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7.1

Color Television

Part I: The Basic NTSC System

FUNDAMENTALS

Color is a dimension that has been added skill-
fully to black-and-white television. To the engi-
neering fraternity as a whole it signifies one of
the most dramatic technological achievements of
this age.

Nearly every branch of science including chem-
istry and psychology contributes in some way to
the reality of color television. Through chemistry,
improved phosphors are continually being found
for use in color-picture tubes. Psychology enters
into the selection of lighting arrangements and
picture composition to obtain desirable interpreta-
tions by the viewer. But physics plays the leading
role with intense application in optics and il-
lumination as well as in the design of electronic
circuitry and components for the complete televi-
sion system.

Two specialized branches of physics, namely
radio and television engineering, are responsible
for the electronic techniques which make color
television ‘‘compatible’” with black-and-white, or
monochrome, television, marking what is prob-
ably the greatest technical advance in television
in the past decade.

This section of the handbook has been reproduced through
the courtesy of RCA Corporation who kindly permitted us to
use portions of their ‘‘Color Television, Manual for Technical
Training.”

NOTE: Superscript numbers refer to footnotes at the end of this
chapter.

Compatibility

The compatible color system offers tremendous
economic advantages to the home viewer as well
as to the television broadcaster. Because of com-
patibility, color telecasts can be seen (in
monochrome) on black and white television re-
ceivers without any changes or added devices.
Also, color receivers can receive monochrome as
well as color telecasts. Since compatible color is
transmitted over the same channels as mono-
chrome and within the same framework of stan-
dards, the television broadcaster can utilize his
monochrome system as the transmitting nucleus
when installing equipment to broadcast color.
Moreover, he can utilize his color equipment to
produce monochrome telecasts.

Another important advantage of the compati-
ble color system is the part it plays in the conser-
vation of the radio-frequency spectrum. Compati-
ble color requires no additional space in the spec-
trum. However, it employs techniques which
make much more efficient use of the standards
originally set up for monochrome television.

A brief review of the fundamentals of mono-
chrome television, particularly the areas wherein
specialized color methods are employed, is pre-
sented in the next few paragraphs as an aid in
describing the basic color concepts.

Television: A System of Communications

Basically, television is a system of communica-
tions consisting of the television station at one
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Fig. 1. Typical image and camera output
waveform produced by light and dark areas during
one scan along line indicated by arrows.

end of the system and the television receiver at
the other. As such, it is actually one of the highest
capacity systems in use today, being able to trans-
mit from station to receiver more than five million
“‘bits’> of picture information every second.

Very simply, the function of the television sta-
tion is to divide and subdivide the optical image
into over 200,000 picture elements, each of dif-
ferent light intensity; convert these light elements
to electrical equivalents; and transmit them in
orderly sequence over a radio-frequency carrier
to the television receiver.

Reversing the process at the receiver, these elec-
trical signals are each converted to light of cor-
responding brightness and reassembled to produce
the transmitted image on the face of the picture
tube.

Scanning

Picture elements to be transmitted in sequence
are selected by a process of image scanning which
takes place in the television camera focused on
the studio scene at the station. Within the camera,
an electron beam in a pickup tube scans a sen-
sitive surface containing an *‘electrical image”’ of
the scene of action. The electron beam successive-
ly scans the image at great velocity, beginning at
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Fig. 2. Block diagram of
monochrome-camera circuits.

the upper left corner and continuing left to right
in a series of parallel lines to scan the image com-
pletely. Movement of the electron beam, which
can be controlled magnetically by vertical-and
horizontal-deflection coils surrounding the tube,
is analogous to that of the eye in reading a printed
page. The speed of movement is such, however,
that 30 complete image frames of approximately
500 lines each are scanned every second. Of
course, at the receiver, an electron beam in the
kinescope, or picture tube, moves with the same
speed and in synchronism with the camera-tube
beam so that the corresponding picture elements
appear in the proper relative position on the
television screen.

Owing to ‘‘persistence of vision’’ and the speed
of scanning, these elements appear to be seen all
at once as a complete image rather than in-
dividually. Thus, the impression is one of con-
tinuous illumination of the screen and direct
vision.

Scanning standards have been established in
this country to assure that all television receivers
are capable of receiving programs broadcast by
any television station within range. The scanning
pattern adhered to by manufacturers in the design
of television receivers and broadcast equipment

HIGH-VOLTAGE CONNECTION
{TO METAL WALL OR INSIDE
WALL COATING)

GLASS FACE-
PLATE WITH
PHOSPHOR
LAYER ON
INNER
SURFACE

Fig. 3. Diagram showing principal elements of the monochrome kinescope picture tube.
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consists of 525 lines with odd-line interlaced scan-
ning. Interlaced scanning, effective in eliminating
perceptible flicker, is a method whereby the elec-
tron beam scans alternate rather than successive
lines. For example, the beam begins by scanning
odd-numbered lines (1, 3, 5, 7, etc.) until it
reaches the bottom of the image, whereupon it
returns to the top of the image to scan the even-
numbered lines (2, 4, 6, 8, etc.). Thus, each scan,
or field, comprises only half of the total number
of scanning lines, and two fields are required to
produce the 525-line frame. Each field is com-
pleted in one-half the frame time. The vertical
scanning frequency is 2 X 30 or 60 Hz, and
horizontal scanning frequency is 30 X 525 or
15,750 Hz.

Resolution and Bandwidth

The degree of resolution, or fine detail, that
can be seen in a televised image depends upon
the number of scanning lines used and the band-
width of the transmitting and receiving system.

The relationship between resolution and band-
width can be seen by considering the number of
picture elements that can be transmitted each
second.

The standard 6 MHz broadcast channel pro-
vides a video bandwidth of approximately 4.1
MHz (the remaining bandwidth being required
for a vestigial sideband plus the sound signal).
Since each cycle of a sine wave is capable of con-
veying two picture elements (one black and one
white), the maximum rate at which picture
elements can be transmitted is 4,100,000 X 2, or
8,200,000 per second. Since 30 complete frames
are transmitted per second, the number of pic-
ture elements per frame would be 8,200,000/30,
or 273,333, if it were not for the retrace blank-
ing problem, which requires interruption of the
picture signal periodically by blanking pulses.
Since the combination of horizontal and vertical
blanking pulses requires nominally 25 percent of
the total time, the maximum number of picture
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Fig. 4. Diagram showing paths of the electron
beam in both the pickup tube and kinescope
to produce the interlaced scanning pattern.

elements per frame is reduced in practice to 0.75
X 273,333, or approximately 205,000.

Synchronizing

In addition to the picture information, or video
signals, blanking and synchronizing signals are
transmitted by the television station to control
the intensity and movement of the scanning beam
in the kinescope of the television receiver. Both
these signals are in the form of rectangular pulses.
Moreover, their polarity and amplitude are such
that they are received as ‘‘black’ signals and
therefore do not appear on the receiver screen.

Blanking pulses eliminate the “‘retrace’’ lines
which would otherwise appear between scanning
lines and at the end of each field from the bot-
tom of the picture to the top. Horizontal blank-
ing pulses, transmitted at the end of each line,
or at intervals of 1/15,750 sec, blank the beam
during retrace periods between lines. Vertical
blanking pulses, transmitted at the end of each
field, or at intervals of 1/60 sec, blank the beam
during the time required for its return to the top
of the picture. Because the vertical retrace is much
slower than the horizontal, the vertical blanking
periods are longer than the horizontal blanking
periods. Vertical blanking pulses are about 20
lines duration, while horizontal blanking pulses
have a duration of only a small fraction of a line.

Synchronizing signals keep the scanning beam
of the kinescope in step with that of the camera
tube. These signals consist of horizontal and ver-
tical pulses which are transmitted within the
respective blanking periods. Although the sync
pulses are of the same polarity as the blanking
pulses, they are of greater amplitude (‘‘blacker
than black’) and thus easily separated in the
receiver and fed to the deflection circuits of the
kinescope.

Since the vertical sync pulses are quite long
compared with the horizontal sync pulses and the
two are of the same amplitude, separation at the
receiver is accomplished through frequency dis-
crimination. Serrations, or slots in the vertical
pulses, prevent loss of horizontal sync during the
vertical blanking period.

FINE DETAIL
REQUIRES HIGH
FREQUENCY

COARSE
DETAIL

_J USEFUL SCANNING TIME L_
FOR EACH LINE -50
MICROSECONDS

Fig. 5. Diagram illustrating the relationship
between picture detail and signal bandwidth.
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Fig. 6. Simplified block diagram of the monochrome-television station.

The Monochrome Television System

The major equipment in a typical television sta-
tion consists of the aural and visual units il-
lustrated in the block diagram of Fig. 6. In the
visual channel, the video signal leaving the camera
is passed through processing equipment which in-
serts the blanking and synchronizing signals and
performs other functions such as aperture com-
pensation and gamma correction. From the pro-
cessing chain, the video signal is fed to a switch-
ing system which provides for selection from a
number of video sources. The selected signal is
then sent to the visual transmitter through coax-
ial cable or over a microwave relay link, depend-
ing upon the distance between the television
studio and transmitter. In the transmitter, the
composite video signal amplitude-modulates a
carrier in the VHF or UHF range, which is
radiated by the television antenna.

In the aural channel, the audio signal is fed
from the microphone or other sound source
through the switching system and to the aural
transmitter. Frequency-modulated output from
the aural transmitter is combined with the visual
output and radiated from the same antenna.

The Radiated Picture Signal

Amplitude relationships between the syn-
chronizing pulses and the tonal gradations from
white to black in the picture are represented in
the waveform of the radiated picture signal. From
the illustration, it can be seen that modulation
takes place in such a way that an increase in the
brightness of the picture causes a decrease in car-
rier output power. Note that the reference-white
line indicated on the sketch is relatively close to

zero carrier level. Also, the synchronizing pulses
are in the ‘‘blacker than black’’ region, represent-
ing maximum carrier power. Use of a widely dif-
ferent range of amplitude for the sync pulses
makes it possible for home receivers to separate
them by a simple clipping technique.

Receiver

The basic elements of the television receiving
system are illustrated in the block diagram of the
television receiver. The radiated television signal
is picked up by an antenna and fed to a tuner
which selects the desired channel for viewing.
Output from the tuner is passed through an in-
termediate-frequency amplifier which provides the
major selectivity and voltage gain for the receiver.
A second detector then recovers a video signal
which is essentially the same as that fed to the
visual transmitter.

The sound signal is usually taken off at the pic-
ture second detector in the form of a frequency-
modulated beat between the picture and sound
carriers. The sound signal is further amplified in
a special IF stage, detected by a discriminator or
ratio detector, and applied to the speaker through
an audio amplifier.

Picture output from the second detector is fed
to two independent channels. One of these is the
video amplifier which drives the electron beam
in the kinescope, and the other is the sync sep-
arator, or clipper, which separates the sync pulses
from the picture information. The separated
pulses are then used to control the timing of the
horizontal and vertical deflection circuits. The
high-voltage supply, which is closely associated
with the horizontal deflection circuit, provides ac-
celerating potential for the electron beam.
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Fig. 7. Waveform and radiated picture signal.

The Three Variables of Color

Color is the combination of those properties
of light which control the visual sensations known
as brightness, hue, and saturation. Brightness is
that characteristic of a color which enables it to
be placed in a scale ranging from black to white
or from dark to light. Hue, the second variable
of a color, is the characteristic which enables a
color to be described as red, yellow, blue, or
green. Saturation refers to the extent to which
a color departs from white, or the ‘‘neutral’’ con-
dition. Pale colors, or pastels, are low in satura-
tion, while strong or vivid colors are high in
saturation.

The monochrome system is limited to the trans-
mission of images that vary with respect to
brightness alone. Thus, brightness is the only at-
tribute of a color which is transmitted over a
monochrome-television system. To produce a col-
or image, therefore, provision must be made for
the transmission of additional information per-
taining to all three of the variables of color.
However, since the primary-color process can be
employed, it is not necessary to transmit infor-
mation in exactly the form expressed by the three
variables.

7
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Fig. 8. Block diagram of
monochrome-television receiver.

Primary Colors in Television

Experiments have proved conclusively that vir-
tually any color can be matched by the proper
combination of no more than three primary col-
ors. While other colors could be used as pri-
maries, red, green and blue have been selected
as the most practical for color-television use. A
few of the many colors that can be made by mix-
ing lights of red, green, and blue are illustrated
in Fig. 9 (see page 7.1-9). Red and green com-
bined produce yellow, red plus blue give purple,
and green plus blue give cyan or blue-green. The
proper combination of all three of the primary
colors produces white, or neutral, as shown at
the center of the illustration. By relatively simple
optical means, it is possible to separate any col-
or image into red, green, and blue, or RGB com-
ponents, as shown by Fig. 10.

Generating RGB Signals

Major components of a color-television camera
may have the block-diagram form shown in Fig.
11. Whereas the monochrome camera contains
only one pickup tube, or solid-state sensor, the
color camera usually contains three separate pick-
up devices. An objective lens at the front of the
camera forms a real image within a condensor
lens which is located where the pickup device is
usually mounted in a monochrome camera. A
relay lens transfers this real image to a system
of dichroic (color separating) mirrors or prisms
which shunt the red and blue light to the red and
blue pickup devices and permit the green to pass
straight through to the green tube or sensor. In
this manner, the three pickup devices produce
three separate images corresponding to the RGB
components of the original scene. These images
are scanned in the conventional manner by com-
mon deflection circuits.

A single scanning line through the typical col-
or image at the point shown (Fig. 18) produces
three separate waveforms. It is important to note
the correlation between these waveforms and the
image at the top. The yellow shutters in the im-
age, for example, must be produced by a mix-
ture of red and green, and the blue signal is not
required. Thus, at this interval of scanning the
red and green signals are both at full value and
the blue signal is at zero. The white door utilizes
all three color signals. Of course, similar correla-
tions can be seen for other parts of the image
along the scanning line.

Displaying RGB Signals

RGB signals are displayed in color by the tri-
color kinescope, the basic components of which
are shown in the diagram of Fig. 12. Three elec-
tron guns produce three beams which are in-
dependently controlled in intensity by the red,
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Fig. 11. Simplified block diagram of the optical and electrical components of the color camera.

green, and blue signals. These three beams are
all made to scan in unison by deflection coils
around the neck of the tube. The three beams
converge at the screen owing to the magnetic field
produced by a convergence yoke.

The phosphor screen of the color kinescope
consists of an array of very small primary-color
dots. Approximtely ! in. behind the phosphor
screen is an aperture mask which has one very
small opening for each group of red, green, and
blue phosphors. Alignment of this aperture mask
and screen is such that each beam is permitted
to strike phosphor dots of only one color. For
example, all the electrons emitted by the red gun
must strike red phosphor dots on the aperture
mask; they cannot strike either the green or blue
dots because of the ‘““shadow’’ effect of the mask.
Likewise, the beams emanating from the other
two guns strike only green or blue dots.

In this way, three separate primary-color im-
ages are produced on the screen of the tricolor
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PRIMARY
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YOKE
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tube. But since these images are formed by closely
intermingled dots too small to be resolved at the
normal viewing distance, the observer sees a full-
color image of the scene being televised.

ELECTRONIC ASPECTS OF
COMPATIBLE COLOR TELEVISION

To achieve compatibility with monochrome
television, color-television signals must be pro-
cessed in such a way that they can be transmit-
ted through the same channels used for mono-
chrome signals, and they must also be capable
of producing good monochrome pictures on
monochrome receivers. Since color television in-
volves three variables instead of the single variable
(i.e., brightness) of monochrome television, an
encoding process is required to permit all three
to be transmitted over the one available channel.
Likewise, a decoding process is required in the
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SURFACE.

APERTURE

COLOR KINESCOPE

Fig. 12. Diagram showing components of the three.gun kinescope picture tube.
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Fig. 13. Encoding of the RGB signals provides
a three-variable signal which can be transmitted
over existing monochrome channels.

color receiver to recover the independent RGB
signals for control of the electron guns in the col-
or kinescope. Moreover, the process used must
enable existing monochrome receivers to produce
a monochrome picture from the color informa-
tion.

Encoding and decoding processes used in com-
patible color television are based on four elec-
tronic techniques known as matrixing, band shap-
ing, two-phase modulation, and frequency inter-
lace. It is these processes which make the color
system compatible with monochrome and enable
the color system to occupy the existing 6 MHz
channel.

Matrixing

Matrixing is a process for ‘‘repackaging’’ the
information contained in the red, green, and blue
output signals from a color camera to permit
more efficient use of the transmission channel.
The matrix circuits which perform this function
consist of simple linear cross-mixing circuits. They
produce these signals, commonly designated M,
I, and Q, each of which is a different linear com-
bination of the original red, green, and blue
signals. Specific values for these signals have been
established by FCC standards.

The M-signal component, or luminance signal,
corresponds very closely to the signal produced
by a monochrome camera, and therefore is cap-
able of rendering excellent service to monochrome
receivers. The M component is obtained by com-
bining red, green, and blue signals in a simple
resistor network (Fig. 15) designed to produce a
signal consisting of 30 percent red, 59 percent
green, and 11 percent blue.

The I and Q signals are chrominance signals
which convey information as to how the colors
in the scene differ from the monochrome, or
“‘neutral” condition. The component I is defined
as a signal consisting of 60 percent red, -28 per-
cent green, and -32 percent blue. Minus values
are easily achieved in the matrix circuits by use
of phase inverters to reverse the signal polarity
(see Figs. 16 and 17). The Q signal is defined as

7.1-7
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Fig. 14. A part of the encoding
process is the matrixing of R, G, and B
signals to provide M, I, Q signals.
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Fig. 15. Diagram of resistance matrix circuit
used to produce the M luminance signal.
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Fig. 16. Diagram of | matrix showing phase inverters
to produce minus green and blue quantities.
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Fig. 17. Diagram of the Q matrix showing phase
inverter to produce required minus green signal.
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21 percent red, -52 percent green, and 31 percent
blue.

It can be seen that the quantities are related
so that when red, green, and blue are equal, cor-
responding to the neutral condition, both I and
Q go to zero. Thus, when the color camera is
focused on an object having no color informa-
tion, such as a monochrome test chart, the I-
signal and Q-signal components are absent, leav-
ing only the M component, or monochrome
signal.

The matrix circuits, therefore, produce a new
set of waveforms corresponding to the M, I, and
Q components of the image. A comparison of
the MIQ and RGB waveforms (Figs. 18 and 19,
see page of color illustrations on page 7.1-9) ob-
tained from the image illustrates the correlation
among the types of signals. It will be seen that
the M signal remains in the region between black
level and reference white. The I and Q signals,
on the other hand, swing positive and negative
around a zero axis.

Band Shaping

The eye has substantially less acuity in detect-
ing variations in chrominance than it has for
resolving differences in brightness. This impor-
tant characteristic of human vision was considered
in setting up the I and Q equations because it
permitted a significant reduction in the bandwidth
of these signals through use of low-pass filters.
A bandwidth of approximately 1.5 MHz was
found to be satisfactory for the I signal, which
corresponds to color transitions in the range ex-
tending from orange to blue-green. For color
transitions in the range from green to purple, as

represented by the Q signal, the eye has even less
acuity and the bandwidth was restricted to only
0.5 MHz. The M-signal component, which con-
veys the fine details, must be transmitted with
the standard 4 MHz bandwidth.

Two-Phase Modulation: Generation of
Color Subcarrier

Two-phase modulation is a technique by which
the I and Q signals can be combined into a two-
variable signal for transmission over a single
channel. This is accomplished by adding the
sidebands obtained through modulation of two
3.6 MHz carriers separated in phase by 90°. The
resultant waveform is the vector sum of the com-
ponents. Elements of the transmitting and receiv-
ing system are shown in Fig. 20. The two car-
riers, which are derived from the same oscillator,
are suppressed by the balanced modulators. Thus,
only the two amplitude-modulated sidebands, 90°
out of phase, are transmitted. At the receiving
end of the system, the I and Q signals are
recovered by heterodyning the two-phase wave
against two locally generated carriers of the same
frequency but with a 90° phase separation and ap-
plying the resultant signals through low-pass
filters to the matrix circuits. Typical signal
waveforms are illustrated in Fig. 21.

The 3.6 MHz oscillator at the receiver must be
accurately synchronized in frequency and in phase
with the master oscillator at the transmitter. The
synchronizing information consists of 3.6 MHz,
“bursts”’ of at least 8 Hz duration transmitted
during the ‘‘back-porch’’ interval following each
horizontal sync pulse. The bursts are generated
at the transmitter by a gating circuit which is

! BALANCED | _ TRANSMISSIO Low-pasS| 1
MODULATOR[ > T CHARNEL »|MODULATORI— ) g
90° 90°
PHASE PHASE
SHIFT SHIFT
Q BALANCED LOW-PASS | Q
A i M LATOR
MODULATOR oou FILTER
36 MC BUFFER | | 36 MC
OSCILLATOR AMPLIFIER [ OSCILLATOR
BURST PULSES
KEYING |  GATE FROM | GATE PHASE | _|REACTANCE
PULSES| CIRCUIT HOR ] CIRCUIT [ | DETECTOR TUBE
DEFLECTION

Fig. 20. Simplified block diagram showing elements for transmitting and receiving the |, Q, and burst signals.
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Fig. 9. The primary colors of television are red,

green, and blue. Virtually any color can be matched

by combining proper amounts of these primaries.
White is produced by a combination of all three.

TYPICAL
COLOR IMAGE

RED SIGNAL
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Fig. 18. Typical color image and RGB waveforms.
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Fig. 27. Typical color image and waveforms
of the M signal and modulated | and Q signals.

