtained
from an atom (or molecule) under
certain conditions.

Atoms in nature are usually in a
relatively undisturbed or “ground”
state. The energy of orbiting electrons
is balanced with the energy in the
atom’s nucleus. These electrons oc-
cupy specific orbits determined by
their own energy. As Einstein sugges-
ted, “pumping” energy into these elec-
trons raises their orbits to the second,
third or fourth level depending on the
energy applied (see Figure 1).

Since the excited state is unnatural
for an atom, it tends to return to its
“ground” state, emitting a photon of
radiation in the process. The energy of
the photon is exactly proportional to
its frequency — the higher the energy
the higher the frequency. A system
which produces more than one energy
shift will produce an equal number of
light frequencies.

Coherent Light

When atoms return randomly to
their ground state, they produce in-
coherent light. In the laser, however,
the controlled bombardment of ex-
cited atoms, by photons of equal
energy, regulates the return to the
ground state, producing coherent light.
This process of controlled stimulation



creates an internal amplifying effect.
The moving photon wave front forces
excited atoms to return to the ground
state contributing their own photon of
equal energy — exactly in phase with
the moving wave. This process pro-
duces a coherent light wave whose
amplitude continues to grow.

High energy photons produce X-
rays or ultraviolet radiation, while low
energy photons produce visible light of
any color, radiant heat or radio waves.
The precise amount of energy ab-
sorbed or emitted by an electron
jumping from one energy level to
another varies with each material and
its atomic shell structure. The wave-
length of an emitted photon depends
on the magnitude and the specific
location of the electron jump. Thus,
an electron moving from the second to
the first energy level will emit a
photon with one wavelength, while an
electron moving from the third to the
second energy level will emit a photon
of another wavelength, and an electron
moving from the third to the first level

Figure 1. Pumping energy into an
atom stimulates its electrons into high-
er energy levels. As they return to
their “normal” state, this energy is
emitted in the form of photons. More
electrons available at the second level
improves laser action.

will emit a photon of still another
wavelength.

Many methods have been developed
to improve laser efficiency. In the
three-level method, atoms are pumped
beyond the second level to the third
where they are very unstable and
quickly fall back to the second level.
Here, the atoms tend to accumulate
and are available in larger numbers for
external stimulation. Four-level pumps
offer even greater efficiency.

As the emitted photons travel along
the laser tube stimulating the emission
of other photons, the light wave con-
tinies to grow (see Iigure 2). This
wave is reflected back and forth be-
tween the ends of the tube by two
mirrors, one of which is slightly trans-
parent. A standing wave builds up
within this resonant cavity increasing
its amplitude with each successive
pass. Any light moving at angles to the
axis between the mirrors exits the
system through the walls of the tube
leaving only a parallel beam to pass
through the partial mirror. This spa-
tially coherent light beam can be
focused, through properly constructed
lenses, to a spot no wider than 0.0001
cm (approximately the wavelength of
light). The intense heat produced by
this kind of focusing explains the use
of the laser as a precision cutting tool.

Types of Lasers

Although there are several basic
types of lasers (solid, gas, semiconduc-
tor, chemical, and liquid), gas lasers
have more mode purity and higher
stability and appear to be better suited
for wideband communieations.

The gas laser operates in a some-
what different manner than the early
pink ruby laser. lustead of a solid
crystal, a gas (such as neon) is used.
Neon has several groups of energy
levels, one of which is suitable for laser
action. The problem presented by the
use of neon was in finding a way to



Figure 2. The growing
photon stream bounces
back and forth, emer-
ging as brilliant, coher-
ent light. Extraneous
waves are lost through
the wall of the laser

tube, leaving only paral-
lel light.

pump electrons to the upper level
without also filling the lower levels,
such as happens in the illumination of
common neon light. One solution to
this problem was achieved by mixing
helium with the neon. The helium
could be stimulated to a high energy
state by radio frequency, having al-
most no effect on the neon. The
excited helium atoms were then able
to transfer their energy to the neon
atoms at the desired level, forcing the
neon’s electron population into the
most efficient configuration for laser
action. Such juggling makes a wider
range of laser materials available.

One of the newest and most power-
ful lasers presently available is the
carbon dioxide laser. This gas laser,
when properly cooled, has a typical
efficiency between 5 and 10% (with
some reports over 20%) and, as far as
communications svstems are con-
cerned, has the lowest beam attenua-
tion under light precipitation condi-
tions. This is of particular interest
because the carth’s atmosphere is quite
hostile to electromagnetic waves in the
visible region. This problem can be
demonstrated easily by shining a flash-
light into a fogbank.

Modulation

The most generally useful optical
modulation techniques take advantage
of the linear electro-optic effect of
certain crystals. This effect refers to
the alteration of refractive properties

of these crystals in the presence of an
electrical field.

One of the first successful devices
for amplitude modulating a laser beam
makes use of the polarization proper-
lies of clear crystal postassium dihy-
drogen phosphate (KDP). As shown in
Figure 3, KDP amplitude modulates
the laser beam passing through it. The
first polarizer blocks all light polariza-
tions except, for example, the vertical.
This divides the beam into parallel
“ribbons™. The KDP crystal has the
unigue property of effectively twisting
the polarized “ribbons™ in direct pro-
portion to the voltage applied to it.
The second polarizer, the analyzer,
interprets the twist as a decrease in
amplitude. 1If the voltage applied to
the crystal is a modulated signal, the
output from the second polarizer
varies accordingly, producing an ampli-
tude modulated light pattern. Com-
monly available optical modulators
operate from DC to 100 M}z,

A laser beam in theory can be
modulated in phase, frequency, ampli-
tude and polarization. A great deal of
comparative data is required, however,
before the most efficient modulation
technique is determined. The use of
noncoherent  detection  methods,
which lose the phase information of
the carrier, makes phase and frequency
modulation impractical. A method of
PCM/PM (pulse-code modulation/po-
larization modulation) is presently re-
ceiving the most favorable attention.
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Figure 3. As the laser beam passes through a KDP modulator, it may be visuclized
as a “ribbon” of light twisting in proportion to a signal applied to the KDP

crystal.

This technique is based on the repre-
sentation of bits of either right or left
circular polarization.

Gas and impurity-ion lasers require
external optical modulators, based on
electro-optic, magneio-optic and
acousto-optic effects, in order to ac-
cept high frequency madulation. For
semiconductor type lasers, it is pos-
sible to accomplish internal modula-
tion by way of the current wave form.
The Gallium arsenide laser, which has
an efficiency rating of 5%, is a prom-
ising laser of the semiconductor, inter-
nally modulated type.

Most light modulators still require
too much power or have inadequate
bandwidth, and have been limited to
visible and near infrared regions. On
the brighter side, a lithinm tantalate
modulator has recently been develop-
ed which is capable of 80% modula-
tion over a 220 Mllz bandwidth with
only 1/5 watt drive power. A Gallium-
doped Yttrium-iodide garnet modula-
tor has even achieved a 40% modula-
tion over a 200 MHz bandwidth with
1/10 watt drive power.

A great deal of work is still to be
done. The solution to the problem of
efficiently modulating the laser’s beam
is closely related to new developments
in the field of electro-optical crystals
and this is a slow and expensive
proposition.

Demodulation

Laser demodulation can be accomp-
lished with either a photomultiplier
tube, a microwave phototube or high-
speed solid-state detectors, each rely-
ing on the secondary emission of
electrons from a cathode when struck
by light photons. The photomultiplier
technique redirects electrons onto
other secondary emitting surfaces,
causing amplification. This current is
eventually collected on an output elec-
trode. The photomultiplier tube has a
range from DC to beyond 3 GHaz,
thercby detecting signals directly to
baseband frequencies. The microwave
phototube is designed with a traveling
wave tube helix output, and is effec-
tive at the higher microwave frequen-
cies. A modification of the microwave



Figure 4. Cool gas for-
ced through a heated
pipe produces a lensing
effect due to the re-
fractive index of the gas
at different tempera-
tures. This type of lens
has a soft surface and,
therefore, less attenua-
tion than a solid lens.

phototube, the cross-field electron
multiplier, amplifies the signal before
the electrons reach the helix. In both
cases, since light frequencies are out-
side the bandwidth capabilities of the
phototubes, the electron stream repre-
sents only the original modulation
placed on the laser beam.

Optical hetrodyning, using photo-
multiplier tubes, is also being ex-
plored. In this approach a laser local
oscillator beam beats with the in-
coming laser signal in the phototube,
producing an 1F frequency equal to
the difference between the two light
frequencies. This IF signal is typically
in the microwave region and may be

amplified and demodulated by conven--

tional methods. Frequency stability is
maintained by a discriminator which
supplies a control signal to the laser
local oscillator.

Laser Modes

The laser cavity is thousands of
times longer than any wavelength at
light frequencies, therefore a number
of frequencies will resonate in the tube
at the same time. This results in the
ontput of a number of separate fre-
quencies or modes. The separation of
these modes is determined by the
mirror placement in the laser. Since
the transinission of only one frequen-
cy is desired, power distributed in
modes other than the one to be
transmitted is obviously wasted. Also,
each mode acts as a carrier frequency
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for any modulation. As sidebands are
added to each mode, the bandwidth of
modulation on any one mode is limit-
ed by the difference in frequency
between the modes.

This problem can be solved by
inserting a phase modulator inside the
laser tube, driven at a frequency nearly
equal to the difference frequency be-
tween modes, the ontput is converted
to a typical FM configuration with
sidebands occupying the positions for-
merly held by the various modes. This
supermode approach eliminates the
bandwidth limitation in the mode
structure.  Another phase modulator
outside the tube will additionally com-
press all the modes together into a
single frequency. The end result of this
technigue contains almost all the
power of the various modes, plus a
highly desirable single frequency. This
super-mode  beam is one approach
which can be successfully modulated
by any chosen method — with superior
performance.

Propagation

Although laboratory experiments
have been very encouraging, the erratic
attennation of the earth’s atmosphere
appears to preclude any kind of relia-
ble atmospheric transmission without
having repeaters spaced so close to-
gether they become economically un-
realistic. Electromagnetic waves begin
to have some problems with the mois-
ture content of the atmosphere just



beyond 8 GHz. In general, the higher
the frequency, the greater the attenua-
tion. There is, however, a band of
frequencies in the infrared region
which is much less susceptible than
any in the visible or ultraviolet range.
This “window” in the infrared portion
of the spectrum is centered at about 3
X 10'% Hz and is 40 GHz wide. This
happens to be the operating frequency
of the powerful carbon dioxide laser.

Although atmospheric attenuation,
along the earth’s surface, is too severe
for reliable transmission of a laser
beam it may be possible to take
advantage of the infrared window by
using a carbon-dioxide laser as the up
and down link of a satellite communi-
cations network. Serious proposals for
a system of domestic satellite relays
using lasers are presently under inten-
sive study.

On the ground, it has been clear for
some time that a closed pipe may be
the only reliable way to transmit a
message-bearing laser beam any signifi-
cant distance. A number of approaches
are being explored but all have serious
cost disadvantages.

Optical waveguide can be devised
which makes use of the latest develop-
ments in fiber optics, but resolution
and signal attenuation are both unac-
ceptable. Experiments with silvered
pipes and solid lenses have not been
much more encouraging.

While the parallel nature of the
laser’s beam is one of its most exciting
characteristics, it creates inordinate
demands for precise path alignment.
The curvature of the earth, would still
require several refocusing steps for the
unbending laser beam. A waveguide
pipe laid over a hilly terrain would
require an unrealistic number of re-
focusing lenses. Even if quality lenses
were inexpensively available, this tech-
nique will probably not be chosen

because of the cumulative attenuation
of the solid lenses.

A unique approach has been the
suggestion for a continuous gas-lens
tube. Figure 4 shows a simplified
arrangement of this concept. A steady
stream of cool gas is pumped through
a heated portion of the tube. The
difference in the refractive index of
the cool center of the gas stream and
the warmer edges produces a “soft”
lens for focusing the laser beam. This
soft lens offers less attenuation than a
solid lens, but if such lenses are spaced
every 300 ft., the cost for a long-haul
system becomes unrealistic.

It is safe to say that it would be
possible to build a “workable™ laser
communication system across the
country with the present level of
technology. The problem is transmis-
sion cost. The rigid alignment require-
ments of laser beam transmission, plus
the cost of closely spaced repeaters, do
not give a very optomistic outlook for
the laser’s future in longhaul transmis-
sion — at least, not on the ground.
However, it is conceivable that excep-
tionally dense population areas may,
one day, be able to use the laser’s
extraordinary message potential for
short hops where the cost of critical
alignment and many repeaters can be
acceptably maintained.

One thing is certain, the tremen-
dous potential of the laser as a high-
density communications system has
not yet materialized. A great deal of
work has been done and many obstac-
les have been overcome, but the basic
problem of devising a suitable trans-
mission technique is a dilemma await-
ing a solution. The broad enthusiasm
of the 1966 era could be reactivated
by a major breakthrough, but for now
it seems quite clear that, in the field of
comniunications, microwave and cable
are still the leading contenders.
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n holography, three-dimen-
I sional images are formed
from two-dimensional photographic
negatives. In the recording process, a
coherent wave source is split into two
parts (Figure 1). Half the source (refer-
ence wave) strikes the holographic
plate directly. The other half (object
wave) illuminates the object to be
recorded. Each point on the object
reflects light onto the holographic
plate. Having traveled different paths,
the two waves are no longer in phase,
and therefore reinforce or cancel each
other as they converge on the holo-
graphic plate — producing an interfer-
ence pattern (Figure 2). There is a
unique interference pattern recorded
over the entire holographic plate, for
each point on the object.

Laser light is the most commonly
used coherent source, but illumination
may also be accomplished with elec-
tron waves, X-rays, microwaves, and
acoustic waves.

Once the holographic plate has
been exposed and processed, it is
capable of reconstructing the original
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Holography, from the Greek root Aolos mean-
ing whole, is a picture making process that
captures the three-dimensional aspects of an
object, rather than the flat, fixed-viewpoint
of conventional photography.

three-dimensional object. Reconstruc-
tion is accomplished by illuminating
the hologram with the same frequency
reference wave used for recording.
Since the hologram records all the
information that the object wave con-
tains, the reconstructed image will
display this information — the size and
shape of the object; the brightness of
every point on the object; and the
position of the object in space, from
all angles that are intercepted by the
holographic plate during the recording
process.

Basically, a hologram is a recording
of two coherent waves. When the
hologram is illuminated with one
wave, the other wave is simultaneously
reconstructed.

There are two fundamental types of
hologram — transmission and reflec-
tion. In a darkened room, transmission
holograms are illuminated from behind
with monochromatic light (one color).
Reflection holograms, however, with
their built-in filters are illuminated
with white light (all colors) from the

side where the viewer is standing, so



Figure 1. Holographic recording process using laser illumination. The laser beam is
split, with the object waves illuminating the object and the reference wave
providing a coherent background. The two waves interfere at the holographic
plate forming the hologram.

the light is reflected from the holo-
gram to the viewer. A reflection holo-
gram is easier to handle because it may
be illuminated in subdued lighting;
although, it is not as dramatic as the
transmission hologram.

Background
Holography is not a new concept.
Dennis Gabor, in 1948, introduced the

theory of holography. It was his hope
that holography could be used to
improve the resolution of electron
microscopes. Unfortunately, limited
by the intensity of the ilumination,
the photographic processing, and a
disturbing background image, Gabor
and the others experimenting with
holography did not get the results they
desired. The most important of these



limitations was the illumination inten-

sity.
By 1962, with the development of
the laser, intense coherent light

became available — over-coming the
illumination limitations and elimina-
ting the background image. Laser light
also made it possible to record objects
which were not easily recorded in
Gabor’s original system. Objects with
dark backgrounds and  continuous
tones could now be holographically
recorded.

Volume Holograms

Gabor’s original hologram theory
did not use coherent light; therefore,
the thickness of the recording emul-
sion was considered inconsequential
and the hologram was viewed as two-
dimensional. With the use of coherent
laser light, however, the emulsion
thickness became an important factor.
Specifically, if the emulsion is thicker

than the width of the interference
fringes (see Figure 3), the object wave
and the reference wave will interfere
throughout the depth of the emulsion.
This produces a volume hologram
which is a stack of surface holograms,
one atop the other.

If a reflection, volume hologram is
made by using three colors of light
(blue, green, and red), three holograms
will be recorded within the same emul-
sion. When this hologram is illumina-
ted by white light, each hologram will
select the color from the white light to
which it responds, and the result will
be a three-dimensional color image.

Whole from Part

The entire image from transmission
holograms can be reconstructed from a
fragment of the original hologram.
This is not surprising, since each point
on the object is recorded as an inter-
ference pattern, or diffraction grating,



over the entire hologram surface. This
grating can be thought of as a Fresnel
lens (see Figure 4). Such a lens focuses
all the light falling onitata particular
point. A Fresnel lens also has the
property that regardless of how many
“rings” there are in the lens segment,
or whether there is a complete ring,
the light will still be focused at the
same point. The resolution (clarity) of

the point is determined by the number
of rings used. Therefore, as a smaller
and smaller section of each Fresnel
lens or diffraction grating is used, the
clarity is diminished, but the point will
still be imaged.

For the same reason that a part of
the hologram will reconstruct the
whole image, the hologram is relatively
insensitive to blemishes and dust parti-

INTERFERENCE
FRINGE

Figure 3. A concentric ring, diffraction grating, for one point on the object, covers
the entire holographic plate. The center of the grating need not be on the
holographic plate. Such a grating, with variable spacing, focuses the light falling on

it at a particular point.



cles. If a blemish destroys part of a
diffraction grating, but not all of it,
the light will still be properly imaged.
The image will not be destroyed unless
the total surface of the hologram has
been obliterated.

One Hologram
Worth Many Words

The large depth of field of holo-
grams is a great advantage in micro-
scopic investigations. It is particularly
valuable for examining moving, micro-
scopic objects in a thick sample. A
pulsed laser is used to “freeze” the
movement in a sample so it can be
recorded on the hologram. When the
object is reconstructed and viewed
through a microscope, different layers
of the sample can be brought into
focus — something that cannot be
done with a photograph where the
movement has been stopped with a
strobe light. This principle has been
used to analyze the size and distribu-
tion of particles in aerosols, liquids,
and smog. The old adage, “a picture is
worth a thousand words,” can be
extended — “one hologram is worth a
great many pictures.”

It was Gabor’s hope that holo-
graphy, being lensless photography,
would improve the resolution of elec-
tron microscopes. Unfortunately,
many of the problems that faced
Gabor are still present today; since a
magnification hologram has all the
distortions observed with conventional
lenses.

For holography at non-visible wave-
lengths, the situation is vastly diffe-
rent. For example, magnification is
possible using X-rays for recording and

visible light for reconstruction — pro-
ducing a sharply focused, magnified
image. llowever, the technical prob-
lems of X-ray holography are severe,
and have prevented its practical reali-
zation. Obtaining an X-ray source with
sufficient intensity and coherence is a
major obstacle.

3-D Imaging

The three-dimensional aspect of
holography has received widespread
attention. Holography has several ad-
vantages related to 3-D imaging. Holo-
graphic reconstruction gives an image
with high resolution and great depth
of field. Parallax, as observed in recon-
structed holographic images, allows
the viewer to see around objects.
Holograms also have some economic
advantages such as full color images
formed from less expensive black and
white emulsions and no need for ad-
ditional imaging optics.

Holographic three-dimensional
imaging also has some disadvantages.
The object must remain perfectly still
for recording. The object motion can,
however, be stopped by using a
pulsed-laser for illumination. At the
present, it is virtually impossible to
take holographic pictures in daylight
or under normal illumination because
the object to be recorded must be
illuminated with only one wavelength
of light. Multi-color images are not
promising, since these images require
long exposures. The size of the object
to be recorded is limited by the laser
power. The largest hologram that has
been made is 18 x 24 inches.

A 3-D holographic television system
could be designed today, if available



Figure 4. The light falling on a Fresnel lens will focus at a particular point (F)
regardless of how large a segment of the lens is used.

components held tighter specifica-
tions. For example, a hologram 10
inches square and having 1,000 lines
per millimeter has 6 x 10'° picture
elements, compared with 2.5 x 10° for
a conventional television picture. 1f
the scan rates of present TV systems

were maintained, a 10° increase in
bandwidth would be necessary — a
jump from 6 to 600,000 MHz. The
entire radio-frequency spectrum, in-
cluding the microwave region, would
be inadequate to meet this require-
If a transmission

ment, suitable




method can be found, it may one day
be possible to watch holographic 3-D
television in the middle of your own
living room,

The first attempt at holographic
movies involved taking a series of
pictures of still objects and then view-
ing them in rapid succession producing
a sensation of motion — the animated
cartoon concept. The term “true” is
used to describe the newest 3-1) movie
because it is a motion picture of a
moving object. (Figure 5). This recon-
structed image is truly three-dimen-
sional and may be viewed without
additional lenses or filters.

Change Detection

llolography has many properties
that make it natural for application to
interferometry, a technique used to
detect structural changes. For ex-
ample, a hologram placed in its record-
ing position will display the recon-
structed image on top of the actual
object. A subsequent slight movement
of the object produces interference
fringes between the object and image
waves.

A hologram can be exposed more
than once. The image waves, recorded
at different times, can be simultane-
ously reconstructed and their inter-
ference pattern observed (Figure 2).
Shock waves, for example, produced
by projectiles passing through air or
gas density changes can be easily re-
corded with pulsed-laser, double-
exposure holograms.

A new method of holographic inter-
ometry (llI) has been introduced
which uses a single-exposure, two-
wavelength laser pulse in the recording

process; rather than the double-
exposure, single-wavelength formerly
used. This new technique can double
sensitivity by proper choice of wave-
lengths and physical arrangement of
components.

The field of nondestructive testing
makes extensive use of HI. Holo-
graphic nondestructive testing (HNDT)
is a method of detecting or measuring
the significant properties or perfor-
mance capabilities of materials, parts,
assemblies, equipment, or structures
without impairing their serviceability.
HNDT is simply HI combined with
suitable test-object stressing. Common
types of stressing include temperature,
pressure, sound, and vibration. HNDT
is now a practical design and quality
control tool for analyzing sandwich
slructures, tires, rubber-to-metal
bonds, and many other objects. Large
areas may be inspected quickly, a
variety of flaws can be detected simul-
taneously, and a choice of several low
level stressing methods is available.

Cryptography

A hologram is a coded message that
can be decoded by using a coherent
illumination source. 1f, however, the
hologram were made with a diffuser
such as ground glass placed between
the object and the holographic plate, it
could only be decoded using the same
diffuser. If the same diffuser is placed
so that it coincides with its own image,
a sharp, clear picture of the original
object is reconstructed — as if the
diffuser were a clear glass.

The same diffuser must be used in
both recording and reconstruction. A
section of ground glass, 1 centimeter



Figure 5. The basic system used to make the first “true” holographic movie.

square, can contain a billion distinct
resolution elements, each of which
retards the transmitted light. It is not
probable that two ground glass sam-
ples would be similar enough to allow
an image to form. With only one
“key” to a cryptographic hologram,
the message is considered secure.

Memories Can Forget
Holograms are useful for data
storage because many holograms can

be superimposed on the same photo-
graphic plate. Built-in redundancy is a
must in today’s computer systems —
transmission holograms, with their in-
sensitivity to blemishes and ability to
reproduce an entire image from a small
fragment, provide the necessary redun-
dancy. Optical memories capable of
storing 10* bits of data on each page
are stored in 1 mm? on the hologram.
A 10 cm? hologram stores 10* pages
— totaling 10® bits per hologram.



Figure 6. The simplified system for writing, reading,

hologram memory.

Until now. optical memories have
been confined to the static, read-only
type. This means, once made and
inserted into the memory, the holo-
gram can be read whenever necessary.
This information cannot, however, be
changed. Whenever a change is re-
quired, the old hologram has to be
removed and a new hologram made
and inserted into the memory.
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and erasing the magnetic

A dynamic, read-write memory is
now in the laboratory stage. These
optical memories are capable of being
written in the memory, stored, read
at will, and then erased when new
information must be entered. Ideally,
these can be reused indefinitely.

These new holographic memories
are made by depositing a single crystal
layer of manganese bismuth (MnBi) on



a base of mica. A strong magnetic
field, applied to this film, causes the
magnetic moments of the atoms to
line up making it ready for use as a
hologram. During the hologram re-
cording process, the magnetic mo-
ments of the atoms move out of
alignment in accordance with the laser
light interference pattern. The record-
ing time for such a hologram is about
10 nanoseconds. The hologram is
erased by simply applying a voltage to
a nearby coil, creating a strong magne-
tic field perpendicular to the hologram
surface. This magnetic field realigns
the magnetic moments of the MnBi
crystal (Figure 6). The hologram mem-
ory has now forgotten the old infor-
mation and is ready to record the
new data.

Advertising

Reflection holograms have opened
the door to hologram use in adver-
tising. Not many people have lasers
handy for reconstructing a transmis-
sion hologram image, but most people
have a white light source, such as a
flashlight or high intensity lamp, to
illuminate a reflection hologram. Pres-
ently, the cost of producing hologram
copies is rather high. Holograms,

nevertheless, are beginning to appear
in the print media.

Advertising holograms seem best
suited for inclusion in magazines, al-
though books and newspapers can also
carry them. As for direct mail —
mailing a hologram is no more difficult
than mailing a photograph.

Although many uses have already
been made of holograms, there are
probably others that have not been
explored. Advertising with holograms
will provide public exposure to holo-
grams — the more exposure, the more
possible applications.

Commercial Applications
Holography is no longer just a
laboratory curiosity, but now has ap-
plications in the fields of nondestruc-
tive testing, microscopic investigation,
entertainment, information storage,
and advertising. In fact, in the last two
years, more than 500 companies in the
United States alone, have made econo-
mic gains by taking advantage of this
extraordinary form of photograhy,
which permits the viewer to see
around obstacles. Dr. Dennis Gabor,
the inventor of holography, has fore-
cast that by 1976 his brainchild will
become a billion-dollar industry.
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an’s unbounded desire to
M communicate has led to an
ever increasing demand for new tele-
phone circuits. A method of increasing
telephone circuits without adding
thousands of miles of wire is obviously
desirable (Figure 1). While putting
paired wires into cables serves to re-
move some of the wire from view, the
problem of continually enlarging the
number of physical circuits to satisfy
the increasing demand remains.

Multiplexing permits simultaneous
transmission of two or more signals
over the same telephone circuit and
has been one of the most valuable
developments in the telephone indus-
try since the early 1900%. Of course,
the first multiplex carrier equipment
was expensive and only practical for
long distance circuits. As technology
improved this condition changed.

The reduction in cost of multiplex
equipment played an important role in
the expansion of carrier for short haul
transmission. One advance that made
carrier practical for short haul trans-
mission was in semiconductor technol-
ogy, resulting in high performance,
low cost transistors. The use of inte-
grated circuits also improved perfor-
mance and reliability, thereby decreas-
ing cost still further.

Carrier transmission over open wire
or cable between the central office and
a subscriber is called subscriber carrier
or station carrier. These systems pro-
vide less expensive transmission by
using the medium more effectively. An
ordinary cable pair carries one voice or
data channel. The same cable pair,
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Subscriber carrier trangmission systems economi-
cally expand existing cable capacity to meet the
demand for additional lvoice and data circuits.

using a station carrier system can carry
six carfier frequency derived circuits
which can be used for voice or data.

Three Types

There are three basic types of sub-
scriber | carrier systems in use today.
Each is designed to satisfy specific
requirements, and each offers individ-
ual ecqnomic advantages. One class of
subscriber carrier effectively extends
the rdach of the central office to
outlying areas (as much as 30 miles
away) and may carry 20 or more
channels. A second type, providing six
channels, serves to expand cable facili-
ties closer to the central office. The
third |s a single-channel system specif-
ically | designed to add one additional
subscriber to a cable pair easily and
inexprnsively at distances under 3.5
miles (5.4 kilometers).

Although the three types have dif-
ferent uses, they have some common
advarjtages. All can be used with a
combfination of standard gauge cables.
Minimum maintenance is possible be-
causq of the advantage of simply re-
placing defective equipment. Cable ad-
ditiohs can, also, be deferred and
planning flexibility provided using any
of these carrier systems.

Multi-channel systems provide even
greater service flexibility because each
channel can be used for party-line
service.

Multi-channel ~carrier equipment,
for relief of existing facilities, is pre-
sentiy most practical at about 4 miles
(6.4 kilometers) from the central of-
fice'(Figure 2). Whereas presently, for



initial installation, closer than 10 miles
(16 kilometers) multi-channel equip-
ment is not always practical. Cable
must be installed initially, even when
carrier is used; therefore, the economic
trade-offs differ for initial and relief
installations.

Upgrading and Expanding

Subscriber carrier first proved suit-
able for expanding cable and wire to
rural and sparsely populated areas.
Customers in these locations were ac-
customed to multi-party service and
shared a circuit with as many as nine
neighbors. As the economy of the
established rural population changed,
demands for urban quality service in-
creased. The migration of urban work-
ers — accustomed to single or two-
party service — to rural areas has also
added pressure for improved telephone
service.

One-party service is being establish-
ed under ambitious upgrading pro-
grams. Improving service by adding
new physical circuits to remote areas,
however, is not always economically
practical. Factors, such as the need for
automatic toll ticketing and increased
copper and labor costs, also influence
the decisions of planning engineers

Figure 1. Maze of
wires in this 1909
photograph  epito-
mized telephone cir-
cuits before multi-
plex techniques were
developed.

Bell Labs RECORD

toward layout of new systems and
planning the company’s approach to
growth areas.

The general need to upgrade ser-
vice, relieve cable congestion, and pro-
vide growth margins in new develop-
ments has enhanced the addition of
carrier equipment to exchange loop
facilities. Carrier systems upgrade ex-
isting service and provide new service
in areas without spare cable pairs.
Additional benefits are realized in
planning new cable installations a-
round carrier systems.

Station carrier is also being used to
provide temporary service for such
functions as charitable and political
campaigns, conventions, county fairs,
home shows, sports events, etc. The
largest application to date has been to
provide immediate relief for a fraction
of the cost of new cable installation.
Carrier has gained recognition control-
ling new construction while meeting
customer requests for additional and
upgraded service in areas where facili-
ties are already used to capacity.

Comparison

Carrier systems used to supplement
existing physical circuits must provide
a high degree of reliability, transmis-
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Figure 2. For relief of overloaded facilities, the green areas indicate, at the present
level of technology, each system’s recommended operating range.

sion performance, {lexibility, and
economy compared to the alternative
use of cable.

Since carrier systeins operate over
physical circuits, total system reliabil-
ity is the sum of the carrier reliability
and the reliability of the physical
circuit. Designing high reliability car-
rier equipment is thus a primary re-
quirement. Although such tight qual-
ity control increases the product cost.
frequent service complaints and high
repair costs arec not an acceptable
compromisc. Today’s carrier systems
have been able to maintain high relia-
bility at reduced costs by using inte-
grated circuits and semiconductor de-
vices.

Transmission Performance
Transmission advantages obtained
from carrier derived circuits include
signal consistency and stability. The
quality of a carrier signal is almost
identical at any cable length. In ad-

dition, net losses can be carefully
controlled, and environmental con-
ditions will have litile effect on the
stability of the circuits.

Long physical circuits (approxi-
mately 8 - 10 miles) contribute to
increased noise, delay distortion, and
degraded frequency response. These
arc major considerations especially
when data is being transmitied. These
parameters are degraded with increas-
ing cable length. Using carrier, long
loop transmission performance is sig-
nificantly improved.

With station carrier systems such as
Lenkurt’s 82A, all carrier frequency
signals lcaving the central office are
fixed at the same level. In the indivi-
dual subscriber terminal, the received
carricr level is regulated and the voice
frequency is then detected. The carrier
signal from the subscriber back to the
central office is automatically pre-
adjusted to compensate for cable loss.
Channel signal levels within a carrier



system will be different because each
channel is a different frequency and
line loss varies with frequency. How-
ever, the level of a particular channel
frequency in one system will be the
same as the level of the same channel
frequency in another system operating
over cable pairs within a common
cable sheath.

This automatic regulation reduces
far-end crosstalk between systems by
maintaining similar levels for all sys-
tems within the cable sheath, regard-
less of channel terminal location.

The automatic signal regulation
eliminates the need for manual level
adjustment and also makes it possible
to install and maintain the equipment

by personnel not familiar with elec-
tronic circuits.

Installation

Carrier systems can be added to
almost any type physical circuit —
open wire, cable (aerial and buried), or
a combination of open wire and cable
— to increase the number of circuits
available for voice and data transmis-
sion, or to reach out distances where
transmission limitations prevent the
use of voice frequency circuits.

Once preliminary engineering is
completed and a cable has been spec-
ified, carrier installation with systems
such as Lenkurt’s 82A and 83A is

routine and much faster than installa-

Figure 3. The subscriber terminal, shown here pole mounted, may be placed at
any point along the cable.
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Figure 4. Operations at the Charlotte Speedway in North Carolina, were able to
start on time, with the necessary additional telephone service provided by
Lenkurt’s 82 A Station Carrier system.

tion of additional cable. Carrier equip-
ment is installed at the same time as
the home instrument, and can be
placed at any point along the cable.
No field adjustments are needed. The
subscriber terminals and repeaters —
identical in appearance — are designed
for pole, crossarm, strand, or pedestal
mounting (Figure 3).

Flexibility

Carrier equipment is readily avail-
able making it practical to work ex-
isting cables to a 100 percent voice
frequency fill, instead of the 80 1o 90
percent usually specified. Carrier
equipment can be drawn from stock,
orinventory, and installed as quickly as
any non-carrier circuit — even when
cable pairs are available, This is an

impartant feature which is sometimes
overlooked.

If carrier equipment is installed and
the anticipated growth is not realized,
the innecessary carrier equipment can
be removed and returned to stock with
relative ease.

Short haul carrier equipment is
practical for long term use in instances
where the alternative is a long cable
with a small circuit capacity.

If, however, carrier equipment is
used as an interim measure to defer
new cable provisions, carrier advan-
tages are improved and shorter routes
or| larger growth rates are warranted.
THe degree of use which can be justi-
fied depends on the installed cost of a
ndw cable in particular localities and
on the expected return on investment.



After the addition of a ncw cable,
station carrier systems used as a tem-
porary means of providing additional
circuits can be moved to a new loca-
tion. There is a definite advantage in
not having to rely on precise cable
section forecasting. Instead, it is quite
sufficient to use general circuit re-
quirement forecasting for an area. Car-
rier equipment can be moved to meet
changing demands; but, cable once

laid, is fixed.

Economy

In a typical exercise to determine
cable size for a new facility, the area’s
expected five year circuit requirements
are reviewed, and possibly revised to
reflect the personal experience of local
engineers. Based on the results, a cable
size is selected. Since cable is supplied
in standard numbers of pairs, the usual
practice is to choose the next larger
sizc cable to ensure adequate facilities.
This method will sometimes result in
specifying cable with as many as 50
percent more pairs than are actually
necessary. This overspecification can
be costly when great distances are
involved.

Using carrier systems in planning
for maximum future requirements, the
plant engineer realistically sizes his
new cable to the nearest number of
pairs instead of the next larger size.
Extra circuits can be added with car-
rier equipment as required — reducing
both initial and annual costs.

Practical Solution

When the Charlotte Motor Speed-
way in North Carolina, moved its
administrative headquarters from
downtown Charlotte to the race track
near Harrisburg, N.C., it needed five
additional circuits at the track im-
mediatcly.

To install more cable facilities be-
tween the Speedway and the Concord
Telephone’s central office eight miles
away would have been a time consum-
ing project. Besides, a cable installa-
tion to provide five more circuits
would be economically unsound.

In response to the problem, Con-
cord Telephone turned to Lenkurt’s
82A Station Carrier system. The 824,
designed to expand the capacity of a
single subscriber cable pair to six
private lines, proved to be an ideal
solution.

The 82A, an extremely adaptable
system, required no modification to
the existing central office equipment
or telephone subsets (Figure 4). All
power for the repeaters and subscriber
equipment was received from the cen-
tral office supply, and no batteries
were required for subscriber terminal
or repeater operation.