Fig. 10. lllustrating how a typical color image
(upper left comer) can be separated by optical
means into red, green, and blue counterparts.
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Fig. 19. Typical color image and MIQ waveforms.
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Fig. 28. Typical color image.
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I and Q signals are recovered by heterodyning in balanced modulators at receiver.
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Fig. 22. Diagram showing position of subcarrier
burst during horizontal blanking interval.
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Fig. 24. Vector diagram showing phase and
amplitude of subcarrier for a pure red signal.

turned ‘‘on’’ by burst keying pulses derived from
the synchronizing generator. At the receiver, the
two-phase modulated signal is applied to another
gating circuit, known as a burst separator, which
is keyed ‘‘on’’ by pulses derived from the horizon-
tal deflection circuit. The separated bursts are
compared in a phase detector with the output of

90°

BURST

Fig. 23. Diagram showing phase relationship
of I, Q, and burst signals.
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\ /045 AT 1024°
\ /
\ /
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Fig. 25. Composite vector diagram showing sub-
carrier phase and amplitude for each of six colors.

the local 3.6 MHz oscillator. Any error voltage
developed is applied through a smoothing filter
to a conventional reactance tube or varactor
which corrects the phase of the local oscillator.

FCC Standard phase relationships between the
I and Q signals and the color synchronizing burst
are shown in the vector diagram of Fig. 23. The
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I and Q signals are transmitted in phase quadra-
ture, and the color burst is transmitted with an
arbitrary 57° phase lead over the I signal.

Several interesting properties of the two-phase
modulated signal are illustrated by the vector
diagrams which represent the resultant signal
under known transmission conditions. For exam-
ple, when a pure red color of maximum amplitude
is being transmitted, the green and blue com-
ponents are at zero and the I and Q signals have
levels of 60 and 21 percent, respectively. When
modulated upon their respective carrier, these
signals produce the resultant shown in Fig. 24.
The phase and amplitude shown are characteristic
of pure red of maximum relative luminance. Fig.
25 is a composite vector diagram showing the
phase and amplitude characteristics of the three
primaries and their complementary colors. This
composite diagram indicates that there is a direct
relationship between the phase of the resultant
two-phase modulated signal and the hue of the
color being transmitted. There is also a relation-
ship (although indirect) between the amplitude of
the resultant signal and the saturation of the col-
or being transmitted. If the phase of the resul-
tant subcarrier and the level of the monochrome
signal both remain constant, then a reduction in
the amplitude of the subcarrier indicates a de-
crease in color saturation. The composite vector
diagram also shows an interesting symmetry be-
tween complementary colors (colors are com-
plementary if they produce a neutral when added
together); the resultants for any two complemen-
tary colors are equal in amplitude but opposite
in phase.
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Fig. 26. Diagram of teievision
channel showing portions occupied by
color and monochrome signal components.
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Fig. 29. Waveforms showing superposition
of modulated subcarrier on scanning signals,
compatible color signal, and effect of
subcarrier on average light output.

Frequency Interlace

Since the 3.6 MHz carriers, consisting of the
I and Q sidebands, fall within the video passband
as shown in the diagram of the television chan-
nel (Fig. 26), they become subcarriers and can
be handled in many respects like unmodulated
video signals. By use of frequency interlace it is
possible to add the several components of the
chrominance and monochrome signals together
without causing objectionable mutual interfer-
ence.

The significance of the straightforward addi-
tion of signal components made possible by fre-
quency interlace may be brought out by a study
of waveforms derived from a simple color im-
age. Fig. 27 shows M, I, and Q signals after the
latter two have been modulated upon 3.6 MHz
subcarriers. Note that both the I-and Q-signal
components are at zero during the scanning of
the white door, a neutral area. Fig. 28 (see page
of color illustrations on (page 7.1-9) shows the
vector sum of the I and Q signals and also the
complete compatible color signal formed by add-
ing together all the components, including syn-
chronizing pulses and color-synchronizing bursts.
The most significant fact about this signal is that
it is still capable of providing good service to
monochrome receivers, even though a modulated
wave has been added to the monochrome-signal
component. Although the modulated wave is
clearly a spurious signal with respect to the opera-
tion of the kinescope in a monochrome receiver,
its interference effects are not objectionable
because of the application of the frequency-inter-
lace principle.

The frequency-interlace technique is based on
two factors: a precise choice of the color subcar-
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Fig. 30. Block diagram showing relationship between
various frequencies used in color-television station.

rier frequency and the familiar ‘‘persistence-of-
vision”’ effect. If the color subcarrier is made an
odd multiple of one-half the line frequency, its
apparent polarity can be made to reverse between
successive scans of the same area in the picture.
Since the eye responds to the average stimulation
after two or more scans, the interference effect
of the color subcarrier tends to be self-canceling,
owing to the periodic polarity reversals. (see Fig.
29).
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Color-Frequency Standards

The relationships among the various frequen-
cies used in a compatible color system are il-
lustrated in the block diagram of Fig. 29. The
actual frequency of the color subcarrier, which
has been referred to as 3.6 MHz is specified by
FCC Standards as 3.579545 MHz or exactly 455
multiplied by %2 the line frequency.

In broadcast practice, the frequency of the col-
or subcarrier provides a frequency standard for
operation of the entire system. A crystal oscillator
at the specified frequency provides the basic con-
trol information for all other frequencies. Coun-
ty stages and multipliers derive the basic frequen-
cies needed in the color studio. A frequency of
nominally 31.5 kHz required for the equalizing
pulses which precede and follow each vertical sync
pulse and for the serrations in the vertical sync
pulse. A divide-by-2 counter controlled by the
31.5 kHz signal provides the line-frequency pulses
at nominally 15.75 kHz needed to control the
horizontal blanking and synchronizing wave-
forms. Another counter chain provides the 60 Hz
pulses needed for control of the vertical blank-
ing and synchronizing circuits.

The Overall Color System

The major functions performed in transmitting
and receiving color are shown in the overall block
diagrams of the transmitting and receiving sys-
tems (Figs. 31 and 32).
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Fig. 31. Block diagram showing major functions of color-transmitting system.
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Fig. 32. Block diagram showing major functions of color-receiving systems.

At the transmitting end, camera output signals
corresponding to the red, green, and blue com-
ponents of the scene being televised are passed
through nonlinear amplifiers (the gamma correc-
tors) which compensate for the nonlinearity of
the kinescope elements at the receiving end.
Gamma-corrected signals are then matrixed to
produce the luminance signal M and two chrom-
inance signals I and Q. The filter section
establishes the bandwidth of these signals. The
4.1 MHz filter for the luminance channel is shown
in dotted lines because in practice this band shap-
ing is usually achieved by the attenuation char-
acteristics of the transmitter, and the filter is not
required.

The bandwidths of 1.5 and 0.5 MHz known
for the I and Q channels, respectively, are
nominal only; the required frequency-response
characteristics are described in more detail in the
complete FCC signal specifications. Delay com-
pensation is needed in the filter section in order
to permit all signal components to be transmit-
ted in time coincidence. In general, the delay time
for relatively simple filter circuits varies inverse-
ly with the bandwidth. The narrower the band-
width, the greater the delay. Consequently, a
delay network or a length of delay cable must
be inserted in the I channel to provide the same
delay introduced by the narrower band filter in
the Q channel, and still more delay must be in-
serted in the M channel.

In the modulator section, the I and Q signals
are modulated upon two subcarriers of the same
frequency but 90° apart in phase. The modulators
employed should be of double balanced type, so
that both the carriers and the original I and Q

signals are suppressed, leaving only the sidebands.
Some sort of keying circuit must be provided to
produce the color-synchronizing bursts during the
horizontal blanking intervals. To comply with the
FCC signal specifications, the phase of the burst
should be 57° ahead of the I component (which
leads the Q component by 90). This phase posi-
tion was chosen mainly because it permits cer-
tain simplifications in receiver designs. Timing in-
formation for ‘‘keying in’’ the burst can be ob-
tained from a ‘‘burst flag generator,”’ which is
a simple arrangement of multivibrators controlled
by horizontal and vertical drive pulses.

In the mixer section, the M signal, the two sub-
carriers modulated by I and Q chrominance
signals, and the color synchronizing bursts are
all added together. Provision is also made for the
addition of standard synchronizing pulses, so that
the output of mixer section is a complete color-
television signal containing both picture and syn-
chronizing information. This signal can then be
put ‘“‘on the air’’ by means of a standard televi-
sion transmitter, which must be modified only
to the extent necessary to assure performance
within the reduced tolerance limits required by
the color signal. (Since the color signal places
more information in the channel than a black-
and-white signal, the requirements for frequency
response, amplitude linearity, and uniformity of
delay time are more strict).

The Color-Receiving System

In a compatible color receiver, the antenna, RF
tuner, IF strip, and second detector serve the same
functions as the corresponding components of a
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black-and-white receiver except that the tolerance
limits on performance are somewhat tighter.

The signal from the second detector is utilized
in four circuit branches. One circuit branch
directs the complete signal toward the color
kinescope, where it is used to control luminance
by being applied to all kinescope guns in equal
proportions. In the second circuit branch, a band-
pass filter separates the high-frequency com-
ponents of the signal (roughly 2.0 to 4.1 MHz)
consisting mainly of the two-phase modulated
subcarrier signal. This signal is applied to a pair
of modulators which operate as synchronous
detectors to recover the original I and Q signals.
It should be noted that those frequency com-
ponents of the luminance signal falling between
about 2 and 4.1 MHz are also applied to the
modulators and are heterodyned down to lower
frequencies. These frequency components do not
cause objectionable interference, however,
because they are frequency-interlaced and tend
to cancel out through persistence of vision.

The remaining two circuit branches at the out-
put of the second detector make use of the tim-
ing or synchronizing information in the signal.
A conventional sync separator is used to produce
the pulses needed to control the horizontal-and
vertical-deflection circuits which are also conven-
tional. The high-voltage supply for the kinescope
can be obtained either from a “‘flyback’’ supply
associated with the horizontal deflection circuit
or from an independent RF power supply. Many
color kinescopes require convergence signals to
enable the scanning beams to coincide at the
screen in all parts of the picture area; the
waveforms required for this purpose are readily
derived from the deflection circuits.

The final branch at the output of the second
detector is the burst gate, which is turned “‘on”’
only for a brief interval following each horizon-
tal sync pulse by means of a keying pulse. This
pulse may be derived from a multivibrator con-
trolled by sync pulses, as illustrated , or it may
be derived from the ‘‘flyback’’ pulse produced
by the horizontal output stage. The separated
bursts are amplified and compared with the out-
put of a local oscillator in a phase detector. If
there is a phase difference between the local signal
and the bursts, and error voltage is developed by
the phase detector. This error voltage restores the
oscillator to the correct phase by means of a reac-
tance tube or varactor connected in parallel with
the tuned circuit of the oscillator. This automatic-
frequency-control circuit keeps the receiver
oscillator in synchronism with the master subcar-
rier oscillator at the transmitter. The output of
the oscillator provides the reference carriers for
the two synchronous detectors; a 90 ° phase shifter
is necessary to delay the phase of the Q modula-
tor by 90° relative to the I modulator.

7.1-15

There is a ““filter section’’ in a color receiver
that is rather similar to the filter section of the
transmitting equipment. The M, I, and Q signals
must all be passed through filters in order to
separate the desired signals from other frequen-
¢y components which, if unimpeded, might cause
spurious effects. The | and Q signals are passed
through filters of nominally 1.5 and 0.5 MHz
bandwidth, respectively, just as at the transmit-
ting end. A step-type characteristic is theoretically
required for the I filter, as indicated in Fig. 26,
to compensate for the loss of one sideband for
all frequency components above about 0.5 MHz.
Actually, this requirement is ignored in many
practical receiver designs, resulting in only a slight
loss in sharpness in the I channel. A roll-off filter
is desirable in the M channel to attenuate the sub-
carrier signal before it reaches the kinescope. The
subcarrier would tend to dilute the colors on the
screen if it were permitted to appear on the
kinescope grids at full amplitude. Delay networks
are needed to compensate for the different in-
herent delays of the three filters, as explained
previously.

Following the filter section in the receiver there
is a matrix section in which the M, I, and Q
signals are cross-mixed to recreate the original R,
G, and B signals. The R, G, and B signals at the
receiver are not identical with those at the
transmitter because the higher frequency com-
ponents are mixed and are common to all three
channels. This mixing is justifiable because the
eye cannot perceive the fine detail (conveyed by
the high-frequency components) in color. There
are many possible types of matrixing circuits. The
resistance mixers shown provide one simple and
reliable approach. For ease of analysis, the matrix
operations at the receiver can be considered in
two stages. The I and Q signals are first cross-
mixed to produce R-M, G-M, and B-M signals
(note that negative 1 and Q signals are required
in some cases), which are, in turn, added to M
to produce R, G, and B.

In the output section of the receiver, the signals
are amplified to the level necessary to drive the
kinescope and the dc component is restored. The
image which appears on the color kinescope
screen is a high-quality full-color image of the
scene before the color camera.

It should be made clear that the block diagram
of Fig. 32 is intended only to illustrate the prin-
ciples used in color receivers and does not repre-
sent any specific model now on the market.
Design engineers of color receivers have shown
great ingenuity in simplifying circuits, in combin-
ing functions, and in devising subtle variations
in the basic process which have made possible
significant cost reductions while maintaining ex-
cellent picture fidelity. The principles of compati-
ble color television are firmly established, and it
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is to be expected that steady progress will be made
in the practical application of those principles.

COLOR FIDELITY

““Color fidelity’’ as used herein, is the proper-
ty of a color-television system to reproduce col-
ors which are realistic and pleasing to the average
viewer.

Although perhaps not apparent at first, color
fidelity is analogous to ‘‘high fidelity’’ as applied
to sound reproduction. Just as a high-fidelity
audio system faithfully reproduces sounds reach-
ing the microphone, the color-television system
is capable of faithfully reproducing colors as seen
by the television cameraman. In fact, the color
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television system is capable of reproducing col-
ors more accurately than techniques presently
used in color printing and color photography.

Tests have shown, however, that color-televis-
ion pictures are generally more pleasing to the
viewer when deliberate modifications are made
in the reproduced colors to compensate for the
surroundings in which they are reproduced. The
situation is similar to that experienced in the art
of sound reproduction in the case of a symphony
orchestra recorded at high sound levels in a large
hall and reproduced at lower sound levels in a
small room. In this case, a more pleasing effect
is obtained if the ear’s new environment is taken
into consideration and the reproduction is modi-
fied accordingly. Similarly, in color television, the
changed environment of the eye must be con-
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Fig. 33. Diagram of a theoretical color
system showing linear RGB pickup tubes
and kinescopes interconnected by wire.
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Fig. 35. Diagram showing transmitter and receiver matrix functions in the color system.

sidered and the reproduced colors modified ac-
cordingly.

Color fidelity, therefore, is a term used to in-
dicate a color reproduction which pleases the
viewer aesthetically and persuades him that he is
viewing a faithful reproduction of the original col-
ors in the scene being televised.!

The following describes possible distortions in
the color system and their effect on the picture
and prescribes amounts or degrees of distortion
that can be tolerated without adverse effects on
picture quality.

Color-System Analysis

Individual elements or areas of the complete
color system are discussed in the following
paragraphs with the aid of the diagrams shown
in Fig. 33 through 37.

Fig. 33 is a theoretical color system in that it
assumes linear camera tubes and a linear
kinescope interconnected by a distortionless wire
system. The only distortion that can result from
this system is a flaw in colorimetry.

Fig. 34 introduces linearity correctors to com-
pensate for color errors produced by nonlineari-
ties in the transducers.

Figs. 35, 36, and 37 successively introduce the
complexities of matrixing, band limiting, delay
compensation, and the transmission system
(shown dotted in Fig. 37). These diagrams, each
representing a possible color system, introduce
techniques used in compatible color television and
permit the study of color distortions peculiar to
each technique.

The systems diagrammed in Figs. 33 and 34
are described under Possible Distortions in Trans-
ducers, and those in Figs. 35, 36, and 37 under
Possible Distortions in Encoding and Decoding
Processes. The system shown in Fig. 37 is dis-

cussed under Distortions in the Transmission
System.

Characteristics of the Eye

To appreciate fully the significance of color
fidelity, it is helpful to consider some of the
characteristics of the eye associated with color
perception and to analyze such terms as color
adaptation, reference white, and primary colors
and determine their relationship to a color-
television system.

Color Adaptation

One amazing characteristic of the eye is the
phenomenon knows as color adaptation. It is this
adaptation which enables one to describe ac-
curately the color of an object under ‘‘white”’
light while viewing in nonwhite light. That is to
say, recognition of color is surprisingly indepen-
dent of the illumination under which an object
is viewed. For example, if sunlight at high noon
on a cloudless day is taken as ‘“white’” light, then,
by comparison, the illumination from a typical
100-watt incandescent bulb is very yellow light.
Yet it is known that an object viewed under
sunlight looks very little if any different when
viewed under incandescent light. Moreover, it is
obvious to the observer, after a very few minutes
in a room illuminated with incandescent lights,
that the light is not yellow at all; it is really
“‘white.”’

It is apparent, then, that the color seen by an
observer is dependent upon the illumination to
which that observer has been exposed for the past
several minutes. This ambient illumination will
have a marked effect on his choice of what color
he is going to call ‘‘white.”

This phenomenon can cause a loss of color
fidelity under certain conditions. Consider, for
example, a theoretically perfect color system with
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Fig. 36. Basic color system with band limiting and delay compensation.

camera viewing an outdoor scene under a mid-
day sun while the reproduced picture is being
viewed in a semidarkened room, with what little
light is in the room also being derived from the
midday sun. Under these conditions, the ambient
illuminations at both camera and receiver are
identical, so a man standing alongside the camera
and a man viewing the receiver would both see
the same colors. Now, if a change in the weather
at the camera location should cause a cloud to
cover the sun, the ambient illumination at the
camera location would shift toward a bluer col-
or. This shift would not disturb the viewer stand-
ing alongside the camera, because his eyes, bathed
in the new ambient light, would rapidly adapt to
the new viewing conditions and he would perceive
the scene as being unchanged.

o—{H

The man viewing the receiver would not be so
fortunate. Assuming that he is far enough away
that this same cloud would not affect his ambient,
he would observe that everything on his screen
had suddenly and inexplicably taken on a bluish
cast, which he would certainly find most disturb-
ing.

Such errors in color fidelity can be corrected
by making the camera imitate the human eye in
adaptation. The eye adapts to changes in ambient
illumination by changing its sensitivity to a cer-
tain color. For example, if a light source changes
from white to blue-white (as in the above exam-
ple), the eye reduces its blue sensitivity until the
light again appears to be white to the observer.
Likewise, a camera operator can correct for the
same situation by decreasing the gain of the blue
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Fig. 37. Basic color system showing all major elements, including the transmission system.
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channel of the camera or by attenuating the light
reaching the blue camera tube. In this way, the
camera is made to ‘‘color adapt,”’ and the re-
produced picture on a receiver loses its bluish
cast.

Reference White

Although color adaptation can generate a prob-
lem such as the one just described, it also
simplifies certain requirements. Specifically, it
eases the requirement that white be transmitted
as a definite, absolute color, for there clearly can
be no absolute white when almost any color can
be made to appear subjectively white by making
it the color of the ambient illumination to which
an observer’s eye has adapted.

In color television, we take advantage of this
characteristic in the following manner: A surface
in the studio which is known by common ex-
perience to white, for example, the EIA Gray-
Scale Chart of a piece of Neutracor white paper,
is selected to be reproduced as white on a home
receiver. The relative sensitivities of the three-
color channels of the camera are then adjusted
so that the camera ‘‘adapts’’ to this white
regardless of the studio illumination. The home
receiver can then be adjusted to reproduce the
surface as any ‘‘white’’ which the home viewer
prefers, depending upon his surroundings.

It has already been mentioned that the eye
adapts readily to the illumination that surround
conditions of an overcast day. This representative
standard illumination has been adopted interna-
tionally as a base for the specification of the col-
or of objects when they are viewed outdoors. This
standard (Illuminant C) has been chosen to be
the ‘‘standard-viewing-white’’ of the receiver. A
slightly different illuminant has been proposed
as (Illuminant D) more accurately representative
of outdoor illumination and may replace Illumi-
nant C in the near future.

The change in reference white between studio
and home will inevitably produce errors in all
reproduced colors, but the errors are small and,
more important, then to be subjectively self-
correcting, so that any given object will tend to
produce the same color sensation whether viewed
in relation to the studio reference white or the
home reference white.

Consequently, a viewer may become familiar
with an object such as a sponsor’s packaged prod-
uct and will recognize it on his television screen,
under the fluorescent lighting of his supermarket,
or under the incandescent lighting of his home
and, furthermore, will note little difference in the
colorimetric values of the package under the three
conditions, even though the absolute colorimetric
values would be appreciably different in the three
situations.
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Primary Colors

Of all the characteristics of the eye, there is
perhaps none more fundamental to practical color
television than that characteristic which allows us
to choose certain colors called primary colors, and
from these synthesize almost any other desired
color by adding together the proper proportions
of the primary colors. If it were note for this
characteristic, each hue in a color system would
have to be transmitted over a separate channel;
such a system would be too awkward to be prac-
tical. Because of the eye’s acceptance of synthe-
sized colors, it is possible to provide excellent col-
or rendition by transmitting only the three
primary colors in their proper proportions.

Possible Errors in Transducers

The block diagram of Fig. 33 shows a fun-
damental color-television system using red, green,
and blue primaries and three independent
transmission channels. The camera tubes and
kinescopes are shown dotted to indicate that any
inherent nonlinearities in these devices are to be
disregarded, for the moment, in order to simplify
the discussion of the colorimetry of the system.

The general plan is a system such as that of
Fig. 33 is to provide the three kinescopes with
red, green, and blue phosphors, respectively, and
to allow the corresponding camera tubes to view
the scene through an appropriate set of red,
green, and blue filters. If a phosphor and a filter
have the same dominant wavelength, that is, if
they appear to the eye to be the same color, it
might be mistakenly supposed that they would
be colorimetrically suited to be used as a filter
and phosphor set for the channel handling that
color. Actually, the basis for choosing filters and
phosphors is much more complex and is based
on the shape of the response curve of the filter,
plotted against wavelength, and the shape of the
light-output curve of the phosphor, also plotted
against wavelength. The following paragraphs will
discuss briefly a technique which might be used
to determine the required relationship between the
phosphor curves and the filter curves.

The color characteristics of the phosphor are
generally less easily changed than are filter
characteristics; for this reason characteristics of
phosphors are taken as the starting point, and
characteristics of the filters are determined from
them. A laboratory setup which could be used
to determine these characteristics is shown in Fig.
38. In this figure, an observer (who must have
‘‘normal’’ vision) is viewing simultaneously two
adjacent areas, one of which is illuminated by
a source of single-wavelength light which can
select any wavelength in the visible spectrum, the
other of which is illuminated by a red kinescope,
a green kinescope, and a blue kinescope. The
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Fig. 38. Diagram showing laboratory setup arranged
to compare narrow-band light source and R, G, and B
light produced by kinescopes to determine proper
camera-filter color characteristics.

phosphors of these kinescopes are the phosphors
which are to be used in the color system. Start-
ing at, say, the red end of the spectrum, a single-
wavelength red is selected to illuminate the left-
hand area, and the light from each of the three
phosphors is varied until a color match is ob-
tained between the left-hand and right-hand areas.
The respective amounts of red, green, and blue
lights needed to accomplish this match are rec-
orded. Then another wavelength is chosen, the
kinescope outputs varied to produce a match, and
the new amounts of red, green and blue needed
for a match are recorded. Similarly, points are
obtained throughout the entire spectrum, and a
graph is plotted showing the various required out-
puts versus wavelength. The shapes of these three
curves—one for red, one for green, and one for
blue—are the required shapes for the three
camera-filter response curves. The resulting curves
would in general resemble Fig. 38.

(To simplify the above discussion it was as-
sumed that the camera tubes responded equally
well to all wavelengths. In practice, camera tubes
show higher output at certain wavelengths than
at others. The filter-response curves derived by
the above technique would have to be modified
so that the combined response of filter and
camera would be correct.)

Certain practical difficulties could result in er-
rors in the above procedure. For example, if the
observer had any deviations from normality in
his color-vision characteristics (as most people
do), these deviations would result in ‘‘nonstan-
dard’’ matches and, hence, improper camera-
filter characteristics. Also, if the phosphors were
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contaminated in any way during their manufac-
turing process (as most phosphors are, at least
to some small degree), the resulting phosphor
characteristics would not be the proper ones and
hence would give rise to improper camera-filter
characteristics. the observer errors can be normal-
ized out by standard colorimetric procedures, but
phosphor errors represent a basic error which may
possibly be present not only in the above experi-
ment but also in varying degrees in a large nhumber
of receivers. Quality control of phosphor
manufacture is sufficiently good, however, to
make the net effect unnoticeable in home
receivers.

A striking practical difficulty would also arise
regardless of observer or phosphor errors. For
most wavelengths, no combination of red, green,
and blue kinescope outputs could be found which
would produce a match. In order to obtain a
match at these wavelengths, it would be necessary
to move one or two of the kinescopes over to
the other side so that they could add their light
to the single-wavelength light being matched. This
procedure can be described mathematically, for
graphing purposes, by saying that adding light
to the left-hand area is the same as subtracting
light from the right-hand area. Therefore, the
amount of light added on the left would be con-
sidered as a negative quantity and would result
in a point below the axis on the graph. Since this
condition would be found to exist for several suc-
cessive wavelengths, the resulting graph would
show one or more minor lobes below the axis.
These are called negative lobes.

These negative lobes represent a need for filters
with negative light-transmission characteristics at
certain wavelengths. Simple attenuating filters
cannot yield such a characteristic, much more
elaborate means would be required.

It is theoretically possible to achieve these
negative lobes with added camera complexity but
it has been shown that excellent color fidelity can
be obtained by ignoring the negative lobes and
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Fig. 39. Curves showing relative quantities
in camera output required to produce correct
kinescope colors over the visible spectrum.
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Fig. 40. Curve showing light-transfer characteristics
of a perfectly transparent piece of window glass.

using filters which yield the positive lobes only.
Positive-lobe processes such as color photography
have gained wide acceptance for years. Masking
techniques which employ electrical matrixing have
been introduced which can modify the spectrum
characteristics of a color camera. These tech-
niques can be used to help compensate for defic-
iencies in the color fidelity such as the lack of
negative lobes.

Transfer Characteristics

A piece of window glass is perhaps the nearest
approach to a perfect video system. For a piece
of glass, the light output (to the viewer) is essen-
tially identical with the light output (from the
scene). This fact is shown graphically in Fig. 40.
This plot could be called the ‘‘transfer charac-
teristic’’ of a piece of glass, since it describes the
way that light is transferred through the system.

If the window glass is replaced by a neutral-
density filter which attenuates light 3 to 1, the
transfer characteristic will then be given by Fig.
40. The difference between Fig. 40 and 41 can
be described by these simple relationships:

For the glass:
Light output = light input
For the neutral-density filter:

Light output = k X light input
Where:
k = Y5 in this case.

Both systems are linear; that is, doubling the
light input of either will double its light output;
tripling input will triple output; etc. A nonlinear
system does not exhibit this simple proportionali-
ty. For example, consider a system described by

Light output = k& X (light input)?

Doubling the input to this system will quadru-
ple its output; a threefold increase in input will
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Fig. 41. Curve showing transfer characteristic of a
neutral density filter with 3-to-1 light attenuation.

result in a ninefold increase in output; etc. The
transfer characteristic for this type of system is
shown in Fig. 42. Note that the characteristic is
definitely nonlinear; that is, it is not a straight
line as were Fig. 30 and 40.

In television and photography, nonlinearity is
more common than linearity. For example, an
ordinary kinescope is a nonlinear device, having
a transfer characteristic which can be approx-
imated by the expression

Light output = k (voltage input)22

Camera tubes can be linear or nonlinear
devices. For example, the characteristic of a
vidicon is approximately

Current input = k (light input)0.65

The general expression for nonlinear transfer
characteristic can be given approximately as

Output = k(input)’
where the exponent is the Greek letter gamma.

Graphical Displays of Transfer Characteristics

Linear Plots

The first reaction of any person asked to
display two variables (like light input and light
output) on a set of XY coordinates is to divide
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Fig. 42. Curve showing a noniinear
transfer characteristic.
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X and Y coordinates into equal increments and
plot the variables in this manner. A typical result
of such a plot has already been described (Figs.
40 and 41). Such a plot has the advantage of
showing at a glance the linearity of the device
described by the variables. If the plot is a straight
line, we say the device is linear; if curved, we say
the device is nonlinear. Moreover, the slope of
the line describes the attenuation (or gain) of the
device. If the slope is unity (which occurs when
the plot makes a 45 ° angle with the X axis), there
is no attenuation; we are dealing with a very good
piece of glass. For the neutral-density filter
described above, which has the equation (light
output) = Y5 (light input), the line has a slope
of one-third (see Fig. 41).

Such are the advantages of plotting transfer
characteristics with equal-increment divisions of
the X and Y axis. However, other advantages—
very important ones—can be obtained by dividing
up the X and Y coordinates logarithmically. Such
a plot is called a log-log plot.

Log-Log Plots

Consider a system which has a transfer
characteristic given by L, = (L;,)22 If this equa-
tion is plotted on axes which are divided log-
arithmically, the resulting plot is the same as
though the logarithm of both sides of the equa-
tion were plotted on equal-increment axes. Tak-
ing the logarithm of both sides, we obtain

log Ly = log (Liy)??

Since log (L;;)?-2 is the same as 2.2 log (L;,),
then

log Ly = 2.2 log Ly,

Comparing the form of this equation with an
earlier equation, light output = %5 light input, we
can see that just as the attenuation, 1/3, was the
slope of the earlier equation, so 2.2, the expo-
nent, is the slope of the latter equation. We see,
then that the use of logarithmically divided coor-
dinates yields a plot in which the exponent is given
by the slope of the line. Therefore, this plot will
show at a glance the magnitude of the exponent
and will also show whether or not the exponent
of the system is constant for all light levels. It
also is advantageous in showing the effects of
stray light.

Figs. 43a and 43b compare the two types of
plotting for three types of transfer characteristics.

The Effect of a Nonlinear Transfer Characteristic

on Color Signals

Effect of Identical Nonlinearities in Each Channel
In monochrome television, some degree of

nonlinearity can be tolerated, but such is not the

case for a color-television system. It can be shown
that a system exponent different from unity must
inevitably cause a loss of fidelity. For an exam-
ple, consider a situation in which signals are be-
ing applied through linear amplifiers to the red
and green guns of a perfectly linear (theoretical)
kinescope. The green amplifier is receiving 1.0
volt; the red amplifier, 0.5 volt. If everything is
perfectly linear, the proportions of the light out-
put should be 1.0G + 0.5R = greenish yellow.
However, if the kinescope has an exponent of 2.0,
the light output will be (1.0)2G + (0.52R =
1.0G + 0.25R = greenish yellow with an excess
of green.

From the above specific case, it may be cor-
rectly inferred that in general, a system exponent
greater than 1 will cause all hues made of the
combination of two or more primaries to shift
toward the larger or largest primary of the com-
bination. Conversely, a system exponent less than
1 will shift all hues away from the largest primary
of the combination.

In the above example, an exponent of 0.5
would yield (1.0)05G + (0.5)%5R = 1.0G +
0.707R = a greenish yellow which is a shade off
a pure yellow.
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Fig. 43. Graphs showing the curves obtained by plot-
ting A, B, and C types of transfer characteristics on
linear coordinated (A) and on log-log coordinates (B).
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In addition, the reader can correctly conclude
that white or gray areas, in which all the primaries
are equal, will not be shifted in hue by a nonuni-
ty exponent.

Effect of Differing Exponents in Each Channel

The preceding discussion assumed that all three
channels (in Fig. 33) have the same exponent,
whether unity or not. In practical systems,
however, there is always the possibility that the
exponents of the channels may differ from one
another. This situation will produce intolerable
color errors if the differences become even
moderately large. In general, the requirements for
“‘tracking’’ among the light-transfer characteris-
tics of the individual channels are even more
stringent than the requirement for unity exponent.

Figs. 44a, 44b, 44c, and 44d show graphically
the effects of unequal exponents in the three chan-
nels. In all four figures, the red and blue ex-
ponents are taken as unity; in Figs. 44a and 44b
the green exponent is taken as less than 1, and
in Figs. 44c and 44d, as greater than 1. In Fig.
44a, the transfer characteristics are shown for the
system adjusted to produce peak white properly.
It can be seen that the bowed characteristic of
the green channel will cause all whites of less than
peak value to have too much green. A gray-scale
step tablet before the camera would be repro-
duced properly only at peak white; the gray steps
would all have a greenish tinge. Relative channel
gains could be readjusted to reproduce one of the
gray steps properly (Fig. 43b), but then all
highlight steps would be purplish while lowlight
steps would still be greenish.

A green-channel exponent greater than unity
would reverse the above results (Figs. 44c and
44d). With gains adjusted to reproduce peak
white properly (Fig. 44c), lowlights would be
purplish; with gains readjusted to provide prop-
er reproduction for one of the lower steps (Fig.
44d), highlights would be green and lowlights
purple.

7.1-23

The Effect of Stray Light

If a kinescope is viewed in a lighted room, there
will always be some illumination on the faceplate.
Therefore, the eye will always receive some *light
output’ from the kinescope, regardless of the
magnitude of the signal input voltage. Under this
condition, a true black is impossible to obtain.

This condition is reflected in the transfer
characteristic of the system. If, for example, the
stray light were 5 percent of the peak highlight
brightness of the picture, a linear plot of light
output versus light input would have the entire
transfer characteristic shifted upward by 5 per-
cent. However, the most interesting change is
found in the log-log plot, where, as seen in Fig.
45, the stray light causes a change in the slope
in the lowlight regions. Since the slope is equal
to the exponent, this change shows that stray light
causes an effective exponent error in the lowlight
regions of the picture and hence will cause color-
fidelity errors which will be most marked in
lowlight regions.

These errors will be noted by an observer as
improper hues and saturations, with the satura-
tion errors—a ‘‘washing out’’ of the more
saturated lowlight areas—being the more objec-
tionable to a viewer.

Stray light is not the only cause of errors of
this type. Similar effects will be noted whenever
the kinescope bias (‘‘brightness”’) is set too high,
if camera pedestal is set too high, or if stray light
enters the camera (whether through lens flare or
any other source). In general, any condition which
prevents the light output of the system from
becoming zero when the light input is zero will
cause errors similar to those caused by stray light.

Linearizing a System

It can be shown that a system using a vidicon
with an exponent of 0.675 to drive a kinescope
with an exponent of 2.2 will have an overall ex-
ponent given by the product 0.65 x 2.2 = 1.43,
assuming that all devices in the system are linear.
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In general, the overall exponent of a system is
the product of the exponents of the cascaded
elements.

This knowledge provides an excellent tool for
linearizing a system. For example, a system with
an overall exponent of 1.43 could be linearized
by inserting somewhere (in a video path) an
amplifier having an exponent of 1/1.43 (=0.7)
so that the product becomes unity:

1.43 X 1/1/43 = 1

In Fig. 34, a nonlinear amplifier, or gamma
corrector, is shown inserted in each of the three
paths.

Possible Encoding and Decoding Distortions

The second of the two systems discussed in the
preceding section bordered on being a practical
system but still required three independent 4 MHz
channels. A fortunate characteristic of the human
eye—the inability to see colored fine detail—
allows us to modify this requirement to one 4
MHz channel for monochrome fine detail and
two much narrower channels for color informa-
tion. Before this modification can be made, the
red, green, and blue signals must be combined
to form three other signals, usually called M, I,
and Q, such that the M signal alone requires a
4 MHz channel, and the I and Q channels, which
contain the color information, are confined to
narrower channels. This rearrangement of red,
green, and blue to form M, I, and Q is called
matrixing and was described in the previous part.
A system which uses a matrix is block-diagramed
in Fig. 35. The illustration also shows that to
recover the original red, green, and blue signals
at the receiving end, a ‘‘rearranging’’ device is
needed. This device is usually called the receiver
matrix.

Matrixing alone offers no advantage unless
steps are taken actually to limit the I-signal and
Q-signal channels to the narrow bandwidths
allowed. Fig. 36 shows a system employing such
band shaping. The band-shaping filters them-
selves always introduce delay, which must be
compensated for by placing delay lines in the
wider band channels, as shown in the diagram.

To put both color and monochrome informa-
tion in the spectrum space normally occupied by
monochrome only requires that the color infor-
mation overlap the monochrome. This overlap
can be allowed for both I and Q signals, without
incurring visible cross talk, if two techniques,
known as frequency interlace and two-phase
modulation are employed. A system using these
techniques, which were described in the section
on Electronic Aspects of Compatible Color
Television, is block-diagramed in Fig. 37.

Possible Errors in the Matrixing Process

The entire matrixing process can be summed
up in two sets of equations, the first set describ-
ing how the transmitter matrix takes in red, green,
and blue and turns out M, I, and Q:

M = 0.30R + 0.59G + 0.11B
I = 0.60R — 0.28G - 0.32B
Q = 0.21R - 0.52G + 0.31B

and the second set describing how the
receiver matrix takes in M, I, and Q and
recreates red, green, and blue:

R = 0941 + 0.62Q + M
G = 0271 + 0.65Q + M
B =111+ 17Q + M

Both matrices can therefore be considered as
analog computers which continuously compute
the desired output from the given input. The co-
efficients in the above six equations are usually
determined in the ‘‘computers” by precision
resistors or, in the case of negative numbers, by
precision resistors and signal-inverting amplifiers.
The basic error that can occur, therefore, is a
change in a resistor value or an amplifier gain,
resulting in a change in one or more coefficient.
In general, the resulting picture error resembles
cross talk among the primary colors.

More specifically, the transmitter matrix can
have two distinct types of errors. The first type
involves the coefficients of the equation for M;
the second type, the coefficients for I and Q. An
error in an M coefficient will brighten or darken
certain areas. In a monochrome reproduction of
a color signal, such an error, if small, would not
be noticed; if large, it would still probably be
tolerated by the average viewer. In a color
reproduction, however, even a small error would
be objectionable. For example, a reduction of the
red coefficient from 0.3 to 0.2 would cause a
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human face to be reproduced with an unnatural
ruddy complexion and dark red lips.

Note that the sum of the M coefficients is 1.
An error in one coefficient would change this
sum, so that peak white would no longer occur
as 1 volt. An operator could mistake this condi-
tion for a gain error and adjust either M gain
or overall gain in an effort to obtain the correct
peak-white voltage. Changing M gain would cause
errors to occur in all M coefficients; changing
overall gain would put errors in all coefficients.
Although such an error is rare in well-engineered
equipment, it is a possible source of color error
which can be compounded by misdirected at-
tempts at correction.

Note that the sums of the Q and I coefficients
are each zero, which means that when R = G
= B (the condition for white or gray), Q and
I both equal zero. An error in a Q or I coeffi-
cient would cause color to appear in white or gray
areas and, in addition, would cause general er-
rors in colored areas resembling cross talk among
the primaries. Controls are usually provided in
the Q and I matrices, called Q white balance and
I white balance, respectively, which allow the
operator to adjust the sum of the Q or I coeffi-
cients by changing the value of one of the coeffi-
cients. If the coefficient controlled is the one in
error, then adjusting white balance restores the
condition that the sum of the coefficients is zero,
that is, it removes the color from white and gray
objects, but it does so by giving the controlled
coefficient an error which just counteracts the er-
ror of a nonadjustable coefficient, so that two
coefficients are wrong instead of one. Again, such
an error is rare in well-engineered equipment, for
the adjustable coefficient is usually the one in er-
ror. However, the possibility of an error com-
pounded by adjustment should be kept in mind.

A far more likely cause of white-balance error
is an error in input level, that is, a discrepancy
between the peak white levels of input red, green,
or blue. In such a case, an operator can still
achieve white balance (Q and I = 0 for white
input) but the entire system will be in error. The
starting point for all investigations of the cause
of white balance errors should be the levels of
the red, green, and blue colorplexer inputs.

In the receiver matrix, only one general type
of error can occur instead of two as in the case
of the transmitter matrix. This type of error, a
general coefficient error, results in cross talk
among the primary colors. For example, a change
in the I coefficient for the red equation from 0.94
to 0.84 would yield about a 7 percent reduction
in the peak red output available and would also
result in unwanted red light output in green or
blue areas at about 3% percent of the green or
blue level.

Gain Stability of M, 1, and Q Transmission Path

In the system of Fig. 35, every gain device or
attenuating device in the three transmission paths
must maintain a constant ratio between its input
and output in order to maintain the proper ratios
among the levels of M, I, and Q at the input to
the receiver matrix. A variation in the gain of
one of these paths will result in a loss of color
fidelity.

For example, a reduction in M gain must ob-
viously cause a reduction in the viewer’s sensa-
tion of brightness. Not quite so obvious are the
effects of I and Q gain. Since these are color
signals, their amplitude would be expected to in-
fluence the sensation of saturation, but the man-
ner of this influence is not intuitively obvious until
the factors which influenced the selection of I and
Q compositions are recalled. It previously was
pointed out that the eye has the greatest need for
color detail in the color range from orange to
blue-green (cyan) and the least in the range from
green to purple. Hence I, the wider band signal,
conveys mainly orange and cyan information, and
Q, the narrower band signal, conveys principally
the greens and purples. Therefore, a reduction
in I gain could be expected to reduce the satura-
tion sensation for colors in the orange and cyan
gamut, leaving the greens and purples virtually
unaffected. Conversely, Q gain will influence the
greens and purples without causing much change
in the appearance of orange and cyan objects.

Modulation and Demodulation

The system of Fig. 35, which introduced band-
width limiting of the I and Q signals in accor-
dance with the capabilities of the eye to see col-
ored fine detail, is a fairly practical and
economical system, except for the fact that three
individual transmission channels are employed.
If we are to have a compatible system, however,
these three channels must be reduced to one
through some multiplexing technique. The tech-
nique used has already been described, and a
system employing this technique is block-dia-
grammed in Fig. 37.

Possible Errors in Modulation
Burst Phase Error

Perhaps the most fundamental error in the
multiplexing process would be an error in the
phase of the main timing reference, burst. Since
the entire system is based on burst phase, an er-
ror in burst phase will appear as an opposite er-
ror in every phase except burst, because the cir-
cuits will insist that burst phase cannot be wrong.
The general result will be an overall hue error
in the reproduced picture. This effect can be bet-
ter visualized by referring to Fig. 46.
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Fig. 46. Vector diagram showing how error in subcar-
rier phase becomes an opposite error in all other phases.

A phase error in burst produces the same result
as holding burst phase stationary and allowing
all other phases to slip around the circle an equal
amount (but in a direction opposite to the burst-
phase error). Each color ‘“‘vector” then represents
a hue other than the one intended.

Burst Amplitude Error

In theory, the receiver circuits which extract
timing information from the burst are insensitive
to variations in burst amplitude as long as the
burst is large enough to maintain a respectable
signal-to-noise ratio and not so large that some
type of clipping or rectification upsets the burst
circuitry. But practical receivers always exhibit
some degree of sensitivity depending mainly upon
the error in the subcarrier oscillator in the
receiver. If the free-running frequency of the
receiver oscillator is very different from burst fre-
quency—particularly if the difference is so great
that the burst is in danger of losing control of
the oscillator—then a fairly appreciable amplitude
sensitivity will be noted. This sensitivity will take
the form of a phase error, and the net result will
be indistinguishable from a burst phase error, as
discussed above.