A few days before the World 600
race, the Charlotte Motor Speedway
officials requested an additional tele-
type circuit. Using 82A, another cir-
cuit was quickly and easily provided.

Even Greater Capacity

Subscriber carrier transmission can
be an economical alternative to cable
when the annual circuit requirements
are small or where the circuit length is
quite long. If future requirements are
uncertain, carrier provides interim re-
lief, allowing time to gather reliable
data before making a major cable
addition. Carrier systems are also being
used where new cable additions would
provide a great many extra pairs that
would lie idle for several years.

Until such time as an even greater
density, lower cost transmission sys-
tem becomes practical, carrier will
continue to replace cable transmission
on shorter and shorter loops.
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Lenkurt’s 82A Station Carrier System expands the capacity of a single subscriber
cable or open wire pair to 6 private-line circuits| The 82A is the perfect solution
for service expansions where cable construction is being postponed, and where
volatile growth of subscriber circuits and demand for service upgrading cannot be
economically met by other means. For additignal information, write Lenkurt,
Department C134.
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henever there is a technologi-

cal breakthrough, there is an
automatic demand for “things” incor-
porating this new concept. Before de-
sign changes are made, however, it is
mandatory to examine the present
system closely to see what weaknesses
exist and to determine what new
problems might be created by incor-
porating this new development.

Unless careful thought and planning
precede design changes, these changes
can lead to a technological standstil]
—or even a regression— rather than a
step forward.

More than a decade ago, semicon-
ductors made their debut in the elec-
tronics world. Ever since that time, the
demand for “solid-state everything”
has become a way of life.

Microwave radio systems have not
escaped the challenge to change to
solid-state. Although, examining the
obstacles involved, progress has not
been as rapid as some expected.

Progress, as it concerns an all solid-
state microwave radio system, must
improve at least one of these areas
—reliability, efficiency, noise perfor-
mance, channel capacity, maintenance,
or cost. If none of these areas are
improved, the change is simply that —a
change— and not progress.
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"Progress begins by getting a
clear view of the obstacles.’

To understand the progress of sol-
id-state fadio, it is necessary to get a
clear vigw of the obstacles involved
with mi¢rowave transmission —princi-

pally, generating a high power signal.

Microwave Repeaters

The baseband or remodulating type
repeater shown in Figure 1 illustrates
how thé modulated carrier is received
and demodulated and then remodula-
ted intp a transmittable electromag-
netic wave. For comparison, a hetero-
dyne re¢peater is shown in Figure 2.
The heterodyne repeater amplifies the
signal, without demodulating.

The| received modulated carrier
must be amplified, because it has a low
power level. It is easier, however, to
amplify a low frequency signal. So
before amplification, it is desirable to
lower [the frequency of the received
signal.| This is done by mixing the
receivdd modulated carrier with a sig-
nal from a local oscillator (L.O.). The
L.O. groduces a fixed frequency signal
equal {to the carrier frequency plus or
minus an intermediate frequency (IF).

The mixer takes the sum or dif-
ferende of the received modulated
carrier and the L.O. signal. Since a
lower| frequency signal is desired, the
mixer output is the difference of the



two signals —resulting in a modulated
IF signal. A mixer used in this configu-
ration is a down converter.

This IF signal is then amplified. At
this point in the heterodyne repeater,
the signal is converted back to a higher
frequency, in an up converter. The
signal is amplified once again and is
ready for transmission.

Once amplified in the baseband
repeater, the signal is fed to a discrimi-
nator which changes the frequency
variations into a varying voltage. The
discriminator is the demodulator;
therefore, this varying voltage repre-
sents the baseband signal (the original
signal before it modulated the carrier
frequency to form the transmitted
radio signal).

This baseband signal is used as the
input to the transmitter where the

TRANSMITTER

varying voltage is modulated again to
form a frequency varying carrier. This
modulated carrier has the proper fre-
quency and power for subsequent
radiation.

A desired output power of at least
one watt has been established as a
nominal level for baseband repeater
systems. This output power has been a
major obstacle in designing an all
solid-state microwave radio system.

First Attempts

Microwave radios began to change
from vacuum tubes to solid-state de-
signs, in the early 1960’. Total solid-
state construction involves more than
simply adapting semiconductor com-
ponents and microwave design princi-
ples to meet existing industry stan-
dards for stability, noise performance,

RECIEVER

Figure 1. A microwave radio baseband or remodulating repeater is a receiver and

transmitter in series.
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Figure 2. In a heterodyne repeater, the signal is amplified without being

demodulated and remodulated.

bandwidth, and power. Cost, space,
and reliability considerations are just
as important.

The baseband receiver and transmit-
ter both had a vacuum tube holdout—
the klystron tube. In the receiver, the
klystron tube was used as the local
oscillator, and the transmitter was a
klystron tube preceded by a modula-
tion amplifier. A klystron tube simply
takes a voltage input and produces a
frequency output.

A solid-state replacement for the
klystron would eliminate the need for
a stable, high voltage power supply
required for klystron operation. Solid-
state devices do not need high volt-
ages. |t was expected that solid-state
oscillators would also increase reliabil-
ity making frequent field replacement
of tubes unnecessary.

The local oscillator has one design
requircment —low noise at low power.
The transmitter design, on the other
hand, has three such requirements—
high power, low noise, and stable
frequency output. The tighter specili-
cations for the transmitter design
makes it necessary to permit a higher
noise level in the transmitter oscillator.

1

l

A solid-state  oscillator was more
readily designed to replace the L.O.
klystron because of its lower power
requirament. Consequently, a solid-
state replacement for the transmitter
klystron tube was an obstacle in the
progress of all solid-state radio.

All Solid-State

Sinee solid-state devices generate
high power signals more readily at
lower frequencies, an all solid-state
microwave radio in the 2 GHz frequen-
cy band, rather than 6 Gllz or even
higher, was easier to achieve.

Lenkurt’s 2 GHz all solid-state
radio system, which provides up to
300 voice frequency channels, is
shown in Figure 3. In this system a
nominal power output of 2 walts is
obtained by using high power varactor
diodes in the multiplication stage.

As well as improved reliability with
a 2 watt output, the all solid-state
design offers many advantages. Replac-
ing vacuum tubes with solid-state de-
vices has the added benefits of longer
life. reduced power consumption, and
smaller systems in modular designs for
simplified maintenance.

World Radio Histol



Figure 3. Lenkurt’s 2 GHz radio transmitter was among the first on the market in
that frequency band.

An operative all solid-state trans-
mitter was a great challenge. Designers,
working with state of the art com-
ponents, persisted in their efforts to
meet this challenge.

A marketable, all solid-state, 6 GHz
microwave radio system was first pro-
duced, in 1962, by R.C.A. This system
uses a crystal oscillator and has a
capacity of 300 voice channels with an
output power of about 1/2 watt.

The system shown in Figure 4 uses
a crystal oscillator for generating a
carrier frequency which is then ampli-
fied. Subsequent muitiplication is ac-
complished by a varactor-diode multi-
plier chain, producing the desired car-
rier frequency at a reduced power
level.

The transmission signal (the base-
band signal) is used as the input to an
FM oscillator (FMO). The FMO, in
turn, converts the signal voltage to a
varying frequency. The multiplied car-
rier frequency and the output of the
FMO are up converted through a
mixer. the output of which is the sum
of the two frequencies. This output is
also the desired modulated carrier fre-
quency. One disadvantage of this

n
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system is that power is lost in the up
conversion.

The first obvious improvement de-
sired in the crystal oscillator transmit-
ter was an increase in the system’s
output power since it is directly relat-
ed to the channel capacity. Another
needed improvement was the lowering
of the necessary multiplication factor,
since noise is closely related to the
frequency multiplication.

As transistors are improved for
microwave application, it becomes
possible to replace the crystal oscilla-
tors with transistor oscillators which
could offer higher frequency outputs;
therefore, a lower multiplication fac-
tor, to reach 6 GHz. It might also be
possible to improve solid-state trans-
mitters to providc a power output of
one watt.

Transistors pose severe challenges
to circuit designers; their problems are
not worse than electron tubes but they
are quite different. The problems as-
sociated with klystron circuits are all
very familiar, and can be approached,
therefore, with alternatives.
This is not the case when working with
transistors in the microwave range.

known



Figure 4. Crystal oscillators were the

transmitter klystron.

These transistors are so new that
the problems associated with them are
not necessarily all understood. The
preferred solutions to even the known
problems have not yet all been found.
Because of the newness of these tran-
sistors, it is necessary to follow design
principles conservatively in order to
guarantee a sufficient degree of system
reliability. It is possible that present
transistor designs will prove capable of
meeting higher specifications than are
now guaranteed.

Transistor Oscillator

Transistor oscillators used in the
present 6 GHz, all solid-state transmit-
ters have a higher frequency output
than the crystal oscillators first used.
This higher frequency requires a lower
multiplication factor to obtain the
desired carrier frequency.

Transmitters using transistor oscil-
lators have an automatic frequency
control (AFC) device to insure that
the output frequency is 6 GHz. In
these solid-state transmitters, the base-
band signal is used as the input 1o the
transistor oscillator rather than being
mixed with the carrier frequency

first solid-state replacements for the

Lenkurt’s new 6 GHz microwave
radio offers improved, low noise per-
formance. This all solid-state radio has
a oné watt output and a channel
capacity of 1200 channels —large
enough for transmission of two video
signals, as well as voice and data. The
low per channel deviation of this
system makes it possible to provide
600 channels in the industrial band.

The “‘heart” of the transmitter is
the FMO as shown in Figure 5. This
unit provides a modulated microwave
signal output at one-fourth the desired
operating frequency. A crystal re-
ferenced AFC device provides precise
frequency stability.

After modulation, the signal is fed
through an amplifier. With a new
power level of 6 to 8 watts, the
modulated carrier goes through two
frequency doublers. The output is a
freqtuency modulated signal at one
watl and a carrier frequency of 6
Gliz —ready for transmision.

The one watt output insures a high
enough signal-to-noise ratio for Len-
kurt’s large channel capacity. The ther-
mal noise amplification introduced by
the frequency multiplication is dir-



Figure 5. Lenkurt’s 6 GHz solid-state microwave radio system uses two frequency
doublers in the transmitter.

ectly related to the multiplication fac-
tor. Since the oscillator is by far the
major source of transmitter thermal
noise, this low multiplication factor
minimizes output noise.

Ideal Transmitter

The ideal solid-state transmitter
would have a baseband input to a
single “black box” whose output is a
one watt, or greater, 6 GHz signal
—withont any need for power ampli-
fiers or frequency multipliers.

At this point, high power output
transistors have uncertain life ex-
pectancies. But, it is possible that such
a transistor or even a new type semi-
conductor device may become avail-
able in the future. When these devices
are developed. it could be several years
before a new system could be in
production.

There are two devices presently
available that may, eventually contri-
bute to the design of an ideal solid-
state transmitter. The avalanche diode

might be used in place of the transistor
oscillator to produce a 6 GHz signal at
almost one watt.

The unsolved problems with the
avalanche oscillator are that it is noisy
and difficult to simultaneously stablize
and frequency modulate.

The Gunn diode has also been
considered as an oscillator. It is much
quieter than the avalanche diode at 6
GHz, but its present maximum power
output at this frequency is only about
100 milliwatts. The same stabilization
problems exist as for the avalanche
diode.

Still another possibility is to use the
Gunn diode as the oscillator, since it is
quiet, and the avalanche diode in a
power amplifier configuration. How-
ever, at present, neither the power nor
frequency of the avalanche amplifier
are sufficient for a solid-state trans-
mitter. Despite these obstacles, the
avalanche/Gunn combination appears
to be the most promising next step in
solid-state transmitter design.
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A short while back,
there was a lot of noise
about solid-state
microwave systems.

Now, there isn't.
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First came solid-state. Now comes
Lenkurt sofid-state. There's a big ditter-
ence.

Now Lenkurt engineering offers 1200
channels in the commaon carrier band,

higher multipliers.
That means an even quieter signal.
There are other teatures you'll appre-
ciate, too. Like direct operation from
battery voltage. Plug-in IF and baseband

And 600 channels in the industrial band. Both with that cut time.

superior performance at reduced deviations. Allin all, the new Lenkurt microwave system will
And that means a quiet signal. make you glad you didn't rush into solid-state.
Lenkurt solid-state also modulates signals at And waited for Lenkurt to quiet things down.

higher basic frequencies. And Write Lenkurt Electric Co.,

offers iess distortion and fewer | JEMNUR] LLECTR/L | inc. Dept. €120, 1105 County

multiplication steps by using SENERA] PHON R Road, San Carlos, California
doublers rather than triplers or Lt HCRALITTEFHLONE BEIECTRONICS | gy

Microwave Systems from Lenkurt
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CABLES




Telephone cable

Cable has long been accepted
as a fundamental element in a
telephone plant. In recent years, how-
ever, cable’s “public image” has been
increasingly overshadowed by micro-
wave radio, satellite relay, and even
more exotic transmission methods.

While such transmission methods
reduce the importance of cable in toll
plant applications, it is still the main-
stay of exchange distribution. The
design and function of cable is not
static. In comes in an increasingly wide
variety of sizes and shapes, with a
correspondingly wide variety of trans-
mission characteristics for a multitude
of uses.

Furthermore, the role of cable in
telephone exchange circuits is chang-
ing. For instance, just a few years ago
each pair of wires in an inter-exchange
cable typically carried a two-way,
voice-frequency conversation. A fifty-
pair cable carried 50 conversations.
Today, the same cable may handle 25
carrier systems, each of which handles
24 conversations —600 channels in all.
Naturally, this places entirely different
transmission demands on the cable.

Cable Characteristics

The four fundamental electrical pro-
perties of the conductors in a cable are
the same as those of any other trans-
mission line:

1. Series resistance is the ohmic resis-
tance of the conductors.
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. . . the changing constant

2. Series inductance is the self induc-
tance of each conductor, plus the
mutual inductance between the indivi-
dual conductors.

3. Shunt conductance is the total resis-
tance of the current leakage paths
between the conductors.

4. Shunt capacitance is the electrical
capacitance between conductors, in-
cluding the capacitance effect of earth.

Since these electrical properties de-
pend primarily on the physical config-
uration and the material used in the
construction of any particular cable,
they are sometimes considered to be
constant —even though they change
somewhat with temperature.

These are the four properties that
define, for example, the attenuation
characteristics of the cable, This pro-
duces the cable’s “slope” —the charac-
teristic attenuation-vcrsus-frequency

Figure 1. Line transmission charac-
teristics are controlled by series resis-
tance, series inductance, shunt capaci-
tance, and shunt resistance.



curve shown in Figure 2. If the slope is
not corrected, it distorts the level
relationship of different frequencies
within a signal.

The increasing attenuation with in-
creasing frequency characteristic of
cable is caused primarily by the small
conductors used and by the short
leakage paths between conductors.
The small conductors have a fairly
high series resistance, and conductor
spacing is a major factor in determin-
ing shunt capacitance. Closely spaced
conductors increase the shunt capci-
tance, making it easier for the high
frequencies to follow the leakage paths
between conductors.

Since economic considerations ef-
fectively rule out greater conductor
spacing to reduce shunt capacitance,
the traditional method of combating it

is to “load” the line with series induc-
tance. The idea is to balance capacitive
reactance with inductive reactance.

This works well for lower frequen-
cies, effectively eliminating the slope
over a limited frequency band. Unfor-
tunately, however, a loaded line acts
like a lowpass filter. While the low
frequencies suffer comparatively little
attenuation, the line has an effective
cutoff frequency. At higher frequen-
cies, attenuation increases very rapidly
(see Figure 2). This cutoff frequency
can be increased by using loading coils
of smaller value and size and placing
them closer together. But above about
35 kHz the coils become too small and
the spacing too close to be economi-
cally feasible.

Since most modern carrier systems
use a frequency band that extends far

Figure 2. Non-loaded cable pair exhibits relatively constant slope, while loaded
pair acts as a lowpass filter.



above 35 kHz, loading is not practical
for cables used in carrier transmission
(although loading is still used on long
voice-frequency circuits). A common
method used in carrier transmission to
reduce distortion is the practice of
frequency frogging, where the indivi-
dual channels follow a “leap frog”
pattern. The entire band of carrier
frequencies is inverted at each repeater
point (see Figure 3). Thus, the channel
that occupies the lowest frequency
slot (and hence suffers the least atten-
uation) in one section of the line
occupies the highest slot in the next
section.

Another way to compensate for
slope is by using equalizing networks
to introduce a slope opposite to that
encountered in the line. An equalizer
is much like a highpass filter with a
slow and constant roll-off. When its
characteristics are added to those of
the line, the overall attenuation-ver-
sus-frequency curve is approximately
flat. Some carrier systems have built-in
slope equalizers, while others use ex-
ternal adjustable equalizers. Even with
such corrective measures, cable is still
a loss-prone transmission medium.
Open wire, for example, introduces far
less loss.

What makes cable attractice is econ-
omy. It is an inexpensive way to install

a great many circuits. The economy,
of course, lies in the way cables are
constructed.

Cable Construction

A telephone cable consists basically
of a number of insulated conductors
inside an insulating sheath. Wire sizes
run from 10 gauge to 26 gauge, de-
pending on the application. Of course,
large conductors (small gauge) intro-
duce less loss, but they also raise the
cost and make the cable more bulky.

And bulk should not be under-
estimated. In many metropolitan a-
reas, cable ducts are already crowded
nearly to capacity (see Figure 4), and
additional space is costly. If ducts
must be enlarged, or additional ones
installed, the necessary construction
work can be prohibitively expensive.

For these economic reasons, cables
close to the central office most often
use small conductors —typically 22 to
26 gauge. Farther out, larger cables are
used.

Toll cables, on the other hand, may
cover routes as long as 300 miles.
Thus, there is a much greater opportu-
nity for attenuation to build up.
Therefore, toll cables are typically
constructed of larger conductors. To
give an example, 26-gauge, paper-insul-
ated cable has a loss of about 26 dB

Figure 3. In frequency frogging, the entire frequency band is inverted at each
repeater to equalize distortion.



per mile at 360 kHz, compared to only
about 12 dB per mile for 19-gauge.
Another important factor in cable
construction is the insulation, both on
the individual conductors and in the
outside sheath. Many cables use paper
insulation around the conductors,
primarily because it is inexpensive.
The losses in paper-insulated cable are
quite high because paper is not a
particularly good barrier to the leakage

Figure 4. Photo shows crowded cable
ducts.