Some receivers have a circuit which automat-
ically adjusts the gain of the color-information
channels so that the viewer always sees the prop-
er saturations, regardless of errors which might
tend either to ‘‘wash out’’ or to oversaturate the
picture. Such a circuit, called an automatic
chroma control (ACC), derives its control infor-
mation from the amplitude of burst, which is
presumed to bear a constant ratio to the
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amplitude of chroma. Transmission distortions,
for example, might decrease the amplitude of
both burst and chroma, but since the ratios of
their amplitudes would be preserved, an ACC
receiver could automatically modify its chroma-
channel gain to compensate for the decreased
chroma amplitude. However, if a color encoder
error should cause burst alone to decrease in
amplitude, the ACC circuits would increase
chroma gain just as in the above case, with the
result that a viewer would receive an over-
saturated picture.

Two-Phase Modulation Errors

The fidelity of color reproduction can be
seriously affected if the phase separation of the
Q and I subcarriers is not maintained at 90°. It
can be shown that a “‘slip’’ in the angular posi-
tion of the Q axis, for example, will result in cross
talk of Q and I. The final result will be the same
as cross talk among the primary colors.

Likewise, in a receiver, the phase relationship
between the reference subcarriers must be main-
tained to avoid a similar error. Any deviation
from the proper phase relationship will have a
result similar to the above, that is, cross talk of
I into Q or Q into I, with the net picture result
resembling cross talk among all the primary
colors.

Carrier Unbalance

In a properly operating doubly balanced mod-
ulator, the carrier component of the signal is sup-
pressed in the modulator circuit. If some error
in components or operation causes this suppres-
sion to be imperfect, the carrier will appear in
the output. This condition is known as carrier
unbalance.

The effect of carrier unbalance can be evalu-
ated by considering the unwanted carrier as a vec-
tor of constant amplitude which adds itself vec-
torially to every vector present in the colorplexer
output. In general, such a vector will shift all vec-
tors and hence all hues seen in the picture toward
one end of the other of the color axis represented
by the unbalanced modulator. For example, a
positive unbalance in the I modulator would shift
all colors toward the color represented by the
positive I axis, that is, toward orange. A negative
I unbalance would shift all colors toward cyan.

To visualize this effect, refer to Fig. 47, in
which has been added to each color vector a small
positive vector which is parallel to the I axis. This
small vector represents the amount of carrier un-
balance. The resultant vectors will all be rotated
toward the positive 1 axis and changed in
amplitude as well. Such changes represent errors
in both hue and saturation.
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Fig. 47. Vector diagram of subcarrier phase and
amplitude with positive vectors added to represent
carrier unbalance in the | modulator.

Another error from carrier unbalance occurs
in white and gray areas of the picture. In a nor-
mally operating colorplexer, a white (or gray) area
in the scene causes the Q and I signals to become
zero and thereby causes the modulator outputs
to become zero. Hence, a white or gray area will
normally appear in the signal as an interval of
zero subcarrier amplitude. If one of the
modulators begins to produce a carrier-unbalance
vector, however, a white or gray area will become
colored because of the subcarrier which will be
added in this interval. Moreover, certain areas
which are normally colored may have their sub-
carrier canceled by the carrier-unbalance vector
and become white. Such white-to-color and color-
to-white errors are very objectionable.

Video Unbalance

A doubly balanced modulator derives its name
from the fact that it balances out or suppresses
both the carrier (as described above) and the
modulating video (Q or I). If, for any reason,
the video suppression becomes less than perfect,
the resulting condition is called video unbalance.

Video unbalance will cause unwanted Q or I
video to appear in the modulator output, in ad-
dition to the desired sideband outputs. This un-
wanted video signal will be added to the lumin-
ance signal, thereby distorting the gray scale of
the picture. For example, a slight positive un-
balance in the Q modulator would slightly
brighten reds and blues and slightly darken
greens. A negative unbalance would have the op-
posite effect.

Subcarrier-Frequency Error

The color subcarrier frequency is specified by
the Federal Communications Commission to be

3.579545 MHz =10 Hz. Deviations within this
specified limit are of no consequence (provided
they are slow deviations). Large deviations,
however, can affect color fidelity. The effect does
not usually become serious within the possible fre-
quency range of a good crystal-controlled sub-
carrier source driving a properly designed
receiver.

In receivers, the subcarrier timing information
is extracted from the burst on the back porch and
used to control the frequency of a subcarrier-
frequency oscillator in the receiver. As long as
the unlocked frequencies of the burst and the
receiver oscillator remain the same, the locked
phase relationship between the two will remain
the same. But if either the burst frequency or the
receiver-oscillator frequency becomes different
(and the difference between them is not so large
that lockup is impossible), then the locked error,
which obviously cannot be a frequency error,
manifests itself as a phase error. This error can
become as large as +90° before the AFC circuit
can no longer hold the receiver oscillator on fre-
quency. The frequency range over which this
phase shift occurs depends upon the receiver
design.

Possible Distortions
in the Transmission System

Preceding sections have described the processes
involved in the generation and display of a color-
television signal. Errors in these processes are not
the only possible source of distortion; when the
signal is transmitted over great distances, the
transmission system itself may contribute errors.
This section discusses parameters which specify
the behavior of a transmission system and des-
cribes the effects that errors in these parameters
can have on the reproduced picture.

This section is divided into two parts. The first
relates to the parameters of a perfectly linear
transmission system, while the second part
discusses the additional parameters required to
describe the nonlinearities that are inevitable in
any practical system.

The Perfectly Linear Transmission System

A perfectly linear and noise-free transmission
system can be described by its gain and phase
characteristics plotted against frequency as the in-
dependent variable.2 Typical plots are shown in
Figs. 48 and 49, respectively. These two charac-
teristics known, it is possible to predict accurate-
ly what effect the transmission system will have
on a given signal.

Gain Characteristic

Fig. 48 is usually known as the frequency
response or gain characteristic or the system.
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GAIN(G)

FREQENCY (w)

Fig. 48. Typical curve showing gain of a system plotted
against frequency to determine its gain characteristic.

PHASE (#)

FREQUENCY (w)

Fig. 49. Curve showing phase characteristic
of a system plotted versus frequency.

Ideally, it should be perfectly flat from zero to
infinite frequency, but this, of course, is impossi-
ble to attain. An amplifier has a definite gain-
bandwidth product, depending upon the trans-
conductance of its active elements (tubes or tran-
sistors), the distributed capacity shunting these
elements, and the types of compensation (peak-
ing) employed. The bandwidth of a given com-
bination of tubes, transistors, stray capacitances,
and peaking networks can be increased only by
decreasing its gain, or conversely, its gain can be
increased only by decreasing its bandwidth. There
is a limitation, therefore, to the actual bandwidth
that can be obtained. For a given scanning stan-
dard, the bandwidth required in a monochrome-
television system is determined by the desired
ratio between the horizontal resolution and the
vertical resolution. Although nominally a 4.0
MHz bandwidth is required for the monochrome
standards, the requirement can be relaxed to the
detriment of only the horizontal resolution. The
subjective result is a ‘‘softening’’ of the picture
in proportion to the narrowing of the bandwidth
(neglecting the influence of the phase character-
istic in the vicinity of the cutoff frequency). As
pointed out in preceding sections, the entire
chrominance information of the color system is
located in the upper 1.5 MHz of the prescribed
4.0 MHz channel; hence, any loss of response in
this part of the spectrum can have a marked ef-
fect on the color fidelity of the reproduced
picture.

One of the most serious forms of distortion
inflicted on a color picture by bandwidth limiting
is loss of saturation. Consider a case in which
the bandwidth is so narrow as to result in no gain
at the color subcarrier frequency. The output

signal then contains no color subcarrier and hence
reaches the color receiver as a monochrome
signal, producing zero saturation. Nearly as poor
results can be expected from an amplifier with
response such that the gain at 3.58 MHz is one-
half the low-frequency gain. Since the saturation
depends chiefly on the amplitude of the subcar-
rier, the saturation will be correspondingly re-
duced. The resultant color picture will have a
‘“‘washed out’’ look.

Loss of high-frequency response, which can be
expected to contribute to loss of fidelity, is usually
accompanied by phase disturbance, depending on
the type of networks employed in the system. The
intent in this section, however, is to treat each
variable separately. Therefore, discussions are
based on the effects of varying only one
parameter of a system. It is suggested that the
reader can determine the combined effect of two
or more variables by comparing the results shown
for the individual variables.

Phase Characteristic

An ideal system has a linear phase
characteristic, as in Fig. 50a. Such a characteristic
implies that all frequencies of a signal have ex-
actly the same time delay in passing through this
system, since the time delay is given by the phase
angel divided by the (radian) frequency. It can
be seen in Fig. 50 that if three frequencies are
chosen arbitrarily, then the corresponding phase
angles must have values proportional to their cor-
responding frequencies (because of the geometric
properties of a right triangle). To state it another
way, if ¢;/w, = 0.2 usec, then $,/w, 0.2 usec
and 2 also equals ¢;/w;, too, is 0.2 psec. Plot-
ting these three values and drawing a straight line
through them as in Fig. 50a will show that the
time delay for all frequencies is 0.2 usec.

A signal is not distorted by delay as long as
all parts of it are delayed by the same amount.
However, when the phase characteristic is
nonlinear (as in Fig. 51a), the time delays for all
parts of the signal are no longer equal (see Fig.
51b). For example, if a complex waveform is
made up of a 1 MHz sine wave and its third har-
monic, these two components will suffer unequal
delays in passing through a system having the
characteristics of Fig. 50. The resultant distor-
tion can be seen by comparing Fig. 52a, 52b, and
52c.

Such distortion is detrimental to both the
luminance and chrominance of a composite
signal. The luminance signal will have its edges
and other important details scattered, or dis-
persed, in the final image. Such a transmission
system is said to introduce dispersion. (Converse-
ly, if a systern does not scatter the edges and other
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Fig. 50. Curves illustrating a system with
linear phase characteristics, which will give
the same time delay for signals of all frequencies.

high-frequency information, it is said to be disper-
sionless.) The effect of phase distortion on the
chrominance information is of a rather special
nature and can best be explained by introducing
the concept of envelope delay.

Envelope Delay

In the preceding discussion, the time delays
é/wy, $5/w,, and $3/w; were always determined
by measuring the frequencies and the phases from
$ =0 and w =0. It might be said that the delay
at zero frequency is commonly taken as the
reference point for all other delays. This method
is usually adequate for determining the perfor-
mance of systems that do not carry any signals
which have been modulated onto a carrier. But
a carrier, with its family of associated sidebands
(Fig. 53b), can be thought of as a method of
transmitting signals in which the zero-frequency
reference is translated to a carrier-frequency
reference. This translation can be understood by
referring to Fig. 53a and 53b. To calculate the
delay of the carrier-born signals after they have
been demodulated, measurements of ¢ and w
must be referenced, not from zero frequency, but
from carrier frequency.

In Fig. 54a, an impossible phase characteristic
has been drawn to aid in further discussion of
this subject. Such a characteristic, consisting of
two perfectly straight lines, is never met in prac-
tice but makes a very simple system for develop-
ing the subject of envelope delay.

First, pass two frequencies w; and w, through
this system. Let w; be a carrier and w, a side-
band which might be, for example, 1,000 Hz
higher. If w; and w, fall on the characteristic as
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Fig. 51. Curves showing the effect of nonlinear
phase characteristic on time-delay characteristic.
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Fig. 52. Curves showing that a complex wave (A) is

not distorted by time delay (B} when both components

shown dotted) are delayed by the same amount. Unequal
delays (C), however, cause distortion.

shown in Fig. 54a, the delay which the 1,000 Hz
will show after demodulation can be found put-
ting new reference axes (shown dotted) with w;,
the carrier, at zero on these new axes. Now, when
w, and ¢, are measured as shown, the time delay
after demodulation is é,/w,. In this case, the
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Fig. 53. Sketch showing how a group of
frequencies near w = 0 [sec. (A)]
can be translated by modulation onto a carrier to a
group of sidebands near w¢ — « carrier frequency (B).
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Fig. 54. Idealized straight-line phase characteristics
showing how a carrierborne 1,000 Hz signal can be
delayed excessively when the carrier and sideband
fall on a steeper portion of the phase characteristic.

delay of the 1,000 Hz after demodulation is the
same as it would have been had it been passed
through the system directly.

Second, pass two other frequencies w3 and wy
through this system as redrawn in Fig. 54b. This
time drawing in the new axes at ws, it can be
seen that although w, is still 1,000 Hz, ¢, is
larger than ¢,. Therefore, it can be concluded
that the time delay ¢,/w, for this second case is
greater than for the first case. The 1,000 Hz,
when demodulated, will show a considerable er-
ror in timing.

Stressing the phrase ‘‘delay in a demodulated
wave’’ should not be taken to mean that the
demodulation process produces this delay or even
make it apparent where it was previously not
detectable. Any delay that a demodulated wave
shows was also present when the wave existed as
a carrier having an envelope. In short, the delay
of the demodulated wave appears first as a delay
of the envelope, hence the phrase ‘‘envelope
delay.”

Envelope delay does not constitute a distortion.
If a system such as the one shown in Fig. 54a
introduces a delay of 0.2 usec to the 1,000 Hz
wave (measured after demodulation), then the
envelope delay of the system is 0.2 usec. However,
it was shown that a 1,000 Hz signal passed direct-
ly through the system (without first being
modulated into a carrier) would also suffer a
delay of 0.2 usec. As long as the envelope delay
¢/ ws is the same as the time delay ¢,/w,, the
envelope delay introduces no timing errors. But
in the second system (Fig. 54b) the demodulated
1,000-Hz wave suffered a larger delay, say 0.29
usec. A 1,000-Hz signal passed directly through
this system, however, would still be delayed only
0.2 usec. Therefore, the second system has an
envelope delay of 0.29 usec and an envelope delay
distortion of 0.09 usec.

It is probably wise to point out that the time
delay ¢;/w; in Fig. 54b is considerably less than
the 0.29 usec estimated for the value of envelope
delay. Although ¢3;/w; would be greater than 0.2
usec (say, for example, that ¢;/w; is 0.22 usec),
the value would be optimistic about the amount
of timing error that would be shown by the
demodulated 1,000 Hz signal. The need for a
knowledge of the envelope delay ¢,/w, of the
system is therefore obvious.

Effect of Envelope-Delay Distortion on a Color
Picture

A transmission system which exhibits envelope-
delay distortion will destroy the time coincidence
between the chrominance and luminance portions
of the signal. This will result in misregistration
between the color and luminance components of
the reproduced picture. The following paragraph
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explains briefly how envelope-delay distortion
causes this error.

Any colored area in a reproduced picture is
derived from two signals, a chrominance signal
and a luminance signal. Since these two signals
describe the same area in the scene, they begin
and end at the same time. The chrominance signal
arrives at the receiver as a modulated subcarrier;
the luminance signal does not. Therefore, as
shown above, the delay of the chrominance signal
is determined principally by the envelope delay
of the system and the delay of the luminance
signal is determined principally by the ordinary
time delay ¢/w. If the two delays are not iden-
tical (that is, if there is envelope-delay distortion),
then the chrominance signal does not coincide
with the luminance signal and the resultant pic-
ture suffers color-luminance misregistration in a
horizontal direction.

For example, in a system having the charac-
teristic of Fig. 54b, the luminance signal is
delayed by 0.2 usec but the chrominance signal
is delayed by 0.29 usec. The error in registration
then amounts to 0.09 usec, or about 0.2 percent
of the horizontal dimension of the picture, which
is about 0.3 in. on a 21-in.(diagonal) picture.

Although the subject of compatibility is out-
side the scope of this part, it is worth noting in
passing that envelope-delay distortion adversely
affects compatibility, since it causes wideband
monochrome receivers to display a misregistered
dot-crawl image in addition to the proper
luminance image.

General Method for Envelope Delay

The specific cases described above (Figs. 54a
and 54b) made use of simple, idealized straight-
line approximations to develop the concept of
envelope delay. Practical circuits are not so sim-
ple. For example, a simple RC network has a ¢
versus w plot as in Fig. 55. Finding the envelope
delay of this curved-line plot will clarify what is
meant by envelope delay.

Referring back to the plots of Figs. 53a and
53b, it can be seen that the characteristic of the
plot that determines the value of envelope delay
is its slope. The larger envelope delay, which was
suffered by the ws;-w, pair (Fig. 54b), was a
result of their lying on the steeper slope. The
envelope delay of any system is equal to the slope
of the phase versus frequency characteristic. If
this characteristic is a curved line (as for the RC
network, Fig. 55), then the slope is different at
every frequency.

The slope of a curved line can be found by the
methods of the differential calculus or to a good
approximation by breaking up the line into a
number of straight-line segments, as in Fig. 56.
If the slope of each of these straight lines is plot-
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Fig. 55. Phase characteristic of an RC network.
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Fig. 56. Graphs showing how a series of straight.
line segments can be used to approximate the
smooth curve of Fig. 55 (top) and how the slopes of
these segments may be plotted to approximate the
envelope delay characteristics (bottom).

ted against its corresponding frequency (that cor-
responding to the center of the line), the resulting
curve will be approximately the envelope-delay
characteristic.

Nonlinearities of a Practical Transmission System

It is important to emphasize that the effect of
nonlinearities in a color television system depends
upon whether these nonlinearities precede or
follow the matrixing and modulation sections of
the system. Nonlinearities in transfer character-
istics detract from color fidelity; the same degree
of nonlinearity after matrixing and modulation
also affects color fidelity although in a different
way. The purpose of the following paragraphs
is to discuss how a nonlinear transmission system
affects a composite color signal. It is assumed
that all other nonlinearities in the entire system
either are negligible or have been canceled by use
of nonlinear amplifiers such as gamma correctors.

The major sources of nonlinearity in a
transmission system are its amplifying devices.3
These devices—tubes and transistors—have a
limited dynamic range. For example, if too much
signal is supplied to them, an overload results.
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Fig. 57. Idealized straight-line plots showing (A)
output voltage of an amplifier versus input voltage
(B) gain of the amplifier versus input voltage and (C)
Incremental gain of the amplitier versus input voltage.
Curve (C) is the slope of curve (A).

The transfer characteristic of such a system can
be sketched as in Fig. 57a.

Such a nonlinearity is one of three types com-
monly encountered in video transmission systems.
These three types are:

1. Incremental gain distortion
2. Differential gain
3. Differential phase

The paragraphs below will show that Type 2
is merely a special case of Type 1.

Incremental Gain

The concept of the slope of a plot, developed
in the discussion of envelope delay, will be useful
here as well. Consider a plot as in Fig. 57a which
shows output voltage of an amplifier plotted
against input voltage. Idealized straight-line plots
are shown for simplicity. It can be seen that the

amplifier has a maximum output of 3 volts for

1-volt input. Larger input voltages result in no

more output; the amplifier clips or compresses

when inputs larger than 1 volt are applied.
The gain of the amplifier is

o E, 3 volts
M ="E T Ttvot

The gain is obviously constant below the clip
point. For example, an input voltage of 0.5 volt
gives

1.5 volts

Gain = 0.5 volt -

But at an input of 1.5 volts, the output is still
3 volts, so the ‘‘gain”’ is only 2. (The word ‘‘gain”’
is of doubtful use here because of the clipping
involved.) The gain, defined as Ey/E,,, is plot-
ted against £, in Fig. 57b. It can be seen in this
figure that the gain is constant only as long as
the slope of Fig. 57a is constant.

It is useful, then, to establish a new term, called
incremental gain, which will be defined as the
slope of a plot such as Fig. 57a. For the particular
plot of Fig. 57a, the slope is constant up to
E;,;=1 volt and then suddenly becomes zero.
The corresponding plot of slope versus E;, is
shown in Fig. 57c.

The importance of incremental gain in color
television can be assessed by applying the input
signal shown in Fig. 57 to the distorting system
of Fig. 57a. Before being applied to the distort-
ing system, such a signal could be reproduced on
a monochrome receiver as a vertical white bar
and on a color receiver as a pastel-colored bar,
say, for example, a pale green. After passing
through the distorting system, the signal would
still be reproduced as a white bar on the
monochrome receiver with the only apparent er-
ror being a luminance distortion, that is, a slight
reduction in brightness, which, for the magnitudes
shown here, would probably pass unnoticed. The
color receiver, however, would receive a signal
completely devoid of any color information and
would reproduce a white bar in place of the
former pale-green one.

The less extreme case is shown in Fig. 59. For
the system represented by this characteristic, the
slope (incremental gain) does not become zero for
inputs above 1 volt but instead falls to one-half
its below-1-volt value. The color signal of Fig.
59 would not lose all color in passing through
this system, but the amplitude of the subcarrier
would become only one-half of its proper value.
Since saturation is a function of subcarrier
amplitude, the pale green of the undistorted
reproduction would, in this case, become a paler
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green. The luminance distortion would also be
less than in the extreme (clipping) case.

It can be seen, then, that unless the incremen-
tal gain of a system is constant, that system will
introduce compression which will distort the
saturation and brightness of reproduced colors.
Usually, the error is in the direction of decreased
luminance and saturation. For certain systems,
however, exceptions can be found. For example,
the effect that the system represented by Fig. 59
will have on a signal depends on the polarity of
the signal. For the signal as shown, the usual
decrease in luminance and saturation is exhibited.
For an inverted signal, however, the subcarrier
amplitude would not be reduced, but the
luminance signal would still be diminished. The
subjective result of this distortion would be an
increase in saturation. The unusual behavior of
this particular system is attributable to its peculiar
transfer characteristic, which was drawn with cur-
vature at one end only to simplify the discussion.
Most practical system-transfer characteristics ex-
hibit curvature at both ends and therefore have
an effect on the signal which is essentially in-
dependent of polarity.