L1

paths. Furthermore, the varying insula-
tion thickness causes conductance and
capacitance to vary.

If moisture penetrates the sheath
(even a pinhole can permit it), the
paper gets wet reducing the insulation
resistance and transmission characteris-
tics of the cable. For these.reasons, the
trend is toward plastic insulation,
which provides a better dielectric bar-
rier to the leakage paths. However,
moisture can still be a problem. In
plastic-insulated cable, moisture can
increase the mutual capacitance of the
cable pairs, with a corresponding in-
crease in attenuation.

The outer sheath has two functions
—mechanical and electrical. Mechani-
cally, it holds the conductors together
and provides an environmental barrier.
Electrically, it offers some protection
from outside interference. Normal
practice is to use two sheaths, one of
metal and the other of plastic or
rubber.

Another factor that must be con-
sidered in the construction of cable is
pair balance. A magnetic field is associ-
ated with the current in a line; an
electric field is associated with the
voltage. It is desirable to have both the
magnetic and electrical relationships
between each conductor and the earth
the same for both conductors —in
other words, to have a balanced line.
An unbalanced line can result in excess
noise, crosstalk, and absorption peaks
at certain f{requencies. Fortunately,
there is a simple solution to a major
portion of the balance problem: sim-
ply twist the two wires around each
other. Thus, the unbalancing condition
is reversed at short intervals, and the
inductive effects tend to balance.

Getting the Best Out of Cable
Cable is not a perfect transmission

medium. Properly used, however, it

provides very satisfactory transmis-



sion. For many applications, it has no
economic equal. It is not difficult to
engineer a cable system if all new cable
is to be installed. But often this is not
the case. A typical cable carrier sys-
tem, for instance, may use some new
and some existing cable, often of
different sizes —and almost certainly
possessing different transmission char-
acteristics.

The new cable should be chosen to
provide the best transmission charac-
teristics that are economically feasible,
without regard to the characteristics of
the existing cable. (If the existing
cable has inferior transmission charac-
teristics, there is no point in com-
pounding them.)

Any pairs that are used for voice-
frequency circuits are potential noise
sources. They may pick up transients
from switching equipment, for ex-
ample. And if they happen to be
connected to open-wire lines, these
lines can act as radio antennas, intro-
ducing radio-frequency interference.

Noise is also picked up at carrier
frequencies, but if it is introduced
while the signal is at a high level, the
noise will have minimal effect. There-
fore, if possible, the entire existing

Figure 5. Effect of
temperature on at-
tenuation is not a
major factor, but it
must be considered.

cable should be designated for carrier
transmission. For this reason, also, it is
often wise to use a short repeater run
out of an office or in other high-noise
areas. This keeps the signal level high
in the areas where noise is most likely
to be introduced.

If the new and existing cables are
not the same, they will require a
different repeater spacing and dif-
ferent equalization, depending on their
individual characteristics.

Cable adequate for voice transmis-
sion is not necessarily satisfactory for
carrier. For example, an imperfect
splice that causes no trouble at voice
frequencies can act as a diode rectifier
at carrier frequencies, introducing sub-
stantial distortion.

Another consideration is the choice
between aerial and buried cable. Often
it is dictated by outside factors such as
economics or aesthetics. For stable
transmission, however, buried cable is
more efficient. This is partly due to
the fact that buried cable does not
experience the temperature extremes
of aerial cable. Since attenuation in-
creases with temperature, as shown in
Figure 5, high temperatures should be
avoided when possible.




Buried cable is thermally insulated
by the earth, and its year-round tem-
perature variation in some areas will be
no more than a few degrees. Aerial
cable, with no such insulation, suffers
from an ‘“‘oven effect” that exaggerates
the sun’s heat. Tests have shown that
the internal temperature of aerial cable
on a hot day may be 18 degrees higher
than the ambient air temperature.

On the other hand, both aerial and
buried cable are subject to attack by
pests such as insects and rodents. It is
difficult to say which presents the
greater hazard without specifically
studying a particular locality.

Coaxial Cable

Thus far, this discussion has con-
cerned multipair cable. But coaxial
cable has been receiving a great deal of
favorable attention in recent years,
after being overshadowed in the
1950’ and early 1960’s by microwave
radio. A major reason for the renewed
interest in coaxial cable is that radio
frequency allocations are becoming
increasingly congested in many areas.
And for many uses coaxial cable can
economically replace microwave trans-
mission.

A coaxial cable consists of a solid
inner conductor placed inside a hollow
outer conductor. The two conductors
are concentric and are separated by an
insulator. This may be a solid such as
plastic. But, in coaxial cables used for
communications the insulator is usual-
ly air. The inner conductor is kept
centered by support discs placed at
intervals. This construction results in
lower transmission losses than does
solid insulation.

Regardless of the construction,
however, a coaxial cable has much

lower losses than a twisted pair. Since
it also has a lower attenuation-versus-
frequency slope, the usable bandwidth
is much greater. While ordinary cable
carrier systems are usually limited to
24 voice channels, coaxial systems
often carry 600 or more channels. For
extremely heavy routes, the Bell Sys-
tem L4 carries 3600 channels. Channel
capacity as great as 10,800 is being
planned.

Coaxial cable also provides good
protection from interference, since the
electromagnetic energy propagation is
confined within the tube. This is par-
ticularly important in some specialized
areas such as video transmission.

A relatively new application for
coaxial cable is the transmission of
digital information. Multipair cables
are adequate for bit rates suitable for
24 PCM voice channels, but the rates
needed for high density systems de-
mand the greater bandwidth available
in coaxial cable.

Cable Development

The basic factors in cable design are
both well known and constant. But
that does not mean improved cables
are not being developed. On the con-
trary, the search is continuing for ways
to improve the efficiency of both
multipair and coaxial cables.

While the primary emphasis is on
the development of new materials to
reduce losses and distortion, other
major objectives are to improve manu-
facturing methods while at the same
time reducing costs.

Part of the development work is
also aimed at new cables for specializ-
ed applications. These new cables will
be the subject of the next Demodula-
tor article.
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Cable Developments




elephone service was still in
Tils imfancy when the transi-
tion from open-wire transmission Lo
cables began. The motivating factors
were quite simple: aerial congestion
quickly became intolerable in the ur-
ban areas where service was concen-
trated and open-wire lines were highly
susceptible to storm damage.

This transition has essentially taken
place, although open-wire continues to
set longevity records in some rural
arcas. Not only do the same factors
that sparked the trend toward cable
still apply, but a new one has been
added — increasing public concern
with aesthetic values. As yet, no
method has been found to make aerial
transmission lines (open-wire or cable)
an assel to the environment.

One solution has been to bury the
cable. Despite the industry’s many
years of experience with cable, both
electrical and physical problems re-
main. There is room for improvement
in traditional applications, and newer
developments, such as PCM transmis-
sion, make new and greater demands
on the cable plant.

Cable Matures

A multi-pair cable is far from an
ideal transmission medium for either
voice or carrier frequencies. Its short-
comings, such as the tendency to act
as a lowpass filter, have been well
documented (see the May 1970, De-
modulator). Some of the solutions
have also been presented: loading for
voice frequencies, equalization and re-
peaters for carrier frequencies.
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Improvements in cable construc-
tion have eliminated some serious
shortcomings and have increased
overall performance.

Equally important, however, is the
physical construction of cable, because
construction determines the electrical
characteristics.

The basic characteristics of a trans-
mission line largely depend on such
factors as the size and material of the
conductors, as well as their electrical
proximity (physical spacing and the
diclectric between them). Open-wire
lines, of course, are insulated from
cach other by air space; so are most
coaxial cables. However, multi-pair
cables also must depend on other
types of insulation.

The conductors in the first cables
were wrapped with cotton string for
insulation. Later, paper tape and pulp
came into  widespread use. These
methods worked reasonably well as
long as the insulation remained dry.
Moisture can be kept out with a
waterproof sheath. Lead has been
widely used as a waterproof sheath,
but it easily develops fatigue cracks
which let in moisture. It is also heavy,
difficult to handle, and expensive.

Another approach to keeping mois-
ture out is to fill the cable sheath with
dry air under pressure. Since this is
quite expensive, it is often not econo-
mically justifiable, particularly for
long cables that may contain only a
few pairs.

A major advance was the develop-
ment of Polyethylene Insulated Con-
ductor (PIC) cables. This waterproof
plastic insulation solved most of the
problems caused by wet conductors,
although PIC cables occasionally have
defects allowing moisture to enter.



Dry conductors alone are not
enough for good transmission charac-
teristics. Impure water has poor dielec-
tric properties. And water inside a
cable sheath, even though it does nnt
reach the conductors, increases the
capacitance between the conductors.
In an extreme case where the cable is
full of water, the transmission loss can
increase about 55 percent at voice
frequencies, and as much as 75 per-
cent at carrier {requencies.

Polyethylene is also used to insu-
late and waterproof the sheathing. It
usually forms an outer jacket over the
metal sheathing, providing electrical
shielding and mechanical support. This
outer jacket is easily damaged while
the cable is being buried. A lightning
strike can also melt tiny holes in the
jacket.

Another significant problem is the
damage caused by gophers and other
pests. In areas where such rodents are
prevalent, cables are armored with a
thick copper shield for protection.

Because about half the space inside
a cable is filled with air, the sheath
acts as a pipe. Thus any water that
does penetrate can flow for hundreds
of feet along the cable — even uphill
where temperature variations create
pressure differentials. This complicates
repair, because some of the problems
caused by moisture may not be close
to the point where the water entered
the cable (see Figure 1).

Figure 1. Cable acts
as a pipe permitting
water to enter the
sheath at one point,
then travel hundreds
of feet before at-
tacking the conduc-
tors.

Keeping the Water Out

Many different methods have been
tried to keep moisture out of cables.
One early method was to fill the cable
with kerosene. However, kerosene is
lighter than water, causing it to float
away when water enters.

Petroleum jelly, which has good
electrical properties, has long been
attractive as a water repellent in
cables. The main problem with petro-
leum jelly is its low melting point. It is
likely to melt and flow out of cables
stored in the sun. At the same time, a
stiff filling compound is not satisfac-
tory because it does not allow the
cable to flex easily.

Recently, petroleum jelly has been
mixed with pulverized polyethylene to
form an excellent filling compound.
The addition of an antioxidizing agent
allows the compound to retain its
putty-like consistency for years.

This filling compound has neces-
sitated some changes in the insulation
surrounding the conductors. Since the
compound can cause polyethylene to
deteriorate, conductors are usually in-
sulated with polypropylene. Further-
more, filling the cable increases the
capacitance between conductors. Since
the new cable must be interchangeable
with older PIC cable, it has to meet
mutual capacitance standards of 0.083
microfarads per mile. This is accom-
plished through a 40 percent increase
in the thickness of the polypropylene



Figure 2. PCM sys-
tems use the same
frequency band for
both transmission
directions; therefore,
coupling from strong
pulses leaving a re-
peater can seriously
interfere with in-
coming pulses.

insulation on the conductors. The net
result is a slightly larger cable.

While filled cable costs somewhat
more than standard PIC cable, it offers
a bonus in the form of reduced atten-
uation, particularly at carrier frequen-
cies. Filling the cable permits the
manufacturer to produce more uni-
form electrical characteristics. This can
reduce attenuation as much as 15
percent compared with standard PIC
cable (approximately 20 dB per mile
at 772 kHz compared to about 23 dB
per mile for 22-gauge PIC). This re-
duced attenuation is due to the filled
cable’s higher impedance and lower ac
resistance caused by the thicker plastic
insulation. This uncalculated bonus
can result in fewer repeaters in a
carrier system.

PCM Transmission on Cable

With few exceptions, cable carrier
systems use four-wire transmission ar-
rangements — two wires for each
direction of transmission. In addition,
“traditional” carrier systems that use
frequency-division multiplexing nor-
mally use different frequency bands
for the two directions of transmission.
Otherwise, the low-level signal coming
into the repeater could suffer severely
from coupling by the high-level signal
coming out of the repeater on an
adjacent pair, as shown in Figure 2.
This condition is defined as near-end
crosstalk,

REPEATER
STATION

PCM systems, on the other hand,
use the entire available frequency band
for each direction of transmission. A
primary cause of errors in PCM trans-
mission is impulse noise produced by
near-end crosstalk between PCM sys-
tems in the same cable sheath.

For this reason, it has been recom-
mended that PCM systems, such as
Lenkurt’s 91A, use two separate cables
dedicated to PCM transmission. Since
one cable carries one direction, both
cables can be filled to capacity.
Another way to decrease the near-end
coupling is to limit the cable fill to
about 70 percent of capacity, when
only one cable is used. Still another is
to decrease repeater spacing to main-
tain the level difference between the
two transmission directions.

A new development, called T-
Screen® cable, shows substantial pro-
mise for PCM transmission. As shown
in Figure 3, T-Screen cable incorpor-
ates a thin shield to divide the conduc-
tors into two separate compartments
— effectively separating two cables in
one sheath. The screen is made of
polyester-insulated  aluminum. The
4-mil screen is thick enough to provide
the necessary electrical isolation, yet
thin enough to flex with the cable
without deforming.

The best results are obtained by
combining the T-Screen with the
*Registered Trademark, Superior Continental
Corporation



Figure 3. T-Screen cable uses an insulated
shield to separate conductors effectively
into two channels, thus reducing far-end
crosstalk  (FEXT), particularly for PCM

transmission.

Courtesy of Supenor Continental Corporation

filled-cable concept. The T-Screen de-
creases crosstalk (see Figure 4), and
the cable filled with the petroleum
jelly compound decreases attenuation
and moisture problems. Reports from
the field indicate that the use of this
combination has permitted PCM  re-
peater spacing to be “stretched” from
5400 feet to 8,000 feet on 22-gauge
cable. However, the savings obtained
are partly offset by the increased cost
of such cable (typically 5 to 20 per-
cent, depending on the pair count).
Added economic advantages may
be realized by using 24-gauge cable to
produce  0,000-foot repeater spacing

Courteny of Superior Continen:al Corporatron

for PCM. Such spacing eliminates
separate locations for carrier repeaters
and voice-frequency  loading coils,
since standard H-88 loading coils are
placed every 6,000 feet.

Coaxial Cable Developments

Like multi-pair cable, coaxial cable
has been changing ever since its intro-
duction to field use in the 1930’.
Much of the change, however, has
been in the application of coaxial
cable, rather than in the basic design.
The first commercial application in the
United States carried 000 two-way
voice channels on each pair of coax-

Near-End Crosstalk Characteristics
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ials, using an L-1 carrier system. This
version used a 0.27-inch cable and
rubber discs to maintain separation
between the conductors.

Soon, however, the standard size
for high-density applications became
0.375 inches, as a compromise be-
tween cost and attenuation. Conduc-
tor separation was maintained with
polyethylene discs to reduce the
mutual capacitance. Increased circuit
capacity was obtained by adding more
coaxial “tubes™ to a single cable, and
by decreasing repeater spacing lo per-
mit more channels on each pair of
coaxials.

Today, 20-tube cables are com-
monly used on heavy routes, and the
L-4 carrier system transmits 3600
two-way voice channels on each pair
of tubes.

While the electrical characteristics
of an ideal coaxial cable are excellent,
they are highly dependent on the
physical relationship of the conduc-
tors. Since the outer conductor is
hollow, and the inner conductor is
normally held in place by thin discs
about an inch apart, the tube is quite
susceptible to crushing. Any such
damage creates a discontinuity in the
Lransmission path, resulting in deterio-
ration of eleetrical characteristics.

Furthermore, the flexing involved
in manufacturing, transporting, and
laying the cable can cause fatigue in
the outer conductor. For instance,
flexing tests have shown that the

Figure 5. The
CLOAX cable outer
conductor and shell
are a laminate of
copper and steel —
resulting in less cop-
per, greater strength
and improved elec-
trical characteristics.

conventional serrated-seam outer con-
ductor develops “dimples” under each
serration, even with normal handling.

Partly because of a desire to im-
prove the mechanical and electrical
characteristics of coaxial cable, and
partly because of the specter of a
world-wide copper shortage, Bell Tele-
phone Laboratories set out to develop
an improved coaxial cable. The result
is CLOAX (corrugated-laminated coax-
tal) cable.

CLOAX wuses a thin copper skin
laminated to a tinned-steel sheet with
a copolymer adhesive, as shown in
Figure 5. The entire laminate is later-
ally corrugated to permit flexing and
to add crush resistance.

Because this design uses a soldered
seam and does not deform casily, it
has more uniform electrical character-
istics; therefore, its transmission loss is
said to be lower than conventional
serrated-scam coaxial, and it provides
better interference protection.
CLOAX uses one-third as much copper
as the previous design; it has twice the
crush resistance, and four times the
bending life (see Figure 6).

One seeming dark spot in the
CLOAX picture is that continuous
exposure 1o high humidities tends to
destroy the copolymer-to-copper
bond. However, initial tests at Bell
Laboratories indicate that once the

cable is fabricated and buried, this
bond is no longer critical. As long as
the cable is not disturbed, the inside
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diameter of the conductor does not
change. Therefore, the electrical char-
acteristics remain constant.

The Future of Cable

The more sophisticated forms of
transmission — microwave radio, milli-
meter waveguides, lasers — tend to
receive the publicity. They definitely
oceupy a position of importance in the
communications industry, but they
also have their shortcomings.

There is nothing particularly glam-
orous about cable, but it still has its

Figure 6. The ser-
rated—seam coaxial
cable, on the top,
uses a double wrap-
ping of helically
wound steel tape to
give it strength. The
corrugated-laminated
coaxial (CLOAX), on
the bottom, has
greater strength,with-
out such wrapping.

place. With the number of telephone
circuits doubling about every seven
years, cable’s future seems assured.