Incremental gain can be measured in two ways,
the first of which stems from its contribution to
luminance distortion and the second, from its
contribution to chrominance distortion.

In the first method, an equal-step staircase
waveform such as shown in Fig. 60a is applied
to the system to simulate a signal having equal
luminance increments. If the system has constant
incremental gain, the output will, of course, also
have equal-step increments. But if the system does
not have constant incremental gain, certain steps
will be compressed, as in Fig. 60b. If the com-
pression is as in the figure, the incremental gain
distortion (IGD) is indicated by the distorted
amplitude of the last step. Numerically, it can
be stated as a percentage:

S distorted

IGD =1 X 100%

Sundislorled

where S is a step amplitude.

For example, if an undistorted step is 0.1 volt
and the distorted one is 0.075 volt, then the in-
cremental gain distortion would be 25 percent.

Using the other (chrominance distortion) tech-
nique, an input signal consisting of the step wave
plus a small, high-frequency sine wave, as shown
in Fig. 60c, is applied to the system. After the
signal has passed through the system, it is fed
through a high-pass filter which removes the low-
frequency staircase. The incremental gain distor-
tion then is indicated by the differences in the
amplitude of the high-frequency sine waves (see
Fig. 60d). In this case, the high-frequency sine
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Fig. 58. Extreme case of distortion resuiting
from passing signal at left (A) through the
amplifier represented by Fig. 57. The output (B)
has no color information remaining.

Fig. 59. Diagram showing effect
of incremental gain distortion in reducing
amplitude of color portion of signal.

wave associated with the top step is shown as hav-
ing 75 percent of the amplitude of the sine waves
associated with the lower steps, which are as-
sumed to be undistorted. Again, the incremental
gain distortion is 25 percent.

A most important point must be made regard-
ing the equivalence of these two techniques. Cer-
tain systems which show incremental gain distor-
tion when tested by the luminance-step technique
may or may not show the same distortion when
tested by the high-frequency and high-pass-filter
technique. Moreover, a system which shows dis-
tortion by the second technique may or may not
show distortion by the first. In other words, the
incremental gain distortion may be different for
different frequencies. Such differences are fre-
quently found in staggered amplifiers, feedback
amplifiers, or amplifiers having separate parallel
paths for high and low frequencies, such as might
be found in stabilizing amplifiers.

A thorough test of a system, therefore, should
include test of its incremental gain by both tech-
niques. The staircase-plus-high-frequency wave-
form can be used to provide both tests by ob-
serving the system output (for this test waveform
input) first through a low-pass filter and then
through a high-pass filter. The first test will show
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Fig. 60. Diagrams showing two methods of measuring incremental gain distortion, namely, in
(A) and (B) by its contribution to luminance distortion and in (C) and (D) chrominance distortion.

low-frequency distortions; the second, high-
frequency distortions.

Differential Gain

On the basis of the above discussion of in-
cremental gain distortion, the extremely impor-
tant concept of differential gain can be presented
merely as a simple definition. Differential gain
is identical with incremental gain distortion when
the latter is measured by observing ‘.. .the dif-
ference in the gain of the system for a small high-
frequency sine-wave signal at two stated levels of
a low-frequency signal upon which it is superim-
posed.”’4 In other words, differential gain is a
special form of incremental gain distortion which
describes the IGD of a system for the superim-
posed high-frequency case only.

One of the reasons for selecting the high-
frequency aspect of incremental gain distortion
for the IRE definition of differential gain was
applied in Fig. 58, when the ¢‘. . .high-frequency
sine wave. ..’’ of the definition was made equal
to color subcarrier. This special case of differen-
tial gain explores the system gain linearity in the
vicinity of this particularly important frequency.
The definition of differential gain was purposely
made in the broad terms of a ¢“. . . high-frequency
sine wave. . .”’ to allow the greatest possible ver-
satility in devising methods of measurement. In
present color-television practice, however, the
‘¢, . .high-frequency sine wave. ..’’ is always color
subcarrier and the low-frequency signal men-
tioned in the definition is a 15,750 Hz staircase,

sine-wave, or sawtooth. The complete specifica-
tions for the signal presently used in this measure-
ment will be found elsewhere in this article.
Another reason for emphasizing high-frequency
IGD was implied previously by the sentence
“...the signal...would. . .bereproduced. . .with
the only apparent error being a luminance distor-
tion. . .which, for the magnitudes shown here,
would probably pass unnoticed.’”’ The magnitude
shown was a 25 percent IGD, which is passing
unnoticed, indicating that large incremental gain
distortions usually cause no detectable luminance
errors. Incremental gain distortion is almost too
sensitive a tool to measure luminance distortions.
For this purpose, simple gain distortion (compres-
sion) is more useful. Therefore, the luminance-
distortion aspect of IGD was deliberately omit-
ted from the definition of differential gain.

Incremental Phase and Differential Phase

The phase characteristic sketched in Fig. 49 in-
dicates that the system described by this plot will
introduce a certain amount of phase shift for any
given frequency. For example, it might be found
that a certain system would introduce a phase
shift of 60° at 2 MHz. If the system in question
were perfectly linear, this 60° phase shift would
be produced regardless of how the 2 MHz signal
might be applied to the system.

It can be shown, however, that some systems,
when presented with a signal of the type shown
in Fig. 61, will introduce a delay different from
60°, depending on where the zero axis of the sine
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wave falls on the transfer characteristic of the
system. For the case sketched in the figure, a
phase shift of 70° is drawn for the largest zero-
axis displacement.

By analogy with the incremental gain and dif-
ferential gain arguments above, it is possible to
define three quantities which pertain to this type
of distortion. These quantities are incremental
phase, incremental phase distortion, and differen-
tial phase. It can also be shown that of the three,
differential phase is the most important quantity.

Incremental phase is the least exact analog,
since it is not very similar in form to incremental
gain. Incremental gain is a slope; incremental
phase is simply the absolute value of phase shift.
In the above system, the incremental phase was
60° or 70° (or somewhere in between), depend-
ing upon the location of the zero axis.

Incremental phase distortion, like its analog in-
cremental gain distortion, depends upon the
magnitude of the error. It should be zero for a
perfect system. In the system of Fig. 61 the 2
MHz signal with 70° incremental phase would be
said to have 10° incremental phase distortion, so
it is clear that the difference between two phases
(one of which is assumed to be ‘‘correct’’) gives
the incremental phase distortion.

As previously stated, differential gain is iden-
tical with incremental gain distortion for the
superimposed-high-frequency case only. Similar-
ly, differential phase is identical with incremental
phase distortion, but there is no need to limit the
definition to the superimposed-high-frequency
case, since there is no other case which is mean-
ingful for phase distortion. Without the superim-
posed sine wave, no phase measurement is possi-
ble. Therefore, differential phase is identical with
incremental phase distortion. In practical work,
the first two terms are seldom used, for the last,
differential phase, has been found completely
adequate to describe this aspect of a system.

In summary, the differential phase of a system
is ‘‘the difference in phase shift through the
system for a small high-frequency sine-wave signal
at two stated levels of a low-frequency signal on
which it is superimposed.s

It is important that the phrases ‘‘differential
phase distortion’’ and ‘‘differential gain distor-
tion”’ be avoided because differential phase is
distortion as is differential gain, since they are
defined as being identical with incremental phase
distortion and incremental gain distortion, respec-
tively. To add the word distortion to either is
redundant. A sample of proper usage is ‘‘this
amplifier has a differential gain of 1.5 percent
and a differential phase of 0.5°.

Effect of Differential Phase on a Color Picture
The phase of a subcarrier in a composite signal
carries information about the hue of the signal
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Fig. 61. Graphs illustrating how a signal
(A) may undergo different phase shifts (B) depending
upon where the zero axis at the sine wave falls on
the system transfer characteristic. This distortion
is called differential phase.

at that instant. If the signal passes through a
system which introduces differential phase, the
subcarrier phase (and hence, the hue) at the out-
put will become dependent upon the amplitude
of the luminance associated with the hue, since
it is the luminance signal which determines the
location of the zero axis of the subcarrier. For
example, a system introducing 10° of differential
phase might be adjusted to reproduce properly
a low-luminance hue such as saturated blue or
a high-luminance hue such as saturated yellow,
but not both. One or the other would have to
be in error.

State of the Art

The preceding portions of this part have
discussed in general terms the possible sources of
color errors in a color television system. In no
practical system can any of these errors be re-
duced to zero; therefore, anyone working with
practical systems should know how nearly perfect
any given parameter should be to be considered
acceptable according to the present state of the
art.

System Colorimetry

Talking qualitatively about colorimetric ac-
curacy is one thing; assigning numbers and
magnitudes is quite another. For the practical pur-
poses of this part, however, we are spared the
need to digging deeply into the quantitative
aspects of colorimetry by one simple fact: At the
present time, color errors attributable to phosphor
errors, filter errors, and other basic colorimetric
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errors are generally small in comparison with
other sources of error.

System Exponent

At the present state of the art, adjusting a
system to precompensate for a kinescope expo-
nent of 2.2 is not enforced by the Federal Com-
munications Commission, since this parameter is
not yet well established. Adjusting the system to
precompensate for this median value, however,
can be done with precision. A gamma corrector
which uses four or five diodes to make a series
of straight-line approximations to a 0.7 exponent
can be made so as to have a maximum error of
less than 2 percent of the peak signal amplitude.
The exponents of the three channels can be made
to match within 1 percent of the peak signal
amplitude.

Matrix Coefficients

A high-quality matrix, such as would be found
in a well-engineered color encoder or studio
monitor, uses 0.5 percent precision resistors for
all resistances which will influence the values of
the coefficients, while inverters and amplifiers are
either stabilized by feedback or made adjustable.
Errors of greater than 1 percent are rare in such
circuits.

While balance in the transmitter matrix, which
is a special case of the subject of matrix coeffi-
cients, can usually be adjusted and held to a
tolerance of the order of 0.5 percent of peak
white.

Phase Accuracies

Adjustment of Q subcarrier, I subcarrier, and
burst to within 1° of their proper relative phases
is easily accomplished using standard commer-
cial equipment and techniques. This accuracy is
ten times that required by the Federal Com-
munications Commission.

Subcarrier-Frequency Accuracy

Subcarrier frequency can be easily adjusted to
within + 1 Hz the real limit on the accuracy of the
adjustment being in the inherent accuracy of the
standard used for frequency comparison. Long-
term stability of well-engineered equipment
should be easily within the required limits of + 10
Hz.

Transmission Characteristics

A single amplifier should have a gain charac-
teristic with less than + 2 dB variation out to
8 MHz. Its envelope-delay error should be of the
order of 0.001 usec at 3.58 MHz, relative to 200
kHz. Differential gain of 0.5 percent and differen-
tial phase of 0.25 ° represent good performance.

Tolerable Color Errors

Sensitivity of the eye to color errors depends
upon the manner in which two colors—the orig-
inal and the reproduction—are compared. For ex-
ample, if the two colors are placed side by side,
the eye becomes a very sensitive indicator of col-
or errors. However, if the comparison is made
only by recollection or long term color memory,
the eye is far more lenient in its requirements of
perfect reproduction. Furthermore, if the repro-
duced color is one that the eye has not viewed
before, the eye requires only that the color relayed
to the brain be plausible, that is, that it be a
reasonable color for the object.

Fortunately, side-by-side comparison of colors
seldom, if ever, occurs in home viewing of color
television. However, the system is frequently
called upon to reproduce objects whose colors
may be well known to the viewer, such as flesh
tones or a sponsor’s packaged product. Repro-
ductions of these objects must be accurate enough
to satisfy the viewer’s recollection or color
memory. If the system can satisfy the color
memory of the viewer, the color-plausibility re-
quirement will be easily met.

Investigations made to determine the sensitivi-
ty of the eye to color errors introduced by a
deliberate shift of burst phase show that a shift
of 10° or more produces perceptible change of
hue. With color bar signals a burst phase shift
of 3° can just be detected as a hue shift. With
typical scenes a phase shift of 5° can be tolerated.

Tests have shown that the eye is much more
tolerant of amplitude shifts in R, G, B com-
ponents, which correspond to changes in color
saturation, than it is of phase shifts or changes
in hue.

One must distinguish between long-term adap-
tive errors in viewing of a color television pic-
ture and short-term differential color errors. In
the first case the eye is quite tolerant of changes
or shifts in color balance providing that no direct
side-by-side comparisons are involved. Thus a
viewer is reasonably well satisfied with color pic-
tures in which white is reproduced within the
range of 3200 °K to 9500 °K. As soon as he views
two color TV pictures side-by-side at two different
white balance conditions, there will be a much
more critical reaction to color fidelity.

For this reason, it is important that color
monitors in a broadcasting control room be ad-
justed to have the same effective white balance,
the same color phasing, and the same peak bright-
ness. Since such monitors are usually arranged
in a row adjacent to each, great care must be
taken so that when the same picture signal is ap-
plied to all monitors, there is negligible difference
in the color picture displays. Only then can the
color monitors be useful in matching and com-
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paring color balance of the various camera signal
sources.

It is unusual to have more than one color
receiver at a home viewing location at a given
time. There the absolute color balance problem
has little direct impact.

Control of short-term differential color errors
is vitally important to the broadcaster. In any
broadcast sequence, a given scene is generally
viewed from different angles with several color
cameras, at various magnifications, and the
available video signals are selected from camera
to camera to obtain program continuity. The eye
views these color scenes in quick succession and
is very critical of even small color differences,
particularly with regard to skin tone rendition.
Variations of the R, G, B or primary color com-
ponents of 2 percent can be detected. Although
the eye can easily adapt to any of the pictures
in a few seconds, the viewer will find the abrupt
color shifts very disturbing with switching tran-
sitions. Thus great care is taken with colorimetric
tolerances in color cameras and with color-balanc-
ing procedures to provide color matching among
cameras which will be precise.

A similar situation exists in the reproduction
of color motion pictures. A feature movie hav-
ing adequate color quality is usually shown in a
sequence lasting 15 minutes or more, with the eye
having adequate time to adapt to any discrepan-
cies in color balance and skin tones. Commer-
cials spliced into this feature program produce
an instantaneous switch to a new and different
skin tone balance without time for eye-adapta-
tion. This transition to commercials and back to
the feature can exhibit color mismatch to vary-
ing degrees, depending on the colorimetric con-
trol which has been exercised.

In fact, if the feature film is somewhat mis-
balanced, and intentionally ‘‘corrected’’ by ap-
propriate use of R, G, B gains or ‘‘paint-pot”’
controls, the transition to the commercial will be
more objectionable since the ‘‘correction’ can
then increase the misbalance, even for a ‘‘per-
fectly-balanced*‘ commercial. Effort is going on
in the industry to tighten up tolerances on skin
tone rendition so that adequate performance can
be obtained by purely routine operating methods.

Conclusion

This discussion of color errors indicates possi-
ble degradations in color fidelity and their prob-
able sources. However, in a properly adjusted col-
or TV system the picture quality is excellent. The
various techniques now in development to im-
prove picture quality within the framework of the
NTSC system have assured a bright future for
color TV.

THE COLOR ENCODER

The color encoder in the color television system
performs the required encoding of the R, G, B
signals from three-tube cameras or the R, G, B
and Y (luminance) signals from four-tube cameras
into a single color video signal conforming to
FCC specifications. It is the heart of the modern
color television system and represents a most in-
genious application of many elements of com-
munication circuit theory.

Fig. 62 shows a block schematic of a basic color
television system indicating the functions and ma-
jor components of the color encoder.

A more detailed block diagram of the color en-
coder showing the matrixing, bandwidth-limiting
and quadrature modulation functions is shown
in Figs. 36 and 37.

Basic Functions

The principal operations and functions per-
formed by the color encoder are:

1. Matrixing of R, G, B video signals to pro-
duced luminance and chrominance signals.

2. Filtering of the chrominance signals to obtain
the required bandwidth.

3. Delay compensation to correct for band-
limiting time-delay.

4. Modulation of 3.58 MHz carriers by chrom-
inance signals.

5. Insertion of color sync burst.

6. Addition of luminance and chrominance signal
to form a complete color signal.

7. Optional addition of sync.

Design and system philosophy determines
whether a color encoder is a separate unit or an
integral portion of a modular assembly. Present
solid state equipment design tends toward the
modular concept since it is generally easier to
maintain, repair, up-date and revise specific
modular units or board assemblies without af-
fecting the overall installation.

The electrical color bar generator which is
generally provided for systems test and color en-
coder alignment is available either as a separate-
ly contained unit or as a module in a complete
operating assembly.

Color encoders of modern solid state design
are inherently stable and require only routine
verification or adjustment. Set-up of a color en-
coder involves the use of color-bars which are
electrically generated waveforms of high preci-
sion. A color bar generator is capable of produc-
ing on a color monitor all of the signal bars il-
lustrated in Fig. 63.
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Fig. 62. Basic color-television system showing functions and major components of the color encoder.

Colors at the top of this display pattern are
arranged from left to right as white, yellow, cyan,
green, magenta, red and blue in their decreasing
order of luminance. The lower portion of the pat-
tern contains “‘I,”” ‘““100% White,”” ‘“‘Q,’’ and
black signal areas. The “‘I and Q’’ signals simplify
subcarrier phase adjustments in the color encoder
and the 100 percent white bar facilities white-
balance adjustments. The specifications of the
standard encoder color bar signal are given in EIA
standard RS-189.

Waveforms

Fig. 64 shows the oscilloscope waveforms at
a horizontal sweep rate of the color bar signals
displayed on the television raster. Note that this
is a composite representation of waveforms of
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Fig. 63. Diagram showing color monitor
display of color and test bars electronically
produced by RCA color-bar generator.

the top and bottom areas of the raster. The col-
or sync precedes the color bar pulse information.

Fig. 65 shows the various band-pass response
characteristics of the luminance channel and of
the ““I’” and ‘‘Q’’ channels of the color encoder.

A color encoder is set up and adjusted by using
the calibrated color bars just described. The col-
or encoder luminance gain is adjusted by using
the 75 percent white bar as a reference. By
switching off the luminance channel the ap-
propriate “I”’ and ‘‘Q’’ waveforms are available
to set the proper peak amplitudes and the 90°
phase separation. Either a wide-band oscilliscope
or a vectorscope can be used for display in a
variety of specialized set-up procedures. The vec-
tor relationship of chrominance components is
shown in Fig. 66.

Aperture Compensation

Aperture compensation is used in television
systems to correct for the decrease in signal out-
put at high frequencies caused by the finite-size
limitations of the scanning spot or of equivalent
optical lens aperture response. If one considers
abrupt or black to white square-wave transitions
at 400 TV lines, corresponding to 5 MHz video
components, the video signal amplitudes from a
Plumbicon or vidicon pick-up tube may be only
30 to 40 percent of the amplitude of low frequen-
cy transitions at 40 TV lines or 0.5 MHz. If the
signal-to-noise ratio of the output video is good,
aperture compensation to give practically 100 per-
cent flat response at 5 MHz can be applied, pro-
ducing subjectively sharper pictures.

Horizontal aperture correction is done by com-
paring the amplitude response of a given picture
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Flg. 64. (A) Color monitor display and (B) Oscilloscope display (H rate).

element with that from adjacent elements by the
use of differential amplifiers and electrical delay
lines. This difference, suitably amplified and of
correct polarity is added to the signal being cor-
rected which increases the sharpness of the
transition.

Vertical aperture response can also decrease
with increased line number and can similarly be
improved by comparing the response of the pic-

ture elements on a given TV line with that of line
elements preceding and following it. Differential
amplifiers compare the video signals obtained
from delay lines of a horizontal period (63.6 usec)
in duration with the picture elements of the TV
line to be corrected.

Differences between these video responses are
obtained from differential or comparison
amplifiers amplified and suitably added to the

(c)

Fig. 65. Waveforms showing response characteristics of colorplexer monochrome, | and Q
channels. (a) Response of monochrome channel without aperture correction, marker at
8.0 MHz, (b) output of | filter, marker at 2.0 MHz; (c) output of Q filter, marker at 500 kHz.
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Fig. 66. Vector relationship among
chrominance components.

main signal, to improve the vertical transition

sharpness.

Judicious use of combined horizontal and ver-
tical aperture correction or enhancement produces
marked improvement in subjective picture sharp-
ness. Since the luminance channel of a color
system provides the sharpness information, it is
generally used as the signal for aperture response

improvement.

SIGNAL IMPUT ONE ELEMENT

A block diagram of aperture compensation cir-
cuits is given in Fig. 67.

Factors Affecting Color Camera
Performance

The following general principles, which outline
procedures for the proper alignment and opera-
tion of color cameras, are directed toward three-
tube color camera models and are presented to
assist the station engineer in understanding the
effect that each adjustment can have on the com-
posite color picture. No attempt is made to pre-
sent a step-by-step alignment procedure: which,
while basically the same for all cameras, will vary
in detail depending on the manufacturer and the
type of camera.

CAMERA ALIGNMENT

It is important to point out that color camera
alignment should be made by viewing the proper
test charts for a given adjustment or procedure.
Such charts are useful for direct indication of the
required camera adjustments. The practice of
making an indiscriminate adjustment during a
scene to ‘‘paint’’ a pleasing picture should be
avoided in any operational procedure. Such an
adjustment is usually successful for only isolated
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Fig. 67. Generalized aperture corrector.
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conditions and may easily produce errors in
subsequent scenes. It is also important to note
that certain controls in the color cameras when
improperly set may give a false indication that
other controls are misaligned. Therefore, max-
imum effort should be given to logical rigorous
routine alignment of the controls before program
time.

During operation a properly aligned camera
should require no more than exposure control
using the lens iris as an opening control and an
occasional adjustment of pedestal or black level
setting.

The Three-Tube Concept

A three-tube camera consists basically of an
optical system which ‘‘sees’” the scene being
televised through a dichroic mirror or prism
assembly, suitably separated into its red, green,
and blue image components. These three red,
green, and blue images are focused on the
photosensitive layer of the pickup tube in each
color channel. By synchronous scanning of the
three pickup tubes one obtains three independent
video signals which differ only in their amplitude
response to the three color images. Thus, we ef-
fectively obtain a red signal from the red tube,
a green signal from the green tube and a blue
signal from the blue tube. With the optical and
electrical adjustments available, these three pic-
tures are superimposed or registered on each other
within an accuracy of a picture element. In order
to carry out this registry process one has access
to individual horizontal and vertical size and
centering controls, as well as to mechanical rota-
tion of the individual yokes and to ‘‘skew’’ which
provides for orthogonal deflection by means of
electrical cross-coupling between horizontal and
vertical deflection. Thus, in principle one can ob-
tain three independent R, G, and B channels
which are effectively superimposed in space at the
pickup device and in time by virtue of the syn-
chronous deflection process. One could apply
these three signals to the red, green, and blue gun
of the color kinescope to produce a replica of
the scene being televised. However, certain pro-
cedures are necessary to obtain normalized and
predictable camera behavior.

Signal-to-Noise and Sensitivity

One must set the gains of the individual video
amplifiers in the R, G, B channels to a specific
value. Then a given signal current from the Plum-
bicon will produce the required output level at
the required signal-to-noise ratio. The Plumbicon
signal-to-noise ratio depends almost entirely on
the figure of merit of the external video ampli-

fier. Nominal values of signal current are of the
order of 300 to 400 nanoamps. These are obtained
at exposures of approximately f:4 with 150 to 200
fc on an average scene. In contrast to the Image
Orthicon camera where the signal-to-noise ratio
is determined primarily by the signal-to-noise
ratio of the image orthicon tube itself, there is
a trade-off possible between sensitivity with a 6
dB decrease in signal-to-noise ratio or four times
this sensitivity with a 12 dB decrease in signal-
to-noise ratio. As long as the signal-to-noise ratio
under standard conditions is excellent, in prac-
tice about 50 dB before gamma correction, one
can tolerate such a degradation to obtain in-
creased sensitivity and still achieve pictures which
have adequate signal-to-noise.

Specular Highlights

The signal current magnitude is chosen so as
to achieve a compromise between signal-to-noise
ratio and the ability of the tube to discharge
highlights. A standard procedure is to adjust for
a factor of two reserve in the signal current by
proper beam bias adjustments. In set-up, the nor-
mal scene lens exposure opening is deliberately
increased by one f stop, doubling the light to the
Plumbicons and the beam currents in the R, G,
and B tubes are then adjusted to just discharge
the picture highlights. The exposure is then
restored to its ‘‘normal’’ setting. With this camera
adjustment procedure any increase in peak bright-
ness due to speculars or highlights in a scene
which does not exceed this factor of two will be
discharged effectively in the Plumbicon by the
‘‘available’’ beam current reserve which has been
provided. If one attempts to use larger signal cur-
rents than 400 nanoamperes there may be limita-
tions in the gun which cause loss of normal
resolution and an inability to supply the required
beam current reserve for satisfactory discharge
of highlights.

When a camera is operated under conditions
of specular highlights and there is motion in the
scene, the presence of undischarged areas in the
raster will give rise to false color halo effects,
generally red, which are usually described as com-
et tails. This comet-tail effect on motion is called
“puddling’’ by British broadcasters. The two-to-
one highlight beam reserve usually controls the
comet-tail effect satisfactorily.

Gamma Correction

Since the gamma of the Plumbicon tube is
essentially unit, gamma correcting amplifiers must
be used to produce a pleasing picture display
using modern color kinescopes. The effective
gamma characteristic of the color kinescope has
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approximately a 2.2 exponent; thus gamma cor-
rection of 1/2.2 or 0.45 is needed to obtain an
overall gamma or transfer function of unity.

In order to obtain color ‘‘tracking’’ with
changes of lighting or exposure, it is important
that the transfer characteristics or gamma of the
R, G, B channels be indentical. This matching
can be achieved by using techniques such as
superimposing of the transfer characteristics
waveforms on a display oscilloscope, using a stan-
dard input sawtooth, and adjusting the individual
gamma circuits for the same power law and the
individual black levels or capped lens references
for zero. A direct check for transfer characteristic
adjustment is to use the neutral EIA logarithmic
gray scale charté placed directly in the scene
viewed by the camera. When the tube and gam-
ma circuits are correctly adjusted to an overall
gamma, which is the same for all three channels,
and a 0.45 slope value is maintained, the color
picture display of the EIA chart on the kinescope
will be observed as neutral or shades of gray with
no apparent color misbalance over the entire gray
scale range.

Aperture Correction

The aperture response of Plumbicon tubes of
the 30 mm variety generally used for color TV
broadcast is approximately 35 to 45 percent at
400 TV lines or S MHz as compared to a 100
percent reference response for low line-number
transitions. For this reason it has been almost
universal practice to aperture-correct or crispen
the picture both horizontally and vertically by the
use of omnidirectional aperture correction cir-
cuits. The response can be made effectively 100
percent of the time within the 5§ MHz TV chan-
nel without noticeably deteriorating the signal-
to-noise ratio. Such aperture correction tech-
niques are described in the section on color en-
coder and shown in Fig. 66. Clamping, blanking
addition, and clipping of the processed signal, fol-
lowing accepted monochrome picture techniques,
are performed on the three channels before they
are ready to encode into the NTSC color encoded
form adopted for transmission.

Color Matching Techniques

In a color television operation the color-match-
ing of the individual color cameras against each
other is of prime importance. Ideally there should
be no discernible color differences in the color
TV pictures from all cameras when viewing the
same subject. Experience has shown that by ex-
cercising tight control on the production
tolerances of dichroic colorimetric components
in the optical system and on the electronic com-
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ponents, once can achieve accurate color rendi-
tion from any cameras used on a given scene.

In practice each camera is aligned under nor-
malized video gain conditions so as to obtain the
required signal-to-noise performance and the
same effective sensitivity. Then routine adjust-
ment procedures to obtain the same gamma cor-
rection or transfer characteristics in the R, G, B
are carried out.

The cameras now view an EIA logarithmic
neutral gray scale under standard conditions. If
the inputs to the color encoder are standardized
and cameras have been well aligned, the gray
scales will be reproduced on a color monitor over
the complete brightness range as a neutral pic-
ture, since the subcarrier amplitude everywhere
in the scene should be zero. Such a chart is a very
sensitive indicator of small misadjustments and
is generally used as a tool for vernier balancing
of a color camera.

Any minor discrepancies in color rendition of
the cameras used in a studio are corrected by very
small changs in either R, B, or G gain provided
by ‘“paint pots.”’

Operationally it has been found that one
camera control operator, using a single color
monitor, can match four cameras more rapidly
and accurately than four operators working
independently.

Electronic masking devices such as the RCA
Chromacomp and the CBS Color Masking Pro-
cessor permits color matching cameras to any
degree of precision without upsetting white
balance.

Flare in Pickup Tubes

Under certain conditions of scene content, an
unwanted lift of black level or pedestal can oc-
cur in one or more of the color pickup tubes.
The effect is due to light scattering in the
photoconductive layer of the tube itself and is
strongest in the red channel. Thus, for example,
if a scene which is predominantly red is viewed
by the camera, the red pedestal will rise by 3 or
4 percent producing a red cast in the picture. This
can be corrected by manually resetting the red
tube black-level control. Automatic circuits which
are duty-cycle sensitive are often used to provide
a good approximation to black level with changes
in scene content without any operator attention.
Flare in green is much less than in red and is quite
negligible in the blue channel. Light scattering in
optical components and lenses will also cause ar-
tificial lift of black level.

In a well-designed and well-aligned camera, col-
or balance and color tracking are obtained
automatically over a wide range of scene content
and exposure.
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A special opaque test pattern developed by
BBC uses a ‘‘super-black’ enclosure hole as a
reference for black level setting in addition to the
usual logarithmic gray scale for gamma checks.
American broadcasters often use a square of clean
black velvet as a ‘‘super-black’ for flare-
compensation circuit test and adjustment and as
a solid black-level reference.

Lighting on the Scene

With Plumbicon cameras the incident lighting
required for studio-quality signal-to-noise picture
performance generally approaches 250 fc for a
lens opening of f:4. The contrast of the scene
which the color camera must handle is the prod-
uct of the incident light and the reflectance of
the subject matter. Technically, uniform or flat
lighting is easiest to handle since this limits the
range to the reflectance of the scene components,
generally restricted to a highest white of 60 per-
cent reflectance and a lowlight of 2 to 3 percent,
giving a range of 20 or 30 to 1 at most. The ren-
dition in monochrome TV is as important as the
rendition in color since many of the TV viewers
still look at the picture in monochrome. It is
therefore important to select scene materials and
surfaces so as to obtain good monochrome
separation in the gray scale as well as to provide
colorful rendition in the final color picture. Flat
lighting, as mentioned previously, is easiest to
carry out, but becomes monotonous and boring
from the standpoint of the producer. Any depar-
tures from flat lighting must be executed with cau-
tion. It is necessary to ‘“fill-in’’ holes and deep
shadows in lighting the scene to obtain results
which are pleasing from the standpoint of signal-
to-noise, range, and lag.

Specular or mirror reflections can be controll-
ed by positioning of lighting and cameras or by
““/dull-spraying”’ of the surfaces responsible. Dim-
ming is not an acceptable method of controlled
scene lighting, since skin tone balance, which is
the key to good performance, is very susceptible
to changes in illuminant color temperature.
Changes in scene lighting are generally provided
by changing the total number of fixtures il-
luminating the set. Where skin tones are not in-
volved, some liberty can be taken in dimming or
fading.

Outdoor Broadcast Pickup

When color cameras view outdoor scenes, such
as football and baseball games and other outdoor
events, the subject matter and the illumination
on the scene are no longer under the direct con-
trol of the broadcaster. Thus, for example, in the
sunlight and in the shadows the incident illumina-
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tion can vary 10 to 1, thereby increasing the ef-
fective scene range from 200 to 1 or more for
a reflectance gamut of 20 to 1. In this case the
broadcaster has an option of exposing for prop-
er rendition of detail in the lowlights and com-
pressing the highlights or adjusting for proper
highlight exposure and crushing the dark portions
of the scene. Fortunately, with mutiple-camera
pickups used in sporting events, one can attempt
to provide correct exposure for a camera scene
with minimal overlap into underexposed or over-
exposed areas.

Specular Reflections

An annoying problem frequently met in out-
door pickup is specular reflection from shiny sur-
faces which can effectively direct an image of a
light source or the sun itself into the pickup tube.
Under such conditions there will be “‘tailing,”’
“puddling,”” or ‘“‘comet-tail’’ effects during mo-
tion due to the fact that it is impractical in stan-
dard cameras to provide sufficient beam current
to completely discharge such specular highlights.
Usual practice is to provide a minimum of twice
the normal peak signal reserve for beam current
to take care of such specular highlights. The
signals themselves, of course, are clipped elec-
trically in the video circuits so as to avoid
overload problems in transmission. New devel-
opments now underway show promise of pro-
viding relief from ‘‘comet-tail’’ effects by pro-
viding a very high current discharge beam dur-
ing horizontal retrace time.

Low-Light Pickup

A frequent color camera problem is the case
or providing satisfactory results with insufficient
or minimal light on the scene. In this case one
trades signal-to-noise ratio in the camera for in-
creased sensitivity. For example, with a reduc-
tion of 6 dB in signal-to-noise ratio, an effective
gain of 2 in sensitivity can be obtained. Even a
factor of 4 gain in sensitivity is quite possible with
acceptable signal-to-noise performance. However,
at lower values of scene lighting, lag on motion
becomes a factor in obtaining satisfactory per-
formance. Under these conditions ‘‘bias lighting
has been used experimentally in color cameras to
provide increased sensitivity with reduced dif-
ferential color lag on motion. A uniform “‘light
level”’ applied to the red, green, and blue
photocathodes of the Plumbicon tubes so as to
increase the dark current to about 8 nanoamperes
provides a noteworthy improvement in build-up
and decay lag performance, under low-light
operating conditions.
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Color TV Film Chains

It is a universal American practice to use
photoconductive pickup tubes in the reproduc-
tion of color film. A powerful reason for this
choice is that conventional high reliability, inter-
mittent pull-down motion picture film projectors
for 16 and 35 mm film transport can be used.
These are generally modified to convert the 24
frames per second motion picture standard to the
60 exposure fields per second required for
nominal color TV standards, using the well-
known 3-2 intermittent TV motion sequence.
With a 3 to 2 intermittent film pull down, one
motion picture frame is scanned by three televi-
sion fields and the next picture frame is scanned
by two television fields. Since each field lasts 1/60
second, the five fields take exactly 5/60 seconds
or 1/12 second, which is exactly the same time
as required to show two motion picture frames,
2/24 or 1/12 second. Thus, we have automatically
the 24 frames to 60 field conversion needed for
TV.

The use of photoconductive tubes with storage
such as the vidicon or the Plumbicon permits non-
synchronous system operation. The projector can
be driven from the nominal 60 Hz house power
supply even though the color TV field frequency
is slightly less than 60 Hz. There is an effective
tolerance of Y to ¥2 Hz in the power supply fre-
quency before any disturbing ‘‘application bar’’
effects can be noticed due to the nonsynchronous
operation of the projector with respect to the ver-
tical scan rate. Experience has shown that this
tolerance is entirely adequate for well-stabilized
electrical power systems used in America.

In addition to 16 mm and 35 mm color film,
2 X 2 in. slides are used for program an-
nouncements, commercials, and special tests. It
is standard practice to provide as many as 3 or
even 4 different optical inputs into the same col-
or TV film chain by the use of moving-mirror
or fixed-prism multiplexing techniques. Any one
of these sources can be selected for color
transmission thereby increasing the utilization of
the equipment. Practically all modern color film
chains use a field lens into which the image if
projected. A typical film island is shown in Fig.
68 and a schematic of an optical multiplexer ar-
rangement is shown in Fig. 69.

Network operations rely heavily on 35 mm col-
or films for prime time programs. The local or
regional stations use 16 mm color film and it is
also used for news programs.

A publication titled, ‘‘Color Television’’ con-
tains reprints or important color TV technical
papers from the Journal of SMPTE, and is an
important reference for the background of some
of the fundamental developments in color TV
theory, equipment design, and practice. It also
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provides a reference appendix listing current stan-
dards and recommended practices for TV and
motion pictures, and a comprehensive bibliogra-
phy of color television papers published in the
SMPTE Journal.

COLOR TEST EQUIPMENT

The color television broadcast station relies
heavily on specialized test and monitoring
facilities in order to maintain adequate standards
of performance and to ensure compliance with
FCC regulations. In the early days of mono-
chrome and color TV, the techniques and equip-
ment were cumbersome and difficult to use on
a routine basis. In recent years, test signals have
become more sophisticated and yield much more
information on the performance of monochrome
and color TV systems.

A stable high-performance color monitor is an
essential element of color test equipment. This,
together with a vectorscope and a standard color
bar generator for set-up and calibration serves
as a means of evaluating performance.

The color monitor, vectorscope, and color bar
generator find utilization in rapid routine day-
to-day check of the television system adjustments.

Additional test equipment needed for color TV
performance evaluation falls into two categories:

(1) equipment to evaluate studio performance and

(2) equipment to evaluate microwave relay and
transmitter performance.

The important electrical characteristics to be
measured in either category are:

Fig. 68. A typical film island.
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Fig. 69. Schematic of an optical multiplexer.

1. Linearity or differential gain;

2. Frequency response and differential phase per-
formance;

3. Group delay characteristic;
4. Low frequency square-wave response.

Evolutionary developments have followed the
requirement that specific test waveforms be made
available which are compatible with normal televi-
sion signal systems and can be introduced easily
without disabling or upsetting normal operating
conditions. Measurements of such test waveforms
after passing through selected portions of the
equipment or the complete system under evalua-
tion, will give the required differential gain, phase
and group delay information.

Stair-Step Generator

A modulated stair-step generator waveform is
shown in Fig. 70. The signal conforms to IEEE
standard IEEE 206. It consists of five 20-IRE-
unit risers with subcarrier modulation on each
transition. The amplitude-linearity or differential
gain response of an amplifier can be determined
directly from oscilliscope measurements of the
output wave display. By the use of a high-pass

filter, the differential gain characteristic can be
displayed more graphically (Fig. 71, input), (Fig.
72, output) showing appreciable distortion. Dif-
ferential phase measurements can be obtained by
comparison of the subcarrier phase at each
discrete level with phase of the color burst.
Various oscillographic display techniques for
precision phase measurements are available.

Sine-Squared Pulse and Bar

A second specialized waveform which is rapidly
gaining popularity in color TV testing is the sine-
squared pulse and bar with chrominance subcar-
rier modulation as shown in Fig. 73. It evolved
from the monochrome sine-squared pulse and bar
shown in Fig. 74. Use of this color test signal
shows presence of differential gain distortions as
in Fig 75 and delay distortions as shown in Fig.
76. Operationally the elegance of the method is
in the direct-display presentation where distortion
limits may be checked by reticle overlay tech-
niques.

Another frequently used waveform is the multi-
burst signal, Fig. 77, which provides a series of
selected frequency, constant-amplitude sine-wave
electrical bursts of 0.5 MHz, 1, 2, 3, and 4 sweep



Fig. 70. Modulated stair-step generator
waveform. (Picture courtesy of Marconi Instruments,
Division of English Electric Corp.)

signals which sequentially sample all frequencies
in the video pass band. However, it is more con-
venient to use and to interpret in routine frequen-
cy response tests of broadcast equipment.

Vectorscope

The vectorscope’ is a measurement instrument
developed especially for color TV system tests and
monitoring. Its essential feature is the polar or
vectorial display of chrominance information in
which the radial deflection is proportional to
saturation of a color and the angular position is
equal to the phase angle of that color subcarrier
with respect to the color burst. The 360° polar
coordinate display corresponds to a complete cy-
cle of color subcarrier or 280 nanoseconds in a
time display. By convention, the color burst is
normalized at 180°. If the color bar signal des-
cribed in Fig. 64 and Fig. 66 is applied to the
input to the vectorscope and the burst is normal-
ized at 180 , the display shown in Fig. 79 is ob-
tained on the graticule.

It is noted that for standard signal levels each
color vector in the color bar sequence falls within
its approximately marked box on the graticule.
The outer boxes define the FCC maximum per-
missible errors of +10° in phase and +20 per-
cent in amplitude. The inner boxes correspond
to +2.5° phase error and 2.5 percent amplitude
error.

A feature of the vectorscope color bar tech-
nique is that it gives immediate reassurance on
system performance with a color bar test signal
display.

By alternating two signal sources at the input,
one can obtain direct readings on differential
phase and amplitude behavior of any selected pic-
ture sources.
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Fig. 71. High pass filter output with modulated stair-
step waveform input. (Picture courtesy of Marconi
Instruments, Division of English Electric Corp.)

Fig. 72. High pass filter output of
modulated stair-step waveform showing large
amount of differential gain error in amplifier
under test. (Picture courtesy of Marconi
Instruments, Division of English Electric Corp.)

Fig. 73. Combined luminance and chrominance sine-
squared pulse and bar. (Picture courtesy of Marconi
Instruments, Division of English Electric Corp.)
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Fig. 74. Monochrome sine-squared pulse
and bar. (Picture courtesy of Marconi Instruments,
Division of English Electric Corp.)

Fig. 75. Gain inequality indicated by
combined luminance and chrominance sine-
squared pulse and bar. Compare with waveforms
of Fig. 73. (Picture courtesy of Marconi Instruments,
Division of English Electric Corp.)
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Fig. 77. Muitiburst test signal with burst at 0.5 MHz,
1, 2, 3, and 4 MHz. (Picture courtesy of Marconi
Instruments, Division of English Electric Corp.)

Fig. 78. Multiburst output signal from
amplifier having distortion. Compare with
Fig. 77. (Picture courtesy of Marconi Instruments,
Division of English Electric Corp.)

Fig. 76. Delay inequality indicated by the combined

luminance and chrominance sine-squared pulse and

bar. (Picture courtesy of Marconi Instruments,
Division of English Electric Corp.)

Fig. 79. Vector display. Split field color bars 75
per cent amplitude 100 percent white reference, 10
per cent set up. Conforms to EIA specification
RS 189. (Picture courtesy of Tektronix, Inc.)
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Vertical Interval Reference and Test Signals

A development which has important long-range
possibilities is the use of a special signal transmit-
ted in a specific line of the vertical blanking in-
terval. The Vertical Interval Reference ‘‘VIR”
signal, consists of a chrominance bar having the
same phase as color burst, together with an ap-
propriate luminance pulse and a black level in-
terval. The Vertical Interval Reference signal is
added to the main video signal and is in fact a
certification that at the time it is added all con-
ditions are normal. If various distortions occur
to this Vertical Interval Reference, it can be cor-
rected, with the expectation that the main signal
will also be corrected. Thus more rigorous con-
trol and compensation of system errors is possi-
ble. A ‘““VIT’’ or Vertical Interval Test signal is
used to verify transmission conditions using
multiburst, sine-squared or stair-step test signals.
Such signals can be used for continuous monitor-
ing of TV system performance, and in the future
will probably find application in automatic con-
trol or correction of color system performance.

Test Charts

There are available several pictorial charts
which serve to optically generate special test
signals useful for color camera alignment and
system adjustment. These were developed by in-
dustry technical committees and are available as
opaques from EIAS8 or from equipment manu-
facturers for live cameras and as 2 X 2 in. slides
from SMPTE for color TV film chains.