Some of the recent developments in
cable technology have been mentioned
here. There undoubtedly will be others
in the future improved electrical
materials, better protection from inter-
ference, better mechanical character-
istics. Major efforts, in all areas, will be
directed toward improved economy.
For many applications, there is pres-
ently no technique in sight to compete
economically with cable.
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Note from the Editor:

Book and Binder requests made on the Demodulator Survey Card could
not be filled unless the proper money was enclosed. Please follow the
instructions given on the last page of this issue and we will promptly fill your

order.

We are making a concerted effort to fili all of your many requests — back
issues, mailing list additions, etc. But, if by July 15 your requests have not
been filled, please ask again. By that time we expect to be finished pulling
staples and tallying the many thousands of survey cards we have received.

Thank you for your patience.
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Synchronous, geostationary
satellites capable of directing

signals to a network of earth stations
scattered throughout the United States
is the image portrayed by a domestic
satellite system (see Figure 1). Such a
system could serve populous areas
where the demand is greatest, or pro-
vide communication links to areas
which are not now easily accessible
with terrestrial methods.

The proposed system would pro-
vide communications for all areas
within the country, and could some-
day be interconnected with trans-
oceanic cable and international satel-
lites to overseas points, making it
possible for today’s telephone user,
even in remote areas, to reach 188
million telephones — 96 percent of the
world’s total.

Open Competition

The development of a domestic
satellite system in the U. S. has been
delayed pending the outcome of a
government study. The results of this
study have now been presented in the
form of a Presidential memo suggest-
ing the FCC give approval to any
organization seeking to construct and
operate a domestic satellite system,
provided it meets certain guidelines.

The memo further suggests estab-
lishing a three- to five-year interim
policy allowing competition to act
within well defined limits to protect
public interests.

Literally interpreted, the Presiden-
tial memo gives anyone with the funds
and technology the opportunity to
launch and operate a domestic satellite
system, provided standards of com-
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a versatile, reliable national communications network
just over the horizon.

patibility are met and anti-trust laws
are not violated. Specifically, the rec-
ommendations deal with financial abil-
ity, launching capability, room in
space, and available frequencies.

When satellites are designed to fit a
domestic network, they must com-
pete, costwise, with existing service.
Satellites can provide circuit perfor-
mance and capacity equal to coaxial
cable, digital systems and millimeter
wave systems.

A satellite system able to compete
economically with terrestrial facilities
will have a limited number of drop-off
points (earth stations). The earth sta-
tions should be limited for two reasons
— cost and channel capacity. The
channel capacity decreases with in-
creasing station access; therefore, each
earth station will have to gather traffic
from a large area.

Figure 1. A domestic satellite system
would use a series of synchronous,
geostationary satellites for communi-
cation with all parts of a country.



The private enterprise approach to
domestic satellite service may lead to a
variety of special purpose systems.
Three general plans are being consid-
ered, each in a different frequency
range — 4 and 6 GHz, 10 to 40 GHz,
and 30,000 GHz. The first system
would operate in the 4- and 6-GHz
range — presently used for most terres-
trial radio transmission and for inter-
national satellite systems involving a
few remotely located earth stations.

Radio Interference

Radio interference can be a serious
problem if there is an extensive micro-
wave network near the earth satellite
station. This condition is typically
found in the proximity of urban cen-
ters. In the United States, the prolifer-
ation of 4- and 6-GHz terrestrial sys-
tems makes these undesirable for satel-
lite use. However, there are not as
many 4- and 6-GHz terrestrial links in
Canada, and their proposed system,
using these frequencies, expects to
avoid radio interference by placing the
earth stations outside the metropolitan
areas. Even with the interference
shielding offered by hills, it will prob-
ably be necessary to place earth satel-
lite stations 50 to 100 miles (80 to
160 kilometers) from urban centers.

Radio interference affecting a U.S.
domestic satellite system operating in
the 4- and 6-GHz region is shown in
Figure 2. The greatest interference is
between the 4-GHz radio relay trans-

Figure 2. Radio
interference is a seri-
ous problem when
the earth station for
a 4- and 6-GHz satel-
lite system is located
near an area with 4-
and 6-GHz radio re-
lay systems.

mitter and the highly sensitive earth
station receiver, and between the high-
gain earth station transmitter and the
6-GHz radio relay receiver.

International studies are in progress
to find ways to avoid radio inter-
ference, with emphasis on the possible
selection of preferred or segregated
frequency assignments for satellite
communication systems. The bands
under study are above those generally
used for terrestrial microwave systems.
If exclusive assignments can be made -
for satellite service, earth stations can
be placed near large centers where
most circuits will be terminated.

Bell has studied a system that oper-
ates in the millimeter-wave frequency
range between 10 and 40 GHz. Radio
interference is no longer a hindrance
with such a system. Atmospheric at-
tenuation, however, is a much more
serious problem, since electromagnetic
waves in the frequency bands above 10
GHz are severely attenuated by rain
and water vapor.

Atmospheric Attenuation

A domestic satellite system operat-
ing above 10 GHz must be designed
to withstand a few dB of attenuation
due to atmospheric conditions —
sometimes for long periods — and
must have a diversity earth station for
the rare occasions when excessive rain-
fall causes large attenuation (see

Figure 3). According to studies, the
most intense rain occurs in limited




Figure 3. Diversity earth satellite sta-
tions avoid signal attenuation when
heavy rainfall occurs.

cells, and rain covering large areas
(several square miles) generally falls at
the low rate of one inch per hour or
less. Therefore, diversity earth stations
separated by several miles have been
proposed as a workable solution to
atmospheric attenuation.

A third possible ground-to-satellite
link would use a CO, laser. Such a
system is not hampered by radio inter-
ference, and has a high tolerance
against atmospheric attenuation.
Although the frequency of a CO, laser
(30,000 GHz) is higher than milli-
meter-waves, there is a transmission
window, 40-GHz wide, centered at
30,000 GHz. This frequency, there-
fore, is less susceptible to attenuation
than any in the visible or ultra-violet
ranges. The CO, laser has also been
suggested as a means of providing
efficient inter-satellite communica-
tions — links between domestic and
international systems

Time Delay and Echo

Long time delay and the associated
echo became apparent with inter-
national geostationary communica-

tions satellites. The minimum distance
between any two points via a geosta-
tionary satellite is 44,600 statute miles
(72,000 kilometers). Consequently, a
U.S. circuit via satellite will have a
round trip delay of more than one-half
second compared with about one-
tenth second delay for terrestrial cross-
country transmission in the U.S. This
delay is due to the distances involved
and the resulting transmission times.

The speaker’s echo tolerance de-
pends on the delay time and the
loudness of the echo. There are two
ways to suppress the echo within tol-
erable limits. One form of suppression
is to attenuate the echo — making it
barely noticeable compared with the
speaker’s voice. As time delay in-
creases, the echo attenuation must also
be increased. A voice-activated switch-
ing device can also be used in the
return circuit to keep the echo from
reaching the speaker.

In the early 1960’s, Lenkurt Elec-
tric, Bell Laboratories, and the Dollis
Hill Laboratories of the British Post
Office were studying the effects of
delay, echo, and echo suppression.
These studies resulted in specifications
for new suppressors designed for long-
delay circuits. Lenkurt’s 931C echo
suppressor was designed to meet these
specifications and is capable of com-
pensating for delays of the magnitude
encountered with satellite links.

Artificial delays were used in a
simulated telephone test circuit
carrying regular telephone traffic.
These experiments began to show
slight adverse public reactions to calls
with a round trip delay of about 300
milliseconds, and a significant increase
in adverse reactions with a round trip
delay of about 500 milliseconds.

Three different situations arise with
long delays which may be disturbing,
but are tolerable. The first of these is
called “simultaneous talking.” If both
parties start talking within one-quarter



second of each other, both will con-
tinue talking until one party finally
notices the other and ceases talking.
When this happens, neither party will
hear what the other has said.

“Hello calling” is the second con-
dition encountered with long delays.
When one party has been talking for
some time, or has come to the end of
what he wanted to say, he usually
panses and expects a response from
the other party. This response may be
delayed because the other party hesi-
tates before answering. With the added
satellite delay the talker may become
impatient and start calling “Hello,”
indicating he is wondering if the other
party is still on the line, or if the
connection has been broken.

“Break-in difficulties” characterize
the third delay situation. One of the
parties may wish to start talking by
taking advantage of a short pause in
the other’s speech. Therefore, he waits
for a breathing pause by the other
party. In a satellite call, it will take
him about one-quarter second to note
the pause. By the time his comments
reach the original speaker, a minimum
of another quarter second later, the
latter may have resumed speaking.
This condition is compounded if it
leads to “simultaneous talking.”

Although the distance to the moon
is greater than it would be to a
geostationary domestic satellite, most
people were made aware of these long
delays with the telephone conversation
to the moon during the Apollo XI
moon landing. All of these delay-
related conditions may become more
pronounced and lead to verbal com-
munication difficulties under the pres-
sure of time and argument.

Since subscriber dissatisfaction in-
creases in proportion to delay time,
the CCITT (International Telegraph
and Telephone Consultative Com-
mittee) recommended the following
limitations on mean, one-way propaga-

tion time with appropriate echo sup-
pressors: 0 to 150 milliseconds, ac-
ceptable; 150 to 400 milliseconds,
acceptable, provided increasing care is
exercised on connections as the mean,
one-way propagation time exceeds
about 300 milliseconds; and unaccept-
able above 400 milliseconds.

A follow-up analysis on the simula-
ted delay circuits showed that only a
small proportion of the people had
difficulty talking and hearing, and an
even smaller proportion rated the con-
nection “fair” or “poor” (see Figure
4). Therefore, it would seem that the
delay-related problems are not as seri-
ous as first thought to be.

One possible way to minimize delay
is to use the satellite path for trans-
mission in only one direction, and use
the shorter delay, terrestrial system
for the return connection. In this way,
the maximum one-way delay would be
acceptable and the total delay would
be significantly reduced.

Once a domestic satellite system is
operating, it will be necessary to have
automatic switching which would limit
each call to only one satellite hop,
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Figure 4. Only a small percentage
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keeping the delay within the accept-
able range. One way to accomplish this
is to make the domestic system avail-
able only for calls within the country.
An alternative plan would develop an
inter-satellite communication system
requiring only one up-and-down link.
The situation to be avoided is multiple
up-and-down links. For example, on a
call from England to Hawaii there
could be as many as three up-and-
down links, with a U.S. domestic
system in operation (See Figure 5).
Long delays cause difficulties only
when there is two-way communica-
tion. Data, television, and facsimile
transmission would be unaffected by
these delays and ideally suited to
satellite communication systems.

Unique Outages

There are three types of outages
affecting reliability on all satellite
systems. The magnitude and exact
occurrence of these outages depends
upon the orbital placement of the
satellite and the location of the earth
station. The first is eclipse outage
which occurs when the earth’s shadow
covers the satellite, causing the solar
cells to become inoperative. These
periods of eclipse last up to one hour,
and occur each night for 43 con-
secutive nights in the spring and fall.
However, the usual satellite design
provides battery backup for most

channels to insure their continuous
operation. To conserve satellite
weight, it would be possible to keep a
channel without battery backup for
television transmission — a service
normally “off the air” during the
eclipse periods.

Sun transit outage is caused by
radiation of electromagnetic energy
from the sun when it crosses directly
behind the satellite. This radiation is
proportional to temperature; there-
fore, the sun is an extremely powerful
noise source which, when in direct line
with a satellite, overrides the satellite
signal. This condition, occurring on
about five days, two times each year,
causes an outage lasting approximately
10 minutes. Terrestrial protection
channels can be provided to avoid
losses, since these short outages can be
predicted with reasonable accuracy.

If a satellite should fail, there is a
distinct likelihood that it will be im-
possible to restore it to service, and a
replacement satellite would have to be
launched. A temporary means of re-
storing satellite circuits will have to be
developed, to avoid the serious effects
of this outage on a sophisticated tele-
phone switching network.

Aircraft do not cause interference
with terrestrial communication links.
This is not, however, the case with
satellite communication where aircraft
corridors pass through satellite beams.

Figure 5. Limiting in-
tercontinental com-
munications to one
up-and-down link,
there are several pos-
sible routes for a call
from England to

Hawaii,



This interference condition is still
under investigation to determine its
magnitude.

Weight vs Stabilization

Narrow antenna beams used for
satellite communication require pre-
cise spacecraft stabilization. Accurate
sensing for final attitude adjustments
can be achieved by measuring the
satellite’s electromagnetic radiation.
Attitude control appears to be primar-
ily a question of the reliability of
components to be used in a system
designed for at least 10 years of
operation. A basic aspect of attitude
control is the amount of fuel (weight)
required to stabilize the spacecraft.

In comparison with the amount of
fuel required to keep a satellite station
operating, the weight for attitude con-
trol is small — a few pounds per year
per ton of satellite weight. Therefore,
the stabilization weight penalty im-
posed on a satellite having a 10 year
operational lifetime, while significant,
is not prohibitive.

How Soon?
It is theorized that even if the FCC
acts quickly, it would require about

Figure 6. Domestic
satellite earth sta-
tions will look very
similar to this inter-
national satellite
earth station.

two years of planning and construc-
tion before a U.S. domestic satellite
system could become operational.
Experts predict the initial volume will
be only great enough to support one
satellite system, unless there is a signif-
icant increase in traffic over the next
two years.

The Canadian domestic satellite
system is scheduled for launching in
late 1972, The specific requirements
of the Canadian system are not the
same as for a U.S. system; however, a
great deal can be gained from their
experience.

Although the cost of domestic sat-
ellite links is not expected to provide
immediate economic advantages over
terrestrial links, it is anticipated that
its versatility and reliability combined
with the present varied modes of
terrestrial transmission will ultimately
provide a more efficient total com-
munications system.

Someday in the near future the
United States will be covered with a
network of earth stations similar to
the one shown in Figure 6, and all
phases of communication — voice,
data, facsimile — will experience the
advantages a domestic satellite system.
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The following is the essential text of a talk given by Mr. R. F. White, a
senior staff engineer at Lenkurt Electric Co., Inc., at the International
Conference on Communications held in San Francisco in June, 1970.
Because of the outstanding clarity of the discussion, and because the
article is of general interest to communication systems users, it is
being printed here for the benefit of all Demodulator readers.

n recent years the objectives
for total reliability in mi-
crowave communications systems have
become rather staggering. One ex-
ample is the Bell System’s stated ob-
jective of 99.98% overall reliability on
a 4,000 mile system, which breaks
down to an allowable per hop outage
of about 25 seconds per year. Users of
high reliability industrial systems are
also talking about average per-hop
reliabilities in the order of 99.9999%,
or about 30 seconds per year, for their
long-haul microwave systems.

This discussion is mainly concerned
with the ways in which such micro-
wave system reliabilities are being de-
scribed, specified, and calculated, and
with some apparent problems in some
of the methods commonly used.

The microwave industry has long
been accustomed to making estimates
and calculations of outages due to
propagation, using empirical or semi-
empirical methods.

The results are usually stated either
as a per hop annual outage, or as per
hop reliability in percent. And it is
interesting to note that calculations
using these empirical methods indicate
that by the use of suitable path engi-
neering and diversity, it is possible to
achieve propagation reliabilities in the
above mentioned range.

Calculation methods for estimating
the probable reliability of a microwave
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hop with respect to equipment outages
have also come into the picture in
recent years, using the principles and
practices developed by reliability engi-
neering experts in other fields.

It has also become fairly common
practicc to express the calculated
equipment reliability results for micro-
wave systems in terms similar to those
used to describe propagation reliability
in percent as the term is commonly
used by microwave engineers, or as a
per hop “availability.” (The latter
term as used in reliability engineering
is the ratio, over the period of interest,
of the innage time to the total time.)

A natural extension of this practice
is to add the per hop annual outages
for equipment and for propagation
together to get an overall outage to be
used as a reliability “figure of merit”
for the hop.

This discussion will attempt to
show that none of these parameters
—per hop annual outage, per hop
reliability in percent, or per hop avail-
ability — provides an adequate descrip-
tion of the equipment reliability per-
formance in the case of ultra-reliable
systems. It follows, of course, that if
this is so, the “overall total reliability”
concept and figures of merit are
equally unsatisfactory.

Microwave equipment availability
or outage calculations always rest in
the end on two basic concepts: the



“mean time between failures” (MTBF)
and the “mean time to restore”
(MTTR). The relationship between the
two determines the outage ratio.
(MTTR will be assumed to include
notification time, travel time, diag-
nosis timne, as well as the actual time to
repair or replace the failed item. Thus,
in this paper, it represents the actual
average length of outage associated
with a failure event.)

In high-reliability systems the rela-
tionships become quite simple, as
shown in Figure 1.

The ‘“‘innage ratio” is the term
called “availability” by reliability engi-
neers. Multiplied by 100 to convert it
to percent, it is the “reliability” as
used by microwave engineers.

Figure 2 shows how these param-
eters might look in a more or less
typical non-redundant microwave hop.

The 5,000 hour figure in the de-
nominator is an assumed value for the
MTBF of all the equipment of a
non-redundant microwave hop; it
would correspond to an average of
roughly two failures per year, and
since the hop is non-redundant, each
would be an actual outage.

A value of 5 hours is assumed for
the MTTR, and as stated above, this is
taken to mean all the time from the
instant of failure until the equipment
is restored and back in service.

These assumed values were chosen
primarily for mathematical ease and
are not intended to represent any
actual system. This applies to any
other values used.

What happens with a fully redun-
dant configuration? Here, for simplic-
ity, it is assumed that the non-
redundant equipment is simply dupli-
cated and that a perfect automatic
gensing and switching system is pro-
vided. An MTBF of 5,000 hours for
each side of the redundant configura-
tion and an MTTR of five hours for

any equipment failure are also
assumed. Note, however, that in the
redundant system, a single or one-side
equipment failure will not cause an
actual system outage. Only two simul-
taneously existing failures, one on
each side, can do this.

One further assumption is made in
Figure 3, that failures on the two sides
are totally random and independent.

NON-REDUNDANT

REDUNDANT
WITH ASSUMPTIONS




These mathematics illustrate that,
given these assumptions, the average
time between outages (actual system
failures) on this hop would be 570
years.

Continuing with the same redun-
dant example, Figure 4 gives the equa-
tion for calculating the outage ratio,
Ured, for the redundant hop, and the
actual calculation for this example.