They are:

EIA Resolution Chart,

EIA Linear Gray Scale Chart,
EIA Logarithmic Gray Scale,
EIA Registration Chart,

RCA Multiburst Chart,

* SMPTE Resolution Slide,
¢ Registration Slide,
¢ Linearity Slide.

The development of TV test signals and
facilities is one which continually strives to in-
crease the information to be obtained on systems
performance, preferably on a continuous basis
and without taking the system out of service. The
“VITS” and ‘“‘VIPS’’ concepts appear capable
of providing a major step forward in test and
measuring techniques.

FOOTNOTES

1. A detailed discussion of colorimetry and per-
ception, and how these factors affect the
viewer, is presented in ‘‘Color Television En-
gineering’’ by John W. Wentworth, McGraw-
Hill Book Company, Inc., New York, 1955.

2. If the filters in the system are of the minimum-
phase type, only one of the plots is needed,
for either plot can be derived from the other
for this type of filter. Almost all common in-
terstage coupling networks are of the mini-
mum-phase type.

3. FM systems can have nonlinearity as a result
of passive networks, but this case is not con-
sidered here.

4. From the definition of differential gain by IRE
Subcommittee 23.4.

5. From the definintion of differential phase by
IRE Subcommittee 23.4.

6. Electronic Industries Association.

7. Tektronics Model 520 vectorscope is widely
used for these measurements.

8. EIA—Electronic Industries Associjation.
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Color Television

Part II: Worldwide Color Television Standards—

Similarities and Differences*

D. H. Pritchard
J. J. Gibson

RCA Laboratories, David Sarnoff Research Center

Princeton, New Jersey

WORLDWIDE COLOR
TELEVISION STANDARDS

Introduction

A simple, concise summary of the similarities
and differences in the ever-changing color televi-
sion system techniques and standards employed
throughout the world is difficult to achieve, as
evidenced by the efforts of the CCIR (Interna-
tional Radio Consultative Committee) in attempt-
ing to establish the elusive ‘‘universal’’ system.
Nevertheless, it is hoped that this tutorial review
and up-date may be useful for those who desire
a conceptual overview of the technical situation.

The picture performance of a motion picture
system in one location in the world is generally
the same as in any other location. Thus, interna-
tional exchange of film programming is compar-
atively straightforward.

Not so in the case of broadcast color televi-
sion systems. The lack of compatibility has its
origins in many factors such as constraints in
communications channel allocations and techni-
ques, differences in local power source charac-

*Reprinted with the permission of the Society of Motion Picture and
Television Engineers. This was originally published in the SMPTE
Journal

NOTE: Superscript numbers refer to references at the end of this
chapter.

teristics, network requirements, pickup and
display technology, and political considerations
relating to international telecommunications
agreements. The intent of this paper is to pro-
vide a tutorial review of the technical standardi-
zation characteristics pertinent to the problem of
international exchange of images—not a system’s
performance comparison.

Background

The most outstanding as well as the most con-
troversial effort of the Eleventh Plenary Assembly
of the CCIR, held in Oslo in 1966, was an at-
tempt at standardization of color television
systems by the contributing countries of the
world. The discussions pertaining to the possibili-
ty of a universal system proved inconclusive.
Therefore, the CCIR, instead of issuing a unani-
mous recommendation for a single system, was
forced to issue only a report describing the
characteristics and recommendations for a vari-
ety of proposed systems. It was, therefore, left
to the controlling organizations of the individual
countries to make their own choice as to which
standard to adopt.

This outcome was not totally surprising since
one of the primary requirements for any color
television system is compatibility with a coexisting
monochrome system. In many cases, the mono-
chrome standards, already existed and were dic-
tated by such factors as local power line frequen-
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cies—relevant to field and frame rates—as well
as radio frequency channel allocations and perti-
nent telecommunications agreements.

Thus, such technical factors as line number,
field rate, video bandwidth, modulation tech-
nique, and sound carrier frequencies were pre-
determined and varied in many regions of the
world. The ease with which international ex-
change program material may be accomplished
is thereby hampered and is accomplished at
present by means of standards conversion tech-
niques, or ‘‘transcoders,’”’ with varying degrees
of loss in quality.

On the other hand, these techniques have pro-
vided surprisingly good service in more recent
years with the growing use of ‘‘satellite relays’’
coupled with the advances in digital signal pro-
cessing technology in both the video and audio
domains. In view of this rapidly changing situa-
tion and considering that more and more coun-
tries, particularly in Latin America (Region II),
arrive at the point of deciding on a color system,
it becomes apparent that a clear understanding
of the implications of system variations has a high
order of priority for those involved in interna-
tional live television broadcast and film/videotape
programming exchange.

The data quoted herein is referenced to the re-
cent recommendations of the Fourteenth Plenary
Assembly of the CCIR held in Kyoto, Japan in
1978. It should be recognized that the situation
is of a continually shifting nature and future deci-
sions can and no doubt will alter some of the
details.

‘““Monochrome-Compatible’’
Color TV Systems

In order to achieve success in the introduction
of a color television system, it is essential that
the color system be fully compatible with the ex-
isting black-and-white system. That is, mono-
chrome receivers must be able to produce high-
quality black-and-white images from a color
broadcast, and color receivers must produce high-
quality black-and-white images from mono-
chrome broadcasts. The first such color televi-
sion system to be placed into commercial broad-
cast service was developed in the United States.
On 17 December 1953, the Federal Communica-
tions Commission (FCC) approved transmission
standards and authorized broadcasters, as of 23
January 1954, to provide regular service to the
public under these standards. This decision was
the culmination of the work of the NTSC (Na-
tional Television System Committee) upon whose
recommendation the FCC action was based.!
Subsequently, this system, now referred to as the
NTSC system, was adopted by Canada, Japan,
Mexico, and others.
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That 26 years later, in 1980, these standards
are still providing color television service of good
quality testifies to the validity and applicability
of the fundamental principles underlying the
choice of specific techniques and numerical
standards.

The previous existence of monochrome televi-
sion standards was two-edged in that it provided
a foundation upon which to build the necessary
innovative techniques while simultaneously im-
posing the requirement of compatibility. Within
this framework, an underlying theme—that which
the eye does not see does not need to be transmit-
ted nor reproduced—set the stage for a variety
of fascinating developments in what has been
characterized as an ‘‘economy of representa-
tion.”’!

The countries of Europe delayed the adoption
of a color television system, and in the years be-
tween 1953 and 1967, a number of alternative
systems that were compatible with the 625-line,
50-field existing monochrome systems were de-
vised. The development of these systems was to
some extent influenced by the fact that the tech-
nology necessary to implement some of the NTSC
requirements was still in its infancy. Thus, many
of the differences between the NTSC and other
systems are due to technological rather than fun-
damental theoretical considerations.

Most of the basic techniques of NTSC are in-
corporated into the other system approaches. For
example, the use of wideband luminance and
relatively narrowband chrominance, following the
teachings of the principle of ‘‘mixed highs,”’ is
involved in all systems. Similarly, the concept of
providing horizontal interlace for reducing the
visibility of the color subcarrier(s) is followed in
all approaches. This feature is required to reduce
the visibility of signals carrying color informa-
tion that are contained within the same frequen-
¢y range as the coexisting monochrome signal,
thus maintaining a high order of compatibility.

An early system that received approval was one
proposed by Henri de France of the Compagnie
de Television of Paris. It was argued that if col-
or could be relatively band-limited in the horizon-
tal direction, it could also be band-limited in the
vertical direction. Thus, the two pieces of color-
ing information (hue and saturation) that need
to be added to the one piece of monochrome in-
formation (brightness) could be transmitted as
subcarrier modulation that is sequentially
transmitted on alternate lines—thereby avoiding
the possibility of unwanted crosstalk between col-
or signal components. Thus, at the receiver, a
one-line memory, commonly referred to as a 1-H
delay element, must be employed to store one line
to then be concurrent with the following line.
Then a linear matrix of the “‘red”’ and ‘‘blue’”’
signal components (R and B) is used to produce
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the third ‘‘green’’ component (G). Of course, this
necessitates the addition of a line-switching iden-
tification technique. Such an approach,
designated as SECAM (Sequential Couleur Avec
Memoire, for sequential color with memory) was
developed and officially adopted by France and
the USSR, and broadcast service began in France
in 1967.

The implementation technique of a 1-H delay
element led to the development, largely through
the efforts of Walter Bruch of Telefunken Com-
pany, of the Phase Alternation Line or PAL
system. This approach was aimed at overcoming
an implementation problem of NTSC that re-
quires a high order of phase and amplitude in-
tegrity (skew-symmetry) of the transmission path
characteristics around the color subcarrier to pre-
vent color quadrature distortion. The line-by-line
alternation of the phase of one of the color signal
components averages any colorimetric distortions
to the observer’s eye to that of the correct value.
The system in its simplest form (simple PAL),
however, results in line flicker (Hanover bars).
The use of a 1-H delay device in the receiver
greatly alleviates this problem (standard PAL).
PAL systems also require a line identification
technique.

The standard PAL system has been adopted
by numerous countries in continental Europe as
well as in the United Kingdom. Public broad-
casting began in 1967 in Germany and the United
Kingdom using two slightly different variants of
the PAL system (to be described shortly).

NTSC, PAL, and SECAM Systems Overview

In order to properly understand the similarities
and differences in systems used today, a
familiarization with the basic principles of NTSC,
PAL, and SECAM is required. As previously
stated, because many basic techniques of NTSC
are involved in PAL and SECAM, a thorough

BRIGHTNESS (Luminance):
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knowledge of NTSC is necessary in order to
understand PAL and SECAM.

The same R, G, and B pickup devices and the
same three primary color display devices are used
in all systems. The basic camera function is to
analyze the spectral distribution of the light from
the scene in terms of its red, green, and blue com-
ponents on a point-by-point basis as determined
by the scanning rates. The three resulting elec-
trical signals must then be transmitted over a
band-limited communications channel to control
the three-color display device to make the per-
ceived color at the receiver appear essentially the
same as the perceived color at the scene.

It is useful to define color as a psycho-physical
property of light—specifically, as the combina-
tion of those characteristics of light that produces
the sensations of brightness, hue, and saturation
as shown in Fig. 1. Brightness refers to the
relative intensity; hue refers to that attribute of
color that allows separation into spectral groups
perceived as red, green, yellow, etc. (in scientific
terms, the dominant wavelength); and saturation
is the degree to which a color deviates from a
neutral gray of the same brightness—the degree
to which it is “‘pure,’” or ““pastel,”’ or ‘‘vivid,”’
etc. These three characteristics represent the total
information necessary to define and/or recreate
a specific color stimulus.

This concept is useful to communication engi-
neers in developing encoding and decoding tech-
niques to efficiently compress the required infor-
mation within a given channel bandwidth and to
subsequently recombine the specific color signal
values in the proper proportions at the repro-
ducer. The NTSC color standards define the first
commercially broadcast process for achieving this
result.

A preferred signal arrangement was developed
that resulted in reciprocal compatibility with
monochrome pictures and is transmitted within
the existing monochrome channel as shown in

RELATIVE INTENSITY OF THE COLOR

HUE

THE ATTRIBUTE THAT ALLOWS DESIGNATION IN TERMS OF

RED, YELLOW, BLUE, etc.

SATURATION

(Dominant wavelength).

DEGREE TO WHICH A COLOR DEVIATES FROM A NEUTRAL GRAY
OF THE SAME BRIGHTNESS — PURITY, PASTEL, VIVIDNESS, etc.

Fig. 1. Basic definition of “color.”
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e COMPATIBILITY WITH CO-EXISTING MONOCHROME SYSTEM.

e ENCODE WIDEBAND R, G, B COLOR PRIMARY SIGNALS.

— WIDEBAND LUMINANCE (BRIGHTNESS)

— NARROW-BAND MODULATION OF A COLOR SUBCARRIER

{Hue and Saturation)

[

[ 4

R f -
LUMINANCE

G

B

/TN,

f > .

+ -

COMPOSITE VIDEO

-

o fe

e SUBCARRIER FREQUENCY INTERLACE

— ODD MULTIPLE OF%H TO REDUCE VISIBILITY OF CHROMINANCE

INFORMATION SUBCARRIER.

Fig. 2. Basic communications channel principles applied to color television.

Fig. 2. Thus, one signal (luminance) is chosen in
all approaches to occupy the wide-band portion
of the channel and to convey the brightness as
well as the detail information content. A second
signal, termed the chrominance signal, represen-
tative of the chromatic attributes of Aue and
saturation, is assigned less channel width in ac-
cordance with the principle that in human vision
full three-color reproduction is not required over
the entire range of resolution—commonly re-
ferred to as the ‘‘mixed-highs principle.”’

Another fundamental principle employed in all
systems involves arranging the chrominance and
luminance signals within the same frequency band
without excessive mutual interference. Recogni-
tion that the scanning process, being equivalent
to sampled-data techniques, produces signal com-
ponents largely concentrated in uniformly spaced
groups across the channel width, led to introduc-
tion of the concept of horizontal frequency in-
terlace (dot interlace). The color subcarrier fre-
quency is so chosen as to be an odd multiple of
one-half the line rate (in the case of NTSC) such
that the phase of the subcarrier is exactly opposite
on successive scanning lines. This substantially
reduces the subjective visibility of the color signal
‘‘dot’’ pattern components.

Thus the major differences among the three
main systems of NTSC, PAL, and SECAM are
in the specific modulating processes used for en-
coding and transmitting the chrominance infor-
mation. The similarities and differences are brief-
ly summarized in Fig. 3.

The following four sections discuss the basic
color television systems in some technical detail,
including some never actually implemented. For
a summary and comparison of system standards
and specifications, the reader is referred to a later
section.

The NTSC Color System

The importance of the colorimetric concepts
of brightness, hue, and saturation comprising the
three pieces of information necessary to analyze
or recreate a specific color value becomes evident
in the formation of the composite color televi-
sion NTSC format.

The luminance, or monochrome, signal is
formed by addition of specific proportions of the
red, green, and blue signals and occupies the total
available video bandwidth of 0-4.2 MHz. The
NTSC, PAL, and SECAM systems all use the
same luminance (Y) signal formation, differing
only in available bandwidths.

The ‘Y’ signal components have relative
voltage values representative of the brightness sen-
sation in the human eye. Therefore, the red
(E'R), green (E';), and blue (E'p) voltage com-
ponents are tailored in proportion to the stan-
dard luminosity curve at the particular values of
the dominant wavelengths of the three color
primaries chosen for color television. Thus, the
luminance signal makeup for all systems, as nor-
malized to white, is described by
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e ALL SYSTEMS:
— THREE-PRIMARY ADDITIVE COLORIMETRIC PRINCIPLES
— SIMILAR CAMERA PICK-UP AND RECEIVER DISPLAY TECHNOLOGY
— WIDEBAND LUMINANCE AND NARROW-BAND COLOR

e COMPATIBILITY WITH CO-EXISTING MONOCHROME SYSTEM:
INTRODUCES FIRST ORDER DIFFERENCES
— LINE NUMBER
— FIELD/FRAME RATES
— BANDWIDTH
— FREQUENCY ALLOCATION

e MAJOR DIFFERENCES IN COLOR TECHNIQUES

— NTSC - PHASE AND AMPLITUDE QUADRATURE MODULATION
OF INTERLACED SUBCARRIER
— PAL — SIMILAR TO NTSC BUT WITH LINE ALTERNATION OF

"V COMPONENT

— SECAM — FREQUENCY MODULATION OF LINE SEQUENTIAL
COLOR SUBCARRIERS

Fig. 3. General comparison of worldwide television systems.

E'vy=0.299 E'R+0.587 E'+0.114 E'g [1]*

Fig. 4 also indicates the equations for the
chrominance signal components. Signals represen-
tative of the chromaticity information (hue and
saturation) that relate to the differences between
the luminance signal and the basic red, green, and
blue signals are generated in a linear matrix. This
new set of signals is termed color-difference
signals and is designated as R—Y, G-V, and
B~-Y. These signals modulate a subcarrier that
is combined with the luminance component and
passed through a common communications chan-
nel. At the receiver, the color difference signals
are determined, separated, and individually added
to the luminance signal in three separate paths
to recreate the original R, G, and B signals ac-
cording to the equations

E,Y+E,(R_Y)=Ely+E’R—E,Y=E,R
Ely+E,(G_Y)=Ely+E,G—E,Y=E,G [2]
E,Y+E,(B_Y)=Ely+E,B—ElY=ElB

In the specific case of NTSC, two other color-
difference signals, designated as ‘I’ and ‘‘Q”’,

*The signal of Equation [1] would be exactly equal to the output of
a linear monochrome camera tube with ideal spectral sensitivity if the
red, green, and blue camera tubes were also linear devices with
theoretically correct spectral-sensitivity curves. In actual practice, the
red, green, and primary signals are deliberately made nonlinear to
accomplish gamma correction (adjust the slope of the input/output
transfer characteristic). The prime mark (’) is used to denote a gamma-
corrected signal.

are formed at the encoder and used to modulate
the color subcarrier, indicated in Fig. 4. The
reason for the choice of I and Q signals is dis-
cussed later.

It may be noted that the B—Y, R-Y, and
G- Y color signal modulation components are
the same in NTSC, PAL, and SECAM.

Another reason for the choice of signal values
in the NTSC system is that the eye is more respon-
sive to spatial and temporal variations in
luminance than it is to variations in chrominance.
Therefore, the visibility of luminosity changes due
to random noise and interference effects may be
reduced by properly proportioning the relative
chrominance gain and encoding angle values with
respect to the luminance values. Thus, the ‘‘prin-
ciple of constant luminance”** is incorporated
into the system standards.! 2

The voltage outputs from the three camera
tubes are adjusted to be equal when a scene
reference white or neutral gray object is being
scanned for the color temperature of the scene
ambient. Under this condition, the color subcar-
rier also automatically becomes zero. The col-
ormetric values have been formulated by assum-
ing that the reproducer will be adjusted for “‘II-
luminant C,”’ representing the color of average
daylight.

**The IEEE Standard Dictionary of Electrical and Electronics Terms
notes that in constant-luminance signal and no control of luminance
is provided by the chrominance signal. Noise signals falling within
the bandwidth of the chrominance channel produce only chromatici-
ty variations, which if they are coarse-structured are subjectively less
objectionable than correspondingly coarse-structured luminance
variations.
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LUMINANCE:
Ey = 0299 E'g + 0.587 E'G +0.114 E'y
(Common for all systems)

CHROMINANCE:

NTSC

E’, = -0274 E'g + 0.596 E'y -0.322 E'y
E'q = -0.522 E'g +0.211 E'g + 0.311 E'g
BY = 0.493 (E'g-E'y)

R-Y = 0.877 (E'g-E'y)

G-Y = 1.413 (E'g-E'y)

E'y = 0.493 (E'g-E’y)
+E\, = +0.877 (E'g-E’y)

D'g = -1.9 (E'g-E'y)
D'g = 15 (Eg-E'y)

Fig. 4. Electronic color signal
values for NTSC, PAL, and SECAM.

Fig. 5 is a CIE chromaticity diagram (CIE =
Commission Internationale de I’Eclairage) in-
dicating the primary color coordinates for NTSC,
PAL, and SECAM. It is interesting to compare
the television available color gamut relative to
that of all color paint, pigment, film, and dye
processes.

In NTSC color standards, the chrominance in-
formation is carried as simultaneous amplitude
and phase modulation of a subcarrier chosen to
be in the high frequency portion of the 0-4.2 MHz
video band and specifically related to the scann-
ing rates as an odd multiple of one-half the
horizontal line rate as shown by the vector
diagram in Fig. 6. The hue information is as-
signed to the instantaneous phase of the sub-
carrier. Saturation is determined by the ratio of
the instantaneous amplitude of the subcarrier to
that of the corresponding luminance signal ampli-
tude value. For details of the derivation, the
reader is directed to References 2, 3, and 4.

The choice of the 7 and Q color modulation
components relates to the variation of color acuity
characteristics of human color vision as a func-
tion of the field of view and spatial dimensions
of objects in the scene. The color acuity of the

eye decreases as the size of the viewed object is
decreased and thereby occupies a small part of
the field of view. Small objects, represented by
frequencies above about 1.5 to 2.0 MHz, pro-
duce no color sensation (‘‘mixed-highs’’). In-
termediate spatial dimensions (approximately 0.5-
to 1.5 MHz range) are viewed satisfactorily if
reproduced along a preferred orange-cyan axis.
Large objects (0-0.5 MHz) require full three-color
reproduction for subjectively pleasing results.
Thus, the 7 and Q bandwidths are chosen accor-
dingly and the preferred colorimetric reproduc-
tion axis is obtained when only the ‘I’ signal
exists by rotating the subcarrier modulation vec-
tors by 33°. In this way, the principles of ‘‘mixed-
highs”’ and ‘‘I, Q color-acuity axis’’ operation
are exploited.

At the encoder, the ‘‘Q”’ signal component is
band-limited to about 0.6 MHz and is represen-
tative of the green-purple color-axis information.
The “‘I’ signal component has a bandwidth of
about 1.5 MHz and contains the orange-cyan col-
or axis information. These two signals are then

0.8

PAL/SECAM

0.6 PAINTS, PIGMENTS,

0.4

0.2

0 02 0.4 06 08
1
X J
R- 067 033
NTSC 6-=02 07T
B-0.14 008
R- 064 033
PAL/SECAM G = 0.29 060
B -0.15 006
WHITE: NTSC(ILL.C) = 0.310  0.316
=" PAL/SECAM(D6500) = 0.313  0.329

Fig. 5. CIE chromacity diagram-system comparison.