This now represents a completed
calculation which says, given all these
assumptions, the equipment reliability
characteristic for this hop can be
described as 32 seconds of outage per
year.

But, this figure of 32-seconds-per-
year average outage is only a mathe-
matical abstraction. Since an outage is
by its very nature indivisible, there can
only be, in any given year, either no
outage at all, or an outage which,
under the assumptions used, must be
very much longer (5 hours per failure
event in this model). Neither of these
conditions —no outage or 5 hours
outage— has any real relation to an
annual outage of 32 seconds, and
consequently the 32-second figure isa
very inadequate way of describing this
situation.

Figure 5 re-emphasizes the point
that whenever the expected outage
(MTTR) associated with a failure event
is relatively large, the occurrence of
such failure events must be extremely
rare (MTBF very large)—if ultra-high
reliability is to be achieved.

In real life microwave systems there
are constraints imposed by the fact
that the sytems (at least the long-haul
ones where ultra-reliability is most
urgently needed) involve unattended
repeater stations spread over rather
considerable geographic areas, and
often in relatively inaccessible loca-
tions. This makes it rather unrealistic
to assume that the average restoration
time, even under favorable conditions,
will be less than 1 or 2 hours. Travel
time alone will often be greater than
this, particularly for failures at isolated
points occurring at night or on week-
ends. In fact, the mathematically con-
venient assumption of 5 hours may be
overly optimistic.

A restoration time measured in
hours must be accompanied by equiva-
lent MTBF’s measured in millions of
hours (hundreds of years) in order to
show calculated reliability in this range

of 99.9999% per hop.

REDUNDANT — WITH ASSUMPTIONS




MTBF MUST BE GNE MILLION
TIMES THE MTTR!

This, coupled with the fact that it is
impossible to have a fractional failure
in a real system but only integral ones,
is the real crux of the problem being
discussed.

It has been shown how our example
of a redundant hep could calculate out
to an average per-hop annual outage of
32 seconds due to equipment. But it
must be recognized that in a real
system this is a meaningless value
which cannot exist except by a wildly
unlikely set of coincidences. Even if

PROPAGATION

the analysis and the assumed param-
eters and conditions were precisely
correct, the hop would have to be
operated for at least 570 years in order
to get even a minimum test, and in
that time we get 569 years with zero
outage and one year —which could be
anywhere along the line— with 5-hours
outage. Thus, “annual outage” is quite
meaningless, and even the availability
or reliability parameters would be
meaningful only for the average per-
formance over something like 10,000
years, or 10,000 hops.

The situation is quite different with
respect to propagation outages and the
kind of difference is shown in Figure
6. Here, a simple propagation situation
has been made up which also leads to
the same annual outage.

The propagation outages shown are
based on a simple assumption of a
diversity path with a 40-dB fade
margin, Rayleigh fading on each side,
and a diversity improvement factor of
about 100. Under these assumptions,
each side of the diversity would have a
reliability of about 99.99% or about
53 minutes of outage per year, con-
sisting of perhaps 1,000 individual hits
averaging on the order of 3 seconds

EQUIPMENT




each. The diversity improvement fac-
tor of 100 to 1 would lead to about 20
simultaneous hits per year, that is, 20
actual outages, each averaging about
L.5 seconds in length.

The 20 or so simultaneous hits,
giving a total annual outage of about
30 seconds, constitute enough events
to provide a reasonably adequate sta-
tistical population over a year, so that
results expressed in this way are quite
meaningful and can be related to real-
life systems.

But the situation is quite different
in the equipment column, in which
there are about 2 one-side failures per
year, and about 1/570th of an actual
outage per year, so that the annual
outage is 1/570th of 18,000 seconds,
or about 30 seconds.

The difference in scale and sample
size between the two situations is
about 10,000 to 1, and it is clear that,
despite the fact that in both cases
there is a calculated annual outage of
30 seconds, the two types of outage
are in fact totally and radically dif-
ferent in nature and cannot be usefully
combined or treated in a similar
fashion.

Twenty outages per year, each
averaging less than two seconds, and
one outage of several hours occurring
only once every five or six centuries
simply have nothing in common with
each other.

The point is that in such ultra-
reliable cases, the propagation reli-
ability and equipment reliability of
microwave hops must be treated and
described separately.

Annual outage remains a good
way to describe the propagation reli-
ability. Availability, or reliability in
percent, is equally good. It would be
useful, however, to include information
about the number of events and their
average duration, the annual outage
being the product of the two.

For equipment reliability, two
alternative methods seem to have some
merit, though neither is entirely satis-
factory.

One is simply to state the equiva-
lent system MTBF as a parameter. In
the case of ultra-reliable systems this is
usually the redundant MTBF. Prefera-
bly the MTBF in hours should be
divided by 8760 and the result stated
in years, since it is easier to relate to
the real world. A statement that the
MTBF of a microwave hop is 570
years is likely to arouse some skepti-
cisin on the part of engineers familiar
with electronic equipment; whereas, a
statement that it is 5,000,000 hours
might not have the same impact.

A second possibility would be to
use this equivalent redundant MTBF
to calculate the probability that the
hop will operate without failure for a
period of a year, using the standard
reliability formula as given in Figure 7.

The expression R(t) gives the reli-
ability function in the nomenclature
used by reliability engineers; that is,
the probability that the device under
consideration will operate without fail-
ure for a time t.

Summing up, the equipment reli-
ability calculations, in situations of
this type, are really saying that there is
a very high probability that the outage
due to equipment in any year will be
zero, but if such an outage does occur,
it will be very long (comparatively)
and will probably use up the allocated
outage time for hundreds, perhaps
thousands of years.

This poses the very serious problem
that if —as is very likely to happen—
equipment reliability prognostications,
showing average per-hop outages of
seconds, or even a few minutes, per
year, somehow get turned into specifi-
cation requirements (rather than just
calculations or estimates), the supplier
is faced with the awesome realization



that the only way he can meet such a
specification at all, over any time
period of interest —even the entire life
of the equipnient in some cases— is to
have zero outages due to equipment.

Another serious —though perhaps
less zpparent— problem is that there is
no evident way to make any realistic
evaluation of the relative worth of
simply changing the odds that there
will or will not be an outage. For
example, suppose one has a hop with a
predicted probability of one outage
every 100 years. How much would it
be worth to reduce the outage prob-
ability to one every 600 years? In
either case any cutage in a year, or
even over the life of the equipment, is
highly unlikely, and in either case, if
an outage does occur, its length will be
the same— the X hours it takes to
repair and restore the equipment.

The limitation discussed here is a
basic one which does not depend at all

on the validity of the assumptions or
the calculations. It results simply from
three things: microwave systems dis-
tributed over wide geographical areas;
repeater stations (and often terminals
as well) operated on an unattended
basis; and outages due to equipment
failure (unlike those due to propaga-
tion) requiring human intervention to
restore and consequently, in general,
requiring a rather large block of outage
time associated with any outage event.

Regardless of the means used to
describe it, there seems to be a param-
eter, with respect to equipment out-
ages, which describes a situation that
cannot exist in the real world, cannot
be measured, and to which it is diffi-
cult to assign any
monetary value.

A further consideration is that the
models customarily used in making
equipment MTBF calculations con-
sider only those outages or failures
caused by chance, random failure of
individual components for which no
cause can be determined, and thus
exclude most of the failures which
occur in real systems— for example,
failures due to human error in the
design, the manufacture, the installa-
tion, the operation, and the main-
tenance areas; ‘“‘early” or bum-in
failures; wear-out failures; or unusual
stress situations affecting both sides of
a redundant system. Therefore, it is
apparent that such a priori equipment
reliability calculations should be treat-
ed with considerable caution.

economic or
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The large volume of data being transmitted today is relatively small compared to
what is forecast for the future. Low-speed data is well understood and will un-
doubtedly handle a major portion of this future growth. However, the problems
associated with high speed data transmission must be more fully understood before

its potential can be achieved.

he use of higher data trans-

mission speeds means a com-
plete re-evaluation of transmission
methods. But, just as computer tech-
nology has advanced from its first days
of struggle, so too will the com-
munications industry provide a wide
range of reliable data transmission
services and equipment. Since there
are as many possible ways of transmit-
ting data as there are types of com-
munication channels, the challenge is
to determine the best scheme for a
particular application.

Using data transmission speeds of
2400 bits/second and higher, large
volumes of data can be handled, but
situations are also encountered which
require thorough compensation tech-
niques to reduce errors and provide
high reliability. Ordinary circuit distur-
bances, normally disregarded by the
human ear, must now be taken into
account, because transmission impair-
ments can seriously interfere with the
discrete levels and frequencies associa-
ted with high-speed data transmission.

How are data signals affected by
high-speed transmission?

Effect on Data

When a tone or carrier is keyed
rapidly by data pulses, sideband fre-
quencies are created. These sidebands
carry all the information conveyed by
the pulse. Therefore, shifting these
sidebands in relative amplitude (atten-
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uation) or position (delay) causes er-
rors in pulse reconstruction,

As data keying rates increase, the
sidebands are more widely spread in
frequency and the maximum pulse
duration is reduced. The extra fre-
quency range of the sidebands moves
them to band-edge frequencies of in-
creased delay and attenuation, thus
reducing the chances of the pulse
being reconstructed accurately at the
receiver. With shorter pulse durations,
slight shifts in time have a greater
effect in degrading the pulse and in-
creasing the possibility of losing it.

Both attenuation distortion and
delay distortion have been recognized
and successfully corrected for years
through the use of equalizers. What,
then, makes them so interesting now?
The answer is that the old standards of
equalization are not good enough for
the current high data rates. These high
rates demand greater usable band
width. And further, they require
equalization that is tailored to the
particular circuit in use during any one
random connection. This is beyond
the capability of fixed equalizers.

Considerable research has resulted
in the development of equalizers that
change their characteristics automa-
tically to fit those of the communica-
tions channel. Lenkurt, among others,
has developed such an adaptive equal-
izer for digital signals. Lenkurt’s equal-
izer contains a miniature special-



Figure 1. Eye patterns are used to measure the channel’s overall performance. The
pattern on the left represents a well-equalized duobinary signal, while the right
pattern represents a slightly impaired duobinary signal.

purpose computer which adjusts sig-
nals to compensate for rapidly
changing loss and delay characteristics.
Such an equalizer is expected to per-
mit previously unattainable reliability
at data transmission rates as high as
9,600 bits/second.

When trying to determine the
quality of a data channel, it is impera-
tive 1o look at the total effect of all
transmission impairments. For ex-
ample, delay and attenuation distor-
tion may be low, but if there are other
distortions, the channel may not be
satisfactory for data transmission. The
eye pattern shown in Figure 1 is often
used to determine overall channel
quality, because any distortion will
tend to close the eye — the larger the
opening the better the channel.

Foremost on the list of transmis-
sion impairments is attenuation distor-
tion, in which the fixed magnitude

relationships of the various frequency
components of any information-
carrying signal are disturbed.

Attenuation Distortion

In an ideal communications chan-
nel, all frequency components of the
signal experience the same attenua-
tion. In other words, the channel has a
flat, loss-frequency response from end
to end. Such an ideal channel unfortu-
nately does not exist; therefore, some
frequenecies are attenuated more than
others — resulting in attenuation dis-
tortion (see Figure 2).

Attenuation distortion most com-
monly appears as band-edge roll-off.
The causes of this distortion include
capacitive and inductive reactances, fil-
ters in carrier systems, loaded cable
that acts as a lowpass filter, and
transformers and series capacitors that
act as highpass filters.



Channel design can compensate for
a reasonable amount of attenuation
distortion. Additionally, linear com-
pensating networks can be constructed
to equalize attenuation to some de-
gree. Such networks operate by intro-
ducing more loss into the low-loss
portions of the band to smooth the
channel’s attenuation characteristic.
However, if the loss variation is great,
there may be difficulties in equalizing
the high-loss part of the band. Con-
sequently, a limitation on useful band-
width and signal rates occurs.

Compromise equalization is quite
effective against band-edge roll-off be-
cause all channels experience a some-
what similar roll-off, regardless of how
a channel selection is made through a
switched network. Thus, an equalizer
can be adjusted to compensate for
typical roll-off characteristics. The re-
sulting equalized response will not,
however, be exact for every circuit
connection, but will generally extend
throughout the usable bandwidth.

Delay Distortion

While attenuation distortion dis-
turbs the relative magnitude of the
various frequency components in a
transmitted signal, delay distortion
upsets the time relationship between
these components. This condition is
manifested by some frequency com-
ponents being delayed more than
others during transmission.

A voice circuit acts like a bandpass
filter. As the filter cutoff frequency is
approached, delay distortion increases
rapidly. This delay is produced by the
inductive and capacitive reactances in
the system; the various inductances
and capacitances require a finite time
to charge up and then discharge in
response to a signal.

Such delay is not objectionable if it
is constant for each signal frequency,
in which case, all the components of

the signal are then delayed by similar
amounts. However, if the delay varies
with frequency, the components are
delayed by unequal amounts and the
data pulse shape becomes distorted. In
a typical voice channel, the frequency
of minimum delay is approximately
1700 Hz, with the relative delay
symmetric about this frequency for
carrier systems.

As in the case of attenuation distor-
tion, delay distortion can be reduced
by adding delay to selected portions of
the transmission band. Ideally, delay
equalizers should modify the delay
characteristic without appreciably
changing the loss. As shown in Figure
3, a properly selected equalizer can
produce nearly uniform delay across a
limited band without affecting the
selectivity of the filters responsible for
this type of delay distortion.

Noise

Another detriment to error-free
data transmission is noise. It is general-
ly classified into two types. One type
is often called simply noise, or some-
times white noise — implying that it is
distributed uniformly throughout the
frequency band of interest; the other
type is impulse noise. White noise is
the background ‘“hiss,” composed
largely of thermal noise occasionally
noticeable on voice connections. This
kind of noise interferes with speech
much more than it does with data. The
pulsed nature of digital data transmis-
sion makes it possible to avoid impair-
ment by setting the amplitude above
the background noise level,

It is primarily impulse noise that
causes trouble in data transmission.
Impulse noise takes the form of sharp
clicks or bursts of energy arising from
such sources as electrical storms or
other electrical systems. Figure 4
illustrates the effect of impulse noise
on data signals.



Figure 2. The attenu-
ation characteristic
of a telephone chan-
nel will assume this
general form. The
values of F, Fo, and
Fg are a function of
the type channel
used.
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Figure 3. Equaliza-
tion is provided by
adding delay at spec-
ified points in the
passband.
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A large portion of impulse noise
comes from switching and signaling
equipment, power sources, and other
electrical systems. Often these noise
spikes have such a short duration that
the human ear, with its slow response
time, does not hear them. But, data
transmission equipment can ‘“‘hear”
them. To a receiver, an impulse spike
may “sound” like a data pulse, or
cause severe distortion of an actual
data pulse.

Here again, the effect is more pro-
nounced in high-speed transmission,
when data pulses are of shorter dura-
tion and more nearly approximate the
duration of noise impulses. Further-
more, a prolonged burst of impulse
noise ecan obliterate more pulses at
high speed than at low speed.

Electronic switching systems pre-
sently being developed are expected to
reduce one prevalent source of impulse
noise.

Crosstalk caused by coupling be-
tween channels is another form of
noise interference on data channels.

Phase Jitter

With the coming of higher data
transmission speeds, certain  other
types of transmission impairments
have become more apparent. They are
not really new, but have had little
effect at low speeds.

For example, the term phase jitter
was rarely heard in communication
circles a few years ago. However, it is
now a matter of concern to the indus-
try because it is more eritical at data
speeds above 2400 bits/second.

Phase jitter causes a pure tone to
have an associated FM spectrum at the
output of a transmission system. In
some cases this spectrum is random,
similar to the noise associated with
carrier generation. At other times,
phase jitter takes the form of discrete
spectral lines — often multiples and

submultiples of AC power frequencies
— caused by coupling through power
supplies or from power-line-associated
equipment such as ringing generators.
Industry guidelines for allowable phase
jitter are in a transitional stage.

Other Impairments

A great many minor problems can
cause momentary disturbances, or hits,
on data transmission channels. Indivi-
dually, they may be only annoying.
Coliectively, they can seriously in-
crease error rates.

Faulty amplifier components,
switching of broadband facilitics, and
operation and maintenance errors on
communication channels can cause
sudden changes in signal amplitude.
These changes arc rarely more than 6
dB, but this is severe enough to disturb
some AM data transmission.

Sudden phase changes cause ampli-
tude transients when the signal returns
to steady state. These phase changes
can result from the switching of out-
of-phase carrier supplies or the substi-
tution of a broadband facility having a
different propagation time.

Accidents, storms, construction
work, or maintenance activity can
cause a short-duration signal loss. Such
a loss, when it occurs during data
transmission is called a dropout.

The Outlook

From the viewpoint of transmission
quality, the demands for increased
data speed and reliability could pos-
sibly be met best by building an
entirely new world-wide network using
special channels designed or condi-
tioned specifically for data. This
would mean working with costly,
state-of-the-art equipment developed
by the existing telecommunications
industry. These special high-speed data
transmission networks are already
being planned. However, many of the
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Figure 4. Data transmission is relatively unaffected by noise below the signal
detection level; therefore, errors are quite likely to be caused by impulse noise.
while white noise has little effect on the signal.

same transmission problems may be
present in these new networks as well.

The switched telephone network
has availability and flexibility in its
favor. It can provide almost instant
communication to any location that
has a telephone. For some point-to-
point data transmission applications,
dedicated channels seem to offer the
best solution, However, the inherent
flexibility of switched networks means
they will be called upon to carry more
data in the future.

The result is increasing pressure for
more stringent control of all the pa-
rameters that affect data transmission.

Rarely is one parameter a controlling
factor, in data speed or reliability.
Rather, it is a combination.

There is no shortcut to improving
highspeed data transmission. The first
step might be summed up as: more
engineering attention to data when
new facilities are being planned; the
installation of equipment designed
with data in mind; and more main-
tenance attention to data-transmission
parameters. While these special high-
speed systems are being improved, the
existing low-speed systems will con-
tinue to handle the bulk of data
transmission.
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A yardstick is a measure of a system’s quality, quantity, and
performance. The often requested discussion of logarithmic
units used to measure the quality of transmission systems is
reprinted here with the addition of the metric units used inter-
nationally to measure absolute quanities. The results of the
Demodulator survey are also being published at this time as a

measure of performance.

escriptive terms usedin the tele-
communications industry
range from the infinitesimal —
1/1,000,000,000,000 watts/cm?® the
power rating for conversational speech
— to the enormous — 6,000,000,000
hertz, the frequency of a typical
microwave radio. Such a span would
be unwieldy if simplifying expressions
had not been established.

Powers of Ten

The first step to simplicity is a
shorthand notation which expresses
numbers as powers of ten. We know
that 10 x 10 = 100 can be written 102,
Likewise, 10 x 10 x 10 = 1000, or
103. By definition, an exponent of
three means the number 10 is used as a
multiplier three times. A frequency of
6,000,000,000 hertz then becomes 6 x
10% hertz (6 GHz).

Note that 10! = 10 and 10° = 1.
Numbers smaller than one can also be
treated using powers of ten. By defini-
tion, 10™ ! s the same as 1/10!, or
1/10. In this way, the power rating
for typical conversational speech,
1/1,000,000,000,000 watts/cm?, can
be written 107! 2 watts/cm?.
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When discussing two relative valnes,
it is sometimes convenient to use the
term orders of magnitude. This is
another way of expressing powers of
ten. That is, one order of magnitude
(10") is 10 times as much, two orders
of magnitude (10?) is 100 times as
great, etc. Simple division indicates
that a supersonic plane flying 1500
miles per hour (2500 km per hour) is
100 timnes faster than a man jogging at
15 miles per hour (25 km per hour).
So, it can be said that the plane is two
orders of magnitude faster than the
man. Notice that orders of magnitude
are really concerned with the expo-
nent of the number.

Logarithms

All the numbers in these examples
use the same “‘base” number of ten. If
we treat the exponent of the base
number separately, another useful
shorthand is achieved, called log-
arithms, In 100 = 102, the logarithm
of 100 is two. That is, the common
logarithm (abbreviated log,,, or just
log) is the power to which the base ten
must be raised to produce the number.
The written form is log 100 = 2.



The use of logarithms simplifies
many forms of complicated calcula-
tions. Remember that to multiply like
numbers (the number ten is used here
to relate to common logs), it is onl
necessary to add their exponents (10
x 10 = 10%); to divide, subtract
exponents (10° + 10* = 10%). Log-
arithms are used in the same way.
Multiplications and divisions involving
large numbers may be carried out by
adding or subtracting the correspon-
ding logs. In fact, any series of events
involving multiplication or division, if
expressed logarithmically may be
handled by addition or subtraction.
This is particularly valuable in the
telecommunications industry, where a
variety of measurements are necessary
to describe the qualities of a signal as
it passes through the system. Voltages,
currents, and powers are measured;
noise identified; and losses assessed.
These are all made easier by the use of
the logarithmic yardstick.

Decibels

The basic logarithmic yardstick in
communications is the decibel, derived
from the less practical unit, the bel,
named in honor of Alexander Graham
Bell. A decibel is a tenth of a bel.

Early experimentation proved that a
listener cannot give a reliable estimate
of the absolute loudness of a sound.
But, he can distinguish between the
loudness of two different sounds.
However, the ear’s sensitivity to a
change in sound power follows a log-
arithmic rather than a linear scale, and
the decibel, dB, has become the unit
of measure of this change. The rela-
tionship between any two power
values can be calculated in decibels as:

dB=10l0g 11
P,

If P, is larger than Py, the dB value

will be negative; therefore, it is conve-

nient to designate P, as the larger
ower.

It should be emphasized that a given
number of decibels is always the rela-
tionship between two powers, and not
the absolute power value itself (Figure
1). For example, the gain in an ampli-
fier, or the attenuation of a pad, can
be expressed in decibels without
knowledge of the input or output
power of the device — just the change.

Deeibels Power Ratio

1 1.259

2 1.585

3 1.995

4 2.512

5 3.162

6 3.981

7 5.012

8 6.310

9 7.943
10 10.0
20 100.0
30 1000.0
40 10,000.0

Figure 1. Decibels and power ratios

are related on a logarithmic basis.

dBm

Frequently, however, it is conve-
nient to represent absolute power with
a logarithmic unit. One milliwatt is
generally accepted as the standard
reference for such purposes in the
telephone industry, and signal powers
can be written as being so many dB
above or below this reference power.
When this is done, the unit becomes
dBm, in the expression:



Py
dBm = 10log —
P,

where P, is one milliwatt (103
watts).

By adding a definite reference
point, dBm becomes a measurement of
absolute power, rather than just a
ratio, and can readily be converted to
watts. A measurement of 10 dBm
indicates a signal ten times greater
than 1 milliwatt, or 10 milliwatts; 20
dBm is 100 times greater than 1
milliwatt, or 100 milliwatts. A 15-dBm
signal applied to an amplifier with a
10-dB gain will result in a 25-dBm
output. Or, a standard test tone (0
dBm) will be measured as —15 dBm
after passing through an attenuator of
15 dB.

It is important to note at this point
that most meters used in the telephone
industry are calibrated for measure-
ments of voltage appearing across a
600-ohm termination (standard trans-
mission line impedance). If the circuit
to be measured is of a different imped-
ance than that for which the meter
was calibrated, the indicated power
level will be wrong, and a correction
factor must be taken into account.
Using the relationship of P = E?/R, the
following correction factor is formu-
lated:

dB = dBfindicated) *
600 ohms
circuit impedance

10 lo,

For example, a +6-dB reading across a
500-ohm line is calculated:

600
6+ 10 log 500
= 6+ 10log 1.2
6+ 0.792

= 6.792 dB.

dB

Level Point

In most telephone systems, the toll
switchboard is defined as the Zero
Transmission Level Point (0 TLP), and
the levels of both signal and noise at
other parts of the system are usually
referred to that point. A point in the
transinission system where a signal has
experienced a 16-dB attenuation rela-
tive to the toll switchboard is known
as the —16-dB level point. Note that
level used this way is purely relative
and has nothing to do with actual
power — a signal of any power will be
down 16 dB at the —16-dB level point.
When a standard test tone is trans-
mitted over the circuit, its power in
dBm at any point is numerically equal
to the level in dB at that point.

dBm0

Another term, dBmO, is used to
refer measured power back to 0 TLP,
and has useful significance in system
planning. Measurements adjusted to
dBmO indicate what the power would
have heen, had it been measured at 0
TLP. For example, a tone measured at
the —16-dB level point with a meter
reading of +8 dBm, is equal to +24
dBm0.

In addition to dBm, there are a
number of other logarithmic units
used in the telephone industry which
are expressed as dB above or below
some reference power. One of the
most common of these is dBrnc, used
in the measurement of noise.

Noise Measurement

The Bell Telephone Laboratories
and the Edison Electrical Institute did
original research to determine the
transmission inpairment caused by
noise interfering with speech. A large
number of listening tests were made
with different tones introduced as
interference. The degree of interfer-



ence was determined by comparing the
power of each interfering tone with
the power of a 1-klz tone that created
the same degree of interference.

A power of 107'% watts, or —90
dBin, was selected as the reference
power because it was found that a
1-kHz tone at this power has a negli-
gible interfering effect. Any noise
power encountered that was greater
than this could be given a positive
value in dB above reference noise, or
dBrn.

These first measurements
made with the deskstand-type tele-
phone offered in the 1920’s, known as
the Western Electric Type 144. From
these measurements, curves were
plotted — called weighting curves.

were

dBa
Later, an improved handset,
Western FElectric type 300, (FIA

weighting) came into general use, ex-
hibiting a more uniform frequency
response. Listener tests indicate that
the new instrument gave approxi-
mately 5-dB improvement over the
144. Rather than change existing stan-
dards, a new reference noise power of
~85 dBm (3.16 x 107 '? watts) was
introduced. This also necessitated a
change in the units, resulting in the
adoption of dBa — decibels adjusted.

dBrnc

When the new 500 type handset was
put into service in the 1950%, another
line weighting was introduced, called
C-message weighting. Since the new
equipment was an improvement over
the old, an even higher reference
power would have been required to
express equal interfering effects with
cqual numbers. But this might have
resulted in some unrealistic “negative”™
values of noise interference. So the
reference power was returned to —90

dBm, and the units dBrnc — decibels,
reference noise C-message weighted,

Weighting curves (Iigure 2) for each
handset compare interfering effects for
various frequencies and are referred to
an interference of 1 kliz. Noise mea-
suring sets are frequency weighted in
the same way so that meter readings
obtained are meaningful in terms of
what the ear detects. That is, the
instrument does not measure noise
intensity alone, but takes into account
the frequency of the noise and how
the particular frequency affects the
ear.

Since there is no weighting effect on
a 1-kHz tone, straightforward conver-
sion between dBa and dBrnc is pos-
sible by comparing reference power. A
1-kllz signal having a power of 0 dBm
yields 90 dBrnc. But, because weight-
ing networks attenuate other fre-
quencies differently, a uniform 3-kHz
band of noise (flat or white noise) will
not be measured the same as a 1-kHz
tone. White noise at 0 dBm will
produce a noise reading of 82 dBa and
88 dBrnc. Approximate conversion is
then accomplished by adding 6 dB to
the dBa value:

dBrnc = dBa + 6.

For instance, using an instrument FI1A
weighted, a reading of 20 dBa would
be equivalent to 26 dBrne. The conver-
sion factor is due to the 5-dB differ-
ence in noise reference power and an
approximate 1-dB difference in
weighting over the voice band.

At the present, dBrnc is more con-
venient to use than dBa.

Psophometric Weighting

Circuit noise expressed in units
established by the CCITT (Inter-
national Telegraph and Telephone
Consultative Committee) is gaining



PSOPHOMETRIC ——=

INTERFERING EFFECT - dB

\
1
\
\
+
|
i
)
i
.

500 700 1000 1500 2000 3000 5000

FREQUENCY — Hz

Figure 2. Weighting curves, based on listener response, show the relative inter-
fering effect of noise on speech. All curves are referred to 1000 Hz except psopho-
metric, which is based on measurements at 800 11z.

recognition throughout the world.
This international unit is linear rather
than logarithmic and is in terms of
picowatts (10~ 12 watts) of power,
psophometrically weighted — pWp.
(Psophometric is from the Greek
word psophos, meaning noise.)

The reference level, 1 pWp, is the
equivalent of an 800-Hz tone with a
power of —90 dBm, or a 3-kllz band
of white noise with a power of approx-
imately —88 dBm. The shape of the
psophometric curve is essentially iden-
tical to the F1A curve and similar to
the C-message curve. Approximate
conversion may be made as follows:

dBrnc = 10 log pWp.

Note that these terms all have absolute
reference values of 10712 watts, and

are customarily written dBrncO and
pWpO to relate the measurement to 0

TLP.

Signal-to-Noise

Occasionally the term signal-to-
noise ratio (§/N) is encountered. The
term, usually expressed in dB, indi-
cates the number of dB the signal is
above the noise. To obtain dBrnc0
from S/N, it is only necessary to
calculate how many dB the signal is
above the reference noise power. The
corrected reference (as mentioned pre-
viously for 3-kHz white noise) is —88
dBm for flat noise channels. Conver-
sions are therefore:

dBrnc0 =88 — S/N
S/N =88 — dBrnc
S/N = 88 — 10 log pWp0.



When it is necessary to measure
speech or program volume in a trans-
mission system, a dB meter or volt-
meter is not adequate. The complexity
of the program signal, as compared to
pure sine waves, will cause the meter
needle to move erratically, trying to
follow every fluctuation in power.
This would obviously be difficult to
read, and has no worthwhile meaning.

Volume Units

To provide a standardized system of
indicating volume, a special instrument
was created. Called a VU meter, it
measures volume units, abbreviated
VU. The VU meter is calibrated to
read 0 VU across a 600-ohm line with
a signal of 1 milliwatt (0 dB) at 1
kHz. The scale is logarithmic and reads
VU above and below this zero ref-
erence. The instrument is not fre-
quency weighted in any way, and
while not designated for the purpose,
it will read single frequencies directly
in dBm. Its prime function, however,
is to indicate the volume of complex
signals in a way corresponding to the
response of the ear. The reading is not
instantaneous, but a value somewhere
between the average and the peak value
of the complex wave due to the
meter’s damping characteristic.

Other Units

Various other logarithmic units are
used in the telephone and communica-
tions industries to conveniently com-
pare like values. Crosstalk coupling in
telephone circuits is indicated in dBx,
or dB above reference coupling, and
may be measured with a noise mea-
suring set such as used to obtain
dBrnc. Reference coupling is defined
as the difference between 90 dB loss
and the actual coupling. Two circuits
having a coupling of —40 dB could be
said to have a coupling of 50 dBx.

Decibels may take on many other
absolute values depending on their
reference. Whereas dBm is a unit of
power referenced to 1 milliwatt, dBw
(referenced to one watt) is equal to 30
dBm. Similarly, dBk are decibels ref-
erenced to 1 kilowatt.

Likewise, dBv for industrial use is
defined referencing 1 volt. However, in
writing the equation for such a mea-
surement, it is necessary to observe the
following relationship:

dBv=201 Ey
v= og T
E;

where E, equals one volt. The log of
the voltage ratios is multiplied by 20,
rather than 10 as in the power ratios,
expressing the squared relationship of
voltage and power (P = E?/R). It is
assumed that all measurements are
across the same impedance.

Another form of decibel unit re-
lated to voltage is referred to as
dBv/600 and is read directly from a
dBm-voltmeter calibrated at an imped-
ance of 600 ohms.

Speech energy is commonly rated in
terms of the intensity level of the
speaker’s voice measured 1 meter from
his mouth. The standard Reference
Acoustical Power, 0 dBrap, is defined
as 107! watts/cm?.

Other terms come into use in hroad-
casting: dBu, with 1 microvolt (l()'6
volts) as the reference, and dBj, refer-
red to 1000 microvolts (107 volts).
Both are measurements of signal inten-
sity or receiver sensitivity. Any num-
ber of logarithmic units could be
devised to suit special purposes, using
decibels referred to some standard unit
of power — voltage or current.

As the need for different calibra-
tions and reference points arise, new
yardsticks will be defined for ease of
calculation.



Figure 3.

Figure 4.
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Figure 5.

Absolute Quantity

The yardstick adopted by the com-
munications industry to measure abso-
lute quantitites is really a meterstick
divided into centimeters instead of
inches. The metric scale is part of the
SI (international standards) units used
to simplify and clarify numerical com-
munication between countries.

The basic SI units and their abbre-
viations are shown in Figure 3. The
prefixes shown in Figure 4 are added

to these basic units to indicate the
magnitude.

Since some English units are still
prevalent and at times more familiar,
conversion factors are offered to ease
the transition to SI units. Figure 5
gives conversion factors for the two
systems.

The equipment needed to provide
world-wide communication is available
and by adopting Sl units the necded
language is also provided.

9
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Demodulator Survey Results

The Demodulator’s performance
was measured by the survey sent out
in March. Four different readership
areas were studied — who, where,
what, and how.

The “who” distribution (Figure 6)
closely correlates with the 1960 read-
ership, except for a slight increase of
readers in the manager and technician
categories.

Although the job classifications did
not change drastically, there was a
marked change in “where” the readers
are employed. An increased percentage
of the readership is employed in areas
with peripheral concern in the tele-
phone industry and a more direct
involvement with the broader concept
of communications. Figure 7 shows
the change in job classification over
the 1960 distribution.

Who reads the
Demodulator?

While the readers’ job classifications
may be blurring, the readers are defini-
tive about “what” they want to read.
Specific information about the newest
forms of communication described in
applied rather than theoretical terms is
in greater demand than broad and
general discussions of communications
and systems design. The most popular
topic was satellites (not in the 1960
survey). Figure 8shows the total distri-
bution compared with the 1960 results.

The greatest measure of perfor-
mance was gained from the “how”
section of the survey, in which a clear
majority indicated preference for
style, page size, and subject treatment
as they are presently being handled.

The Demodulator is flexible and
will change to stay abreast of tech-
nology and readership interests.

Figure 6.
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Where do Demodulator
readers work?

What do Demodulator readers
want to read?

|
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Filters have played such an
' important role in carrier com-
munications that it is worth discussing
their history and development, with an
emphasis on crystal filters. The tech-
nique of carrier and multiplex system
design points out the filter require-
ments and the need for certain types
of filters.

Analogies are often used to describe
filters, but comparing electronic filters
to such things as a screen, a strainer, or
a piece of paper used to separate solids
and liquids may be misleading. A filter
placed in an alternating current trans-
mission path permits the free passage
of certain frequencies and blocks
others. The degree to which the filter
blocks (attenuates) the signal is a
function of the filter design and is
measured in decibels.

Resonance
The principle that allows a filter to
discriminate  between  frequencies,

passing some while rejecting others, is
known as resonance. The reeds and
strings of musical instruments exhibit
this natural phenomenon of resonance

the desire to vibrate at a single
frequency. Filter operation can be
explained using the principle of reso-
nance and the analogy of a child
jumping rope. If the child is jumping
at the same frequency that the rope is
turning, the child can jump into, with,
and out of the turning rope with little

COPYRIGHT € 1970 LENKURT ELECTRIC CO., INC. @ VOL.19,NO 11

Improved carrier design has fol-
lowed closely on the heels of
filter development. Crystal filter
design has recently improved
quality and reduced size of car-
rier and multiplex systems.

difficulty. If, on the other hand, the
child is not jumping at the rope’s
frequency, there will be interference
and the child will not be able to pass
through the turning rope.

Perhaps this analogy belabors the
point, but it is important to under-
stand the relationship between reso-
nance and filter operation. An ac
signal at the resonant frequency of the
filter will be passed through the filter
and other frequencies will be attenu-
ated. If this analogy were to hold
exactly, the characteristic curve of
such a filter would look like Figure 1.

Electronic filters, however, do not
fit this single-frequency characteristic
curve, but rather have varying degrees

ATTENUATION

FREQUENCY

Figure 1. A filter that blocks all except
its resonant frequency would have a
characteristic curve as shown.



Figure 2. These curves show the pass-
bands of the same filter made with
resonators having different () values.
Note that high () values must be used
if the filter is to have a flat passbend
with sharp corners.

of sharpness, and actually pass a range
of frequencies. This spreading of the
pass region is a function ol the filter
reswtance.

The term used in filter language to
describe  resonator sharpness is (),
which is inversely proportional to the
resistance. {ligh Q% indicate low resis-
tance, high efficiency, and the ability

—

by

of resonant circuits to obtain sharp,
steep discrimination. Conversely, low
Q’s indicate a lack of sharpness. Figure
2 shows what happens to the passhand
response of a filter built with either
low Q or high Q resonators. The actual
Q value required will be determined by
the bandwidth of the filter and also by
its approximate center frequency. For
example a bandpass filter having a
4-kHz passband will require lower res-
onator Q’s to give the same flat pass-
band if it is built at a center frequency
of 10 klz than if its center frequency
is 10 Mtiz.

Bandpass Filters

An interesting point worth remem-
bering is that not all resonant circuits
are considered to be filters; however,
all filters are combinations of resonant
circuits. The art of designing filters
involves using a number of resonant
elements properly coupled together so
that zero attenuation is approximated
at all frequencies in the desired pass-
band and maximum attenuation is
achieved at all other frequencies. Fig-
ure 3 shows a typical LC filter as a
series of LC resonators.

The tow Q of early LC filters moti-
vated Lenkurt. and others, to devel-

Figure 3. A typical LC filter is made up of a series of L.C resonators.
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op magnelic cores from powdered
metals for low resistance induclors to
improve  LC filter  sharpness. The
rounded corners at the ends of the
passband were eventually squared off
by developing inductors with increas-
ingly lower resistanee ratings. 1t is still
not possible to obtain stable induetors
with  Q’s much greater than 3500,
Therefore, the center {requency of an
LC filter for a 4-kllz wide voice
channel is confined to values less than

100 kHaz.

Early Crystal Filters

LC networks are not the only type
filters capable of separating channels
in carrier systems. Crystal filters are
just as suitable and perform  even
better. Rather than using electrical
components to form a resonant eir-
cuit, certain crystalline materials can
be set in mechanical resonance by an
elcctrical field. Such crystalline mate-
rial is called piczoelectric and is such
that mechanical vibrations can be ex-
cited in the crystal by ac signals.

A crystal resonator is simply a plate
of piezoelectric  material, usually
quartz, with a metal electrode on ecach

side of the plate. If these two elee-
trodes are connected to an alternating
current, the crystal will try to vibrate
at the signal’s frequency. And, if the
ervstal has been cut to the proper di-
mensions, it will be set in resonance by
the signal.

The passhand for erystal filters has
steep sides and square corners. This
sharpness of a erystal filter is the result
of the higher Q’s of the erystal resona-
tors that comprise the filter. Q. the
ratio of reactance to resistance, can be
increased by lowering the resistance, as
was done with early LC resonators, or
by raising the effective reactance. A
crystal resonator with the same reso-
nant frequency as an LC resonator has
essenlially  the same inherent resis-
tance. But the effeetive inductance
and capaeitance of the crystal resona-
tor differ in such a way that the
reactance of the crystal resonator is
much larger — resulting in a larger (),
Figure -+ shows typical values for an
L.C resonator and a crystal resonator
designed  for  the
frequency.

Crystal filters appear to be far
superior to LC filters, yet crystal

same  resonant

LC resonator Crystal resonator
Frequency 10 MHz 10 MHz
Inductance 01 mH 9.2 mH
Capacitance 25 pF .028 pF
Resistance 4 ohms 3.8 ohms
Q 157 152,000

Figure 4. The table shows the equivalent values for an 1.C resonator and a crystal
resonalor operating in the same frequency range.
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filters were not used in early carrier
systems since performance is not the
only criterion in filter selection. Since
1.C filters were improved to give satis-
factory performance, the use of costly,
bulky, high Q crystal filters could not
be justified.

Changing Requirements

Cost and size reduction are being
stressed in this age of miniaturization.
Therefore, the high cost and large size
of low-frequency erystal filters make
them even more unsuitable for minia-
turized carrier equipment. But, for
reasonable performance, at least at
frequencies below several megahertz,
inductors for LC filters also require a
volume incompatible with present-day
miniaturization.

The size of the quartz plates used in
crystal resonators. and consequently,
the filters themselves can be reduced
by increasing the frequency at which
the signal is filtered. The resonant
frequency of a quartz plate is inversely
proportional to the plate size; there-
fore, the smaller the plate, the higher
the frequency. The upper limit on the
resonant frequency of a crystal is
determined by the smallest plate that
can be casily handled and will not
shatter at the resonant frequency.

From this it seemed logical that one
way to reduce the size of crystal filters
was to design a carrier system that
filters higher frequencies designing
the carricr system around the filter. A
small, incxpensive, high-frequency
erystal filter had to be developed
before the new carrier system could be
designed.

Crystal size is the limiting factor in
resonant frequencics but the mode of
vibration is also a determining factor.
The vibration mode whether flex-
ure, extensional, face shear, or thick-
ness shear — is determined by the
crystal cut.

High-Frequency Filters

The cut considered for high-fre-
quency crystal filters is the AT cut
because it exhibits good frequency
stability, as shown in Figure 5. The cut
of the crystal determines the angle at
which the plate (or wafer) is eut from
the block of raw crystalline material
and has nothing to do with the size of
the crystal. Therefore, an AT cut
crystal ean come in a variety of sizes
and consequently, a variety of reso-
nant {requencies.

High-frequency AT cut crystals vi-
brate in a thickness shear mode. In this
mode the surfaces under the electrodes
move in opposite direetions with both
surfaces remaining parallel. Figure 6
illustrates the thickness shear mode of
vibration.

In the thickness shear mode of
vibration other modes and overtones
of the fundamental resonant fre-
quency can also be excited. In this
case, experience has shown that rather
than eliminating  thesc unwanted
modes and resonances, reduction of
their intensity will accomplish the
same results.

Energy Trapping

As carly as 1946, methods of elimi-
nating unwanted modes of vibration
were being studied. W. 3. Mortley
published an article in 1946 on his
experimental observations of what has
since become known as cnergy trap-
ping. Mortley’s theory was given little
attention when it was {irst published.
It was not until the carly 1960’ that
his original work began to have rele-
vance and was given the proper atten-
tion in crystal filter design.

Prior to Mortley’s experimentation,
unwanted modes of vibration were
eliminated by thinning the crystal
plate toward the edges. This had the
effect of reducing the intensity of all
modes except the desired thickness
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Figure 5. An AT cut
crystal with an angle
of 35° 10° has the
best frequency sta-
bility.
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shear mode. By reducing these un-
wanted modes, interference between
them was avoided. This technique of
thinning the crystal is known as shap-
ing and works well in crystal resona-
tors where there is an air-gap between
the erystal plate and the electrodes.
Mortley noticed, however, that shap-
ing was not a successful technique for
eliminating unwanted modes of vibra-
tion in erystals with deposited metal-
film electrodes.

The reappearance of unwanted
modes with deposited metal-film elee-
trodes led Mortley 10 conduct some
further experiments. From these he
discovered that the intensity of some
unwanted modes and also their fre-
quency spacing with respect to the
desired mode could be controlled by

6

the mass ol metal in the film and
the shape of the electrodes.

From these observations it was sug-
gested that the same laws that apply to
the propagation of clectromagnetic
waves apply equally well to the trans-
mission of mechanical shear waves in
quarlz.

The  comparison  of  mechanical
shear waves in quartz to electromag-
netic wave propagalion was carried
even further. The filter can be com-
pared to a waveguide. Just as il is
possible to have a high coefficient of
reflection from the junction of wave-
guides differing slightly in dimensions,
quartz  crystal  also reflects  waves
where the erystal changes shape.
Therefore, by putting the proper step
in the erystal i the direetion of wave
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Figure 6. The dotted line shows the
thickness shear mode of vibration in
an AT cut erystal.

propagation it is possible to trap the
desired modes of vibration. Figure 7
shows the effeet of dimensional
changes on wave propagation.

For high-frequency filters, where
the crystal is small and fragile, it is not
practical te machine steps in the
quartz. Crystal filters with metal-film
electrodes deposited on a flat erystal
plate have an inherent step. The
metal-film on the outer surface of the
crystal adds to the vibrating mass of
the quartz plate, trapping the energy
under the electrodes, because the
boundary of the electrode acts like a
dimensional step in the quartz plate.
Those unwanted modes and reso-
nances travel into the thinner unplated
areas where they decay exponentially
with distance.

Although Mortley had proposed
this theory of cnergy trapping, the
actual control of unwanted modes was
more of an art than a science for many
years after Mortley’s paper. Bechmann
in 1961 published a set of experimen-
tally derived rules which give optimumn

Figure 7. The shear waves are trapped
in the thicker area under the elec-
trodes.

dimensional ratios for the erystal plate
and the electrodes Lo suppress the
unwanted modes. In 1963 Shockley,
Curran, and Koneval formulated their
theory of energy trapping which was
essentially the same as Mortley’s and
which confirmed Bechmann’s experi-
mentally derived numbers.

New Horizons

The theory of energy trapping has
opened up a whole new area for
high-frequency crystal filter design.
This theory has led to the design of
filters where nuwltiple resonators are
placed on a single quartz plate.

Crystal filter techniques have come
a long way from the first high-cost,
low-frequency, hulky designs rejected
for carmrier channel usage. Today
multi-resonator crystal filters are re-
sponsible for reduced size and cost of
improved carrier systems. These new
multi-resonator erystal filters and their
effect on carrier and multiplex system
design will be the subject of the next

DEMODULATOR.
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n multiplex systems using LC
I channel filters, as much as 75
percent of the volume is taken up by
the filters. Size reduction and im-
proved performance are possible with
the new technology of high-frequency
crystal filters. The advent of filter size-
reduction served as the impetus to
further miniaturization such as the
introduction of integrated circuits to
produce an even smaller, more eco-
nomical multiplex package.

Typical high-frequency crystal fil-
ters have as much as a 20:1 size
reduction compared with LC filters for
similar operations. In addition to the
size reduction, crystal filters operate
with greater stability over a wider
range of temperatures than LC filters.
Whereas LC channel filters were de-
signed with a center frequency usually
below 100 kHz, the optimum center
frequency for low cost crystal filters is
about 8 MHz. Multiplex systems can
be designed to take advantage of the
small size and high stability of these
high-frequency crystal filters.

Coupled Crystal Resonators
High-frequency crystal resonators
use AT-cut quartz wafers that have
metal-film electrodes plated on the
surface of the wafer (see Figure 1). By
applying the correct frequency signal
to such a crystal resonator, the crystal
will mechanically vibrate and electri-
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Multi-electrode crystal resonators have
substantially reduced the size and cost
of crystal filters and offer improved
design of multiplex systems.

cally behave like a resonant circuit. By
coupling several such resonators to-
gether, it is possible to build a filter
that has a suitable frequency response
for operation as a bandpass filter.
When each wafer contains a single
electrode pair, the resonators are cou-
pled electrically with shunt capacitors
to form crystal filters.

Energy trapping is used to minimize
the unwanted modes of vibration in
high-frequency crystal resonators with
plated metal-{ilm electrodes. When the
mass of the electrodes is large enough,
the desired mechanical vibrations are

Figure 1. High-frequency crystal reso-

nators have metal-film electrodes
plated on the surface of AT-cut quartz
crystal wafers.



confined primarily to the area under
the resonator electrodes.

It is possible, however, to “let” the
cnergy out into the unplated areas of
the crystal wafer in a controlled man-
ner by adjusting the amount of metal
in the plated electrodes. The vibrations
that do get into the unplated areas are
vibrating at the resonant frequency of
the crystal but the amplitude of the
vibration decays exponentially with
distanee. It was discovered that these
untrapped vibrations could be put to
work rather than letting them decay.
By placing another identical electrode
pair close to the first one it is possible
to set the second pair in resonance by
these untrapped vibrations, since the
resonant frequency of the second pair
is the same as the first.

Electrode pairs are acoustically cou-
pled when the resonant vibrations of
one pair set another pair in resonance
using the crystal as the only connee-
tion between them. Consequently, the
crystal areas plated with metal-film
clectrodes form mechanically resonant
systems, coupled by the transmission

of energy through the unplated quartz
wafer.

The principle of acoustical or me-
chanical coupling can be illustrated by
common materials such as a thick
sheet of foamn rubber and two identical
metal blocks resting on top of the
foam. Application of an alternating
force to the top of one block will set it
in vibration and if the other block is
close enough, it too will vibrate be-
cause the foam rubber is capable of
transmitting the vibrations. The blocks
must be elose together to be coupled
because most of the energy is trapped
under the vibrating block and the little
that does escape is quickly attenuated
by the foam rubber. Elaborating on
the mechanical coupling, a mechanical
model can be developed for acoustical-
ly coupled crystal resonators. Figure 2
shows such a mechanical inodel.

The amount of coupling between
adjacent resonators depends upon the
dimensions of the resonators, the
thickness of the metal electrodes, and
the spacing between resonators. Conse-
quently, by changing these three van-

Figure 2. A mechanical model can be used to explain acoustically coupled crystal
resonators.



ables it is possible to control the
degree of acoustical coupling.

Multi-Electrode Resonators

When all the resonators of a band-
pass crystal filter arc put on a single
quartz walcr, the filter is referred to as
monolithic. Figure 3 shows a mono-
lithic crystal filter. It was the discov-
ery that individual crystal resonators
could be acoustically coupled rather
than just eclectrically coupled that has
led to the substantial reduction in
both size and cost of crystal lilters. As
many as ten resonators have been
placed on a single crystal wafer. With
the proper arrangement of the elec-
trode areas, it is possible to make
relatively complex [ilters in a mono-
lithic form. The center frequency of
such monolithic crystal filters is in the
range from 5 - 150 Milz with pass-
bands ranging from 0.001 - 0.1 percent
ol the center frequency. Figure 4
shows the improved performance of
each additional stage ol a monolithic
crystal lilter.

Although it is possible to place as
many as ten resonators on a single

crystal wafer, it is sometimes more
reasonable 1o group several simpler
multi-electrode resonators together. In
this way the filter uses a combination
ol acoustical and electrical coupling
between the individual resonators.
Each of the simple monolithic struc-
tures are electrically coupled with a
shunt capacitor. Such a filter, combin-
ing the advantages of both structures,
is referred to as a polylithic crystal
filter.

Lenkurt uses polylithic filters for
its new 36A multiplex system. These
filters have a center frequency above 8
MHz. Figure 5 compares the size of
one ol Lenkurt’s polylithic filters,
which occupies only one cubic inch,
with a convential LC filter.

Computer-Aided Design

Computers are often used in the
design of LC bandpass filters. The
same technique is being used in the
design of crystal filters. With the prop-
er computer program and the desired
center [requency and bandwidth the
necessary component values for an LC
resonator can be calculated.

Figure 3. A monolithic crystal filter is a single crystal wafer with acoustically cou-
pled resonators formed by plating identical electrode pairs on the crystal surface.
Crystal filters are bi-directional; therefore, either end may be used as input or
output.
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Figure 4. Each successive stage of a monolithic crystal filter improves the
performance. The curves shown illustrate the successive improvement for three
stages of a monolithic filter.




In designing a crystal filter for a
particular resonant frequency, the de-
sired inlormation from the computer
is the crystal size and shape and the
dimensions  of the clectrodes. For
multi-electrode crystal resonators, the
spacing of the electrodes is also neces-
sary. Using established computer pro-
grams, il is possible o caleulate the
component values for an equivalent
LC resonator and from these values,
the erystal filter requirements.

The circuit shown in Figure 0 illus-
trates the four electrical components
needed o produce an electrieal resona-
Llor cquivulcnl lo a two resonalor
erystal. Knowing these four compo-
nent vatues, the dimensions of the
clectrodes and  their spacing ean Dbe
caleulated. The optimum dimensions
of an AT-eut erystal waler arc a
function of the coefficients of elastic-
ity of the crystal material used. The
thickness of the crystal waler is a

function of the desired center frequen-
¢y, since the resonant requency de-
pends solely on the waler’s thickness.
The vibrations of the resonator never
reach the edges of the plate because
they are trapped under the electrodes;
therefore, the lateral dimensions can-
nol affeet the resonant frequency.

Applications

The use of a two-step modulation
scheme is one change in multiplex
systems using high-frequency  crystal
lilters. This new modulation technigue
translates  the voice channel to an
intermediate frequency (approxi-
mately 8 Mliz) before filtering. In the
second modulation step the filtered
channel is translated to its appropriate
frequency allocation for transmission,

Sophisticated mechanical design is
also necessary  when operating with
radio frequencies. In the 8 Mz range,
eleetromagnetic energy is being radi-
ated by the wires and components
used in the system. To minimize the

possibility of clectrical coupling be-
tween components due o radiated
energy, sections of a high-frequency
system are shielded from each other
using melal plates and  enclosures.
Likewise the circuit path lengths used
al this frequeney  are Kept short 1o
minimize the radiating and absorbing
(transmitting and receiving) surfaces.
Coaxial cable with its built-in shield,
can be used where it is necessary to
have long connecting wires and where
external shielding is impractical. Fig-
ure 7 shows a multiplex channel unit
from Lenkurt’s 36A system which uses

Figure 6. By knowing the values of the four electrical components illustrated. the
equivalent two resonator erystal can be designed.



Figure 7. The channel unit for Lenkurt’s 36A multiplex system illustrates the
shielded, compact design used in high-frequency systems.

three polylithic crystal filters opera-
ting in the 8 MHz range. Such a unit is
compact and shields the high-frequen-
cy sections.

Two polylithic crystal filters in
Lenkurt’s 36A system are used as
channel bandpass filters ~ one for
transmil and one for receive. The third
is a narrowband carrier selection filter
used to select the channel carrier from
the multi-channel received signal. The
recovered carrier is used at the receiver
to demodulate the voice signal and to
operate the signaling relay. The small

size of these filters has permitted the
placing of a complete 36A channel
unit on a single printed circuit card.

What Next?

The development of monolithic and
polylithic crystal filters with their
stable, narrowband, high-frequency
operation and the added advantages of
simplicity, small size, and economy,
has done a lot to push crystal filters
closer toward their introduction into
broader fields than the field of highly

complex technical instrumentation.
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