Chapter 1: Color Television

7.1-57

RED REGION

0.877(E}-Ey)

i

3

BURST == ————-—-

1.413(E¢-EY)
GREEN REG ION

- BLpE R’EGION
0.493(Eg- Ey)

Fig. 6. NTSC color modulation phase diagram.

used to individually modulate the color subcar-
rier in two balanced modulators operated in phase
quadrature. The ‘‘sum products’’ are selected and
added to form the composite chromaticity sub-
carrier. This signal in turn is added to the
luminance signal along with the appropriate
horizontal and vertical synchronizing and blank-
ing signals to include the color-synchronization
burst. The result is the total composite color video
signal.

Quadrature synchronous detection is used at
the receiver to identify the individual color signal
components. When individually recombined with
the luminance signal, the desired R, G, and B
signals are recreated. The receiver designer is free
to demodulate either at 7/ and Q and matrix to
form B—Y, R-Y, and G-, or as in nearly
all present-day receivers, at B— Y and R— Y and
maintain 500-kHz equiband color signals.

The chrominance information can be carried
without loss of identity provided that the proper
phase relationship is maintained between the en-
coding and decoding processes. This is ac-
complished by transmitting a reference ‘‘burst’’
signal consisting of eight or nine cycles of the sub-
carrier frequency at a specific phase [— (B— Y)]
following each horizontal synchronizing pulse as
shown in Fig. 7.

The specific choice of color subcarrier frequen-
cy in NTSC was dictated by at least two major
factors. First, the necessity for providing horizon-

tal interlace in order to reduce the visibility of
the subcarrier requires that the frequency of the
subcarrier be precisely an odd multiple of one-
half the horizontal line rate. Fig. 8 shows the
energy spectrum of the composite NTSC signal
for a typical stationary scene. This interlace pro-
vides line-to-line phase reversal of the color sub-
carrier, thereby reducing its visibility (and thus

T [
i -1
{—I 0.90 TO 11§
! \
! -.
i : 0.006H | [ |
! MIN. i
1 ]
] ]
] ]
] ]
1 ]
X e d:ﬁ_TYC:‘— 1
MIN.
——0.125H. MAX. —
fe——  0.145H. MIN. ——»

0.18H. MAX.

Fig. 7. NTSC color burst synchronizing signal.
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Fig. 8. Luminance/chrominance horizontal frequency interlace principle.

improving compatibility with monochrome recep-
tion). Second, it is advantageous to also provide
interlace of the beat-frequency (about 920 kHz)
occurring between the color subcarrier and the
average value of the sound carrier. For total com-
patibility reasons, the sound carrier was left un-
changed at 4.5 MHz and the line number re-
mained at 525. Thus, the resulting line scanning
rate and field rate varied slightly from that of
the monochrome values, but stayed within the
previously existing tolerances. A good rule of
thumb is that the difference is exactly one part
in a thousand. The exact specifications and
method of calculating the frequencies are shown
in Fig. 9.

CHOICE OF EXACT FREQUENCIES

_45x105 NI
fLINE = T g6 cps friELD T 550 ©
= 15,734.26 cps = 59.94 cps
_ 13x7x5
fs¢ = 2 x fLinE
455
fsc = 2 x fLinE
; 455 45 x 10° .
= x
s T3 286 pe

3.579545 MH:z

iFIg. 9. Calculation of NTSC specific line,
field, and color subcarrier frequencies.

It is seen that the line rate is 15.734 kHz, the field
rate is 59.94 Hz and the color subcarrier is
3.579545 MHz.

The NTSC system fundamentals have been re-
viewed in some detail since it was the first truly
compatible system placed in commercial use and
because the other systems subsequently proposed
make use of most of the basic principles, differ-
ing mainly in the techniques of color encoding
primarily to overcome early implementation dif-
ficulties.

PAL Color System

Except for some minor details, the color en-
coding principles for PAL are the same as those
for NTSC. However, the phase of the color
signal, E, = R — Y, is reversed by 180° from
line-to-line. This is done for the purpose of aver-
aging, or cancelling certain color errors resulting
from amplitude and phase distortion of the col-
or modulation sidebands. Such distortions might
occur as a result of equipment or transmission
path problems.

The NTSC chroma signal expression within the
frequency band common to both 7 and Q is given
by

R-Y
1.14

B-Y
T

sin wg ! + cos wg! [3]

The PAL chroma signal expression is given by

CpaL = 203 sin wg! =+ 114 cos wgt [4]
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where U and + V have been substituted for B -
Y and R - Y signal values, respectively.

The PAL employs equal bandwidths for the
U and V color-difference signal components
which are about the same as the NTSC 7 signal
bandwidth (1.3 MHz at 3 dB). There are slight
differences in the U and ¥ bandwidth in different
PAL systems due to the differences in luminance
bandwidth and sound carrier frequencies as
discussed later under the heading of Summary
and Comparisons. Reference is made to the CCIR
documents® for specific details.

The “V’’ component was chosen for the line-
by-line reversal process because it has a lower gain
factor than “U’’ and therefore is less susceptible
to switching rate (%2 fy) imbalance. Figure 10
indicates the vector diagram for the PAL
quadrature modulated and line-alternating color
modulation approach.

The result of the switching of the V signal
phase at the line rate is that any phase errors pro-
duce complementary errors from V into the U
channel. In addition, a corresponding switch of
the decoder V channel results in a constant V
component with complementary errors from the
U channel. Thus, any line-to-line averaging pro-
cess at the decoder, such as the retentivity of the
eye (simple PAL) or an electronic averaging
technique such as the use of a 1-H delay element
(standard PAL), produces cancellation of the
phase (hue) error and provides the correct hue
but with somewhat reduced saturation—this error
being subjectively much less visible.

Obviously, the PAL receiver must be provid-
ed with some means by which the V signal switch-
ing sequence may be identified. The technique
employed is known as 4 B sync, PAL sync, or
‘“‘swinging burst’’ and consists of alternating the

RED REGION
+0.877 (E3-Ey) =+

A
»
/'\\
AN
mNSGTING N Y135 BLUE_ REGION
N R 0.493(Ey -Ey) - E,
Id
I
d
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d
7
’

-0.877 (Ep-Ey) --E',
CYAN REGION

Fig. 10. PAL color modulation phase diagram.
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NTSC - 1/2H INTERLACE
(4 FIELDS-PICTURE COMPLETION)

fo |

bt
s 2 %

oy —— e fy ———

PAL —1/4 AND 3/4 H OFFSET
(8 FIELDS - PICTURE COMPLETION)

Fig. 11. NTSC and PAL frequency
interlace relationship.

phase of the reference burst by +45° at a line
rate as shown in Fig. 10. The burst is constituted
from a fixed value of U phase and a switched
value of V phase. Because the sign of the V burst
component is the same sign as the V picture con-
tent, the necessary switching ‘‘sense’’ or iden-
tification information is available. At the same
time, the fixed-U component is used for reference
carrier synchronization.

Figure 11 explains the degree to which horizon-
tal frequency (dot) interlace of the color subcar-
rier components with the luminance components
is achieved in PAL and may be summarized as
follows: In NTSC, the Y components are spaced
at fy intervals due to the horizontal sampling
(blanking) process. Thus the choice of a color
subcarrier whose harmonics are also separated
from each other by fy; (as they are odd multiples
of ¥4 fy) provides a half-line offset and results
in a perfect ‘“‘dot’’ interlace pattern that moves
upward. Four complete field scans are required
to repeat a specific picture element ‘dot”’
position.

In PAL, the luminance components are also
spaced at fy; intervals. Because the V com-
ponents are switched symmetrically at half the
line rate, only odd harmonics exist, with the result
that the V components are spaced at intervals of
Ju- They are spaced at half-line intervals from
the U components which, in turn, have fy; spac-
ing intervals due to blanking. If half-line offset
were used, the U components would be perfectly
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interlaced but the V components would coincide
with Y and thus not be interlaced, creating ver-
tical, stationary dot patterns.

For this reason, in PAL, a Y-line offset for
the subcarrier frequency is used as shown in Fig.
11. The expression for determining the PAL sub-
carrier specific frequency for 625-line/50-field
systems is given by

1135 1

Jsc = gl (51

The additional factor Y2fy = 25 Hz is in-
troduced to provide motion to the color dot pat-
tern thereby reducing its visibility. The degree to
which interlace is achieved is therefore not
perfect, but is acceptable, and eight complete field
scans must occur before a specific picture element
““dot’’ position is repeated.

One additional function must be accomplished
in relation to PAL color synchronization. In all
systems, the burst signal is eliminated during the
vertical synchronization pulse period. Because, in
the case of PAL, the swinging burst phase is alter-
nating line-by-line, some means must be provid-
ed for ensuring that the phase is the same for
the first burst following vertical sync on a field-
by-field basis. Therefore, the burst reinsertion
time is shifted by one line at the vertical field rate
by a pulse referred to as the ‘‘meander” gate.
The timing of this pulse relative to the A vs. B
burst phase is shown in Fig. 12.

Section 7: Special Systems

The transmitted signal specifications for PAL
systems include the basic features discussed
above. Although description of a great variety
of receiver decoding techniques is outside the
scope and intent of this paper, we should here
review at least briefly the following major
features: “‘Simple’’ PAL relies upon the eye to
average the line-by-line color switching process
and can be plagued with line beats call Hanover
bars caused by the system nonlinearities introduc-
ing visible luminance changes at line rate. ‘‘Stan-
dard’’ PAL employs a 1-H delay line element to
separate U color signal componenets from V color
signal components in an averaging technique
coupled with summation and subtraction func-
tions. Hanover bars can also occur in this ap-
proach if imbalance of amplitude or phase oc-
curs between the delayed and direct paths.

For an excellent discussion of the variety of
other decoder approaches such as Chroma Lock,
Super PAL, New PAL or PAL (not to be con-
fused with N(PAL)), readers are referred to Vol.
2 of Colour Television by Carnt and Townsend.3

In a PAL system, vertical resolution in
chrominance is reduced as a result of the line
averaging processes. The visibility of the reduced
vertical color resolution as well as the vertical time
coincidence of luminance and chrominance tran-
sitions differs depending upon whether the total
system, transmitter through receiver, includes one
or more averaging (comb filter) processes.

Thus PAL provides a similar system to NTSC
and has gained favor in many areas of the world,
particularly for 625-line/50-field systems.
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Fig. 12. PAL “meander” burst blanking gate
timing diagram for B, G, H, and / PAL.
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LINE SEQUENTIAL SWITCHING
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Fig. 13. SECAM FM color modulation system.

SECAM Color System

The “‘optimized’> SECAM system, called
SECAM 111, is the system adopted by France and
the USSR in 1967. The SECAM method has
several features in common with NTSC such as
the same FE'y signal and the same E'g—E'y
and E'g—~FE'y color-difference signals. How-
ever, this approach differs considerably from
NTSC and PAL in the manner in which the col-
or information is modulated onto the subcar-
rier(s).

First, the R—Y and B-Y color difference
signals are transmitted alternately in time se-
quence from one successive line to the next—the
luminance signal being common to every line.
Since there is an odd number of lines, any given
line carries R — Y information on one field and
B - Y information on the next field. Second, the
R —-Y and B-Y color information is conveyed
by frequency-modulation of different subcarriers.
Thus, at the decoder, a 1-AH delay element,
switched in time synchronization with the line
switching process at the encoder, is required in
order to have simultaneous existence of the B— Y
and R - Y signals in a linear matrix to form the
G — Y component.

The R - Y signal is designated as D'y and the
B - Y signal as D'g. The undeviated frequency
for the two subcarriers, respectively, is determined
by

nator), or a neutral gray object in the televised
scene.

As shown in Fig. 13, the accepted convention
for direction of frequency change with respect to
the polarity of the color difference signal is op-
posite for the Dyg and Dgy signals. A positive
value of Doy means a decrease in frequency
whereas a positive value of Dgg indicates an in-
crease in frequency. This choice relates to the idea
of keeping the frequencies representative of the
most critical color away from the upper edge of
the available bandwidth to minimize the instru-
mentation distortions.

The deviation for D’y is £280 kHz and D'y
is £230 kHz. The maximum allowable deviation,
including preemphasis, for D'y = -506 kHz
and +350 kHz while the values for D'y =
—350 kHz and +506 kHz.

Two types of preemphasis are employed simul-
taneously in SECAM. First, as shown in Fig. 14,
a conventional type of preemphasis of the low-
frequency color difference signals is introduced.
The characterisitic is specified to have a reference
level break-point at 85 kHz (f;) and a maximum
emphasis of 2.56 dB. The expression for the char-
acteristic is given as

1+ jU75)

= T (7]
1+ jU73f)

Jog = 272 fy = 4.250000 MHz A second for of preemphasis (Fig. 14) is in-
[6] troduced at the subcarrier level where the
Sor = 282fy = 4.406250 MHz amplituded of the subcarrier is changed as a func-

These frequencies represent zero color difference
information (zero output from the FM discrimi-

tion of the frequency deviation. The expression
for this inverted ‘‘bell’’ shaped characteristic is
given as
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. fof
1 + j16 _f_;;_7

G =M, P (8]
1 + j1.26 f—;:—7

Where:
Jo = 4.286 MHz and 2M, = 23% of the
luminance amplitude (100 IRE).

This type of preemphasis is intended to fur-
ther reduce the visibility of the frequency
modulated subcarriers in low luminance level col-
or values and to improve the signal-to-noise ratio
in high luminance and highly saturated colors.
Thus, monochrome compatibility is better for
pastel average picture level objects but sacrificed
somewhat in favor of S/N in saturated color
areas.

Of course, precise interlace of frequency
modulated subcarriers for all values of color
modulation cannot occur. Nevertheless, the
visibility of the interference represented by the
existence of the subcarriers may be reduced
somewhat by the use of two separate carriers, as
is done in SECAM. Fig. 15 indicates the line-
switching sequence in that at the undeviated
“resting”’ frequency situation, the two-to-one ver-
tical interlace in relation to the continuous color
difference line-switching sequence produces ad-
jacent line pairs of fyz and fyg signals. In order
to further reduce the subcarrier ‘‘dot’’ visibility,
the phase of the subcarriers (phase carries no pic-
ture information in this case) is reversed 180° on
every third line and between each field. This,
coupled with the “‘bell”” preemphasis, produces

LOW- FREQUENCY VIDEO PRE-EMPHASIS

30
2.58 ‘o P+ (f/6,)2
10109 1
20 L4 (£13f, 12
a8
~
1.0 ~
f, = 85kHz \\\
~
0 [ ]
fune 1.0 2.0

HIGH - FREQUENCY SUBCARRIER PRE-EMPHASIS

0.7 N Cy - 1
p-p L ~ o -8 o 2
fsc AMP | 5, -~ Y- I=
0.23 i -I— ‘[ B
3 =]
=] 1S
0 3 1 1 1 1 | ]y =
-500 -400 -300 -200 '||00 0 100 200 300
|
1
b-p 0.7 ]\\\'EL : ///1
fog AMP : ¥ ; _ /B - i
0.231 'o, ‘I ]’ Iog
0 1 y 1 1 Il 1
‘300 -200 -i00 0 100 200 300 400 500
4.286MH2

Fig. 14. SECAM color signal pre-emphasis.

a degree of monochrome compatibility considered
subjectively adequate.

As in PAL, the SECAM system must provide
some means for identifying the line-switching se-
quence between the encoding and decoding pro-
cesses. This is accomplished, as shown in Fig. 16,
by introducing alternate Dy and Dg color iden-

FIELD LINE # COLOR SUBCARRIER ¢
obD (1) n for 0°
EVEN (2) n+3183— - — - — — — — — - fos 180°
oDD (3) n+1 fos 0°
EVEN (4) n+314— - — — — — — for o°
obD (5) n+2 for 180°
EVEN (6) nt315— - - = = — — — - — fog 180°
oDD (7) n+3 fos 0°
EVEN (8) n+316—- — — — — — — for 180°
oDD (9) nt4 for 0°
EVEN (10) n+317 - = — = — = — = — — foe o°
oDD (11} n+b fos 180°
EVEN (12) n+318—- — — — — — — for 180°
Note: e 2 frames (4 fields) for picture completion.

e Subcarrier interlace is field-to-field and line-to-line of same color.

Fig. 15. Color vs. line and field timing relationship for SECAM.
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("BOTTLE™ SIGNAL)

VERT SYNC

HORIZONTAL SYNC

fo
HOR. SYNC.
|— HOR. BLANKING

Fig. 16. SECAM line identitication signal.

tifying signals for nine lines during the vertical
blanking interval following the equalizing pulses
after vertical sync. These ‘‘bottle’’ shaped signals
occupy a full line each and represent the frequen-
cy deviation in each time sequence of Dy and Dy
at zero luminance value. These signals can be
thought of as fictitious green color that is used
at the decoder to determine the line-switching
sequence.

During horizontal blanking, the subcarriers are
blanked and a burst of fyp/for is inserted and
used as a gray level reference for the FM
discriminators, to establish their proper opera-
tion at the beginning of each line.

Thus the SECAM system is a line sequential
color approach using frequency modulated sub-
carriers. A special identification signal is provid-
ed to identify the line-switch sequence and is
especially adapted to the 625-line/50-field wide-
band systems available in France and the USSR.

It should be noted that SECAM, as practiced,
employs amplitude modulation of the sound car-
rier as opposed to the FM sound modulation in
other systems.

Additional Systems of Historical Interest

Of the numerous system variations proposed
over the intervening years since the potential
development of the NTSC system, at least two
others, in addition to PAL and SECAM, should
be mentioned briefly. The first of the these was
ART (Additional Reference Transmission) which
involved the transmission of a continuous
reference pilot carrier in conjunction with a con-
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ventional NTSC color subcarrier quadrature
modulation signal. A modification of this scheme
involved a ‘‘multiburst’’ approach that utilized
three color bursts, one at black level, one at inter-
mediate gray level, and one at white level, to be
used for correcting differential phase distortion.

Another system, perhaps better known, was
referred to as NIR or SECAM IV. Developed in
the USSR (NIR = Nauchni Issledovatelskaia
Rabota or Scientific Discriminating Work), this
system consists of alternating lines of (1) an
NTSC-like signal using an amplitude and phase
modulated subcarrier and (2) a reference signal
having ‘‘U’’ phase to demodulate the NTSC-like
signal. In the linear version the reference is un-
modulated, and in the nonlinear version, the
amplitude of the reference signal is modulated
with chrominance information.

To the author’s knowledge, neither ART nor
NIR were ever implemented or used for commer-
cial broadcast. Still, they are of theoretical and
historical interest; details may be found in Ref. 3.

Summary and Comparisons of Systems
Standards and Specifications

History has shown that it is apparently impossi-
ble to obtain total international agreement on
“‘universal’’ television broadcasting standards.
Even with the first scheduled broadcasting of
monchrome television in 1936 in England, the ac-
tual telecasting started using two different systems
on alternate days from the same transmitter. The
Baird system was 250 lines (noninterlaced) with
a 50 Hz frame rate while the EMI (Electric and
Musical Industries) system was 405 lines (interlac-
ed) with a 25 Hz frame rate.

These efforts were followed in 1939 in the
United States by broadcasting a 441 line interlaced
system at 60 fields per second (the Radio Manu-
facturers Association—RMA—system). In 1941,
the NTSC initiated the present basic monochrome
standards in the U.S. of 225 lines (interlaced) at
60 fields per second, designated as system M by
the CCIR. In those early days, the differences
in power line frequency were considered as im-
portant factors and were largely responsible for
the proliferation of different line rates versus field
rates as well as the wide variety of video band-
widths. However, the existence and extensive use
of monochrome standards over a period of years
soon made it a top-priority matter to assume
reciprocal compatibility of any developing color
system.

The CCIR documents’ define recommended
standards for worldwide color television systems
in terms of the three basic color approaches—
NTSC, PAL, and SECAM—as shown in Fig. 17.
The variations —at least 13 of them—are given
alphabetical letter designations; some represent
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THREE BASIC SYSTEMS
— NTSC
— PAL
— SECAM

THIRTEEN VARIATIONS OR SUBSYSTEMS:
A®,M,N,C*,B,G,H, I, DK,KIL,E*

SYSTEMS A (405 LINES), C (625 LINES) AND E (819 LINES)
NOT RECOMMENDED FOR NEW SERVICE®

98 COUNTRIES LISTED BY CCIR AS EMPLOYING ONE OR
MORE SYSTEMS

Fig. 17. CCIR worldwide color television designations.

major differences while others signify only very
minor frequency allocation differences in chan-
nel spacings or the differences betweeen the VHF
and UHF bands. In 1978, at least 98 countries
were listed as either employing or considering one
or more of the proposed systems in monochrome
and/or color format.

The key to understanding the CCIR designa-
tions lies in recognizing that the letters refer
primarily to local monochrome standards for line
and field rateds, video channel bandwidth, and
audio carrier relative frequency. Further classifi-
cation in terms of the particular color system then
adds to NTSC, PAL, or SECAM as appropriate.
For example, the letter ‘“M’ designates a
525-line/60-field, 4.2-MHz bandwidth, 4.5-MHz
sound carrier monochrome system. Thus,
M(NTSC) describes a color system employing the
NTSC technique for introducing the chrominance
information within the constraints of the above
basic monchrome signal values. Likewise,
M(PAL) would indicate the same line/field rates
and bandwidths but employ the PAL color sub-
carrier modulation approach.

In another example, the letters “‘I’’ and “‘G”’
relate to specific 625-line/50-field, 5.0 or 5.5 MHz
bandwidth, 5.5 or 6.0 Mhz sound carrier mono-
chrome standards. Thus, G(PAL) would describe
a 625-line/50-field,5.5 Mhz bandwidth, color
system utilizing the PAL color subcarrier modula-
tion approach. The letter ‘L'’ refers to a
625-line/50-field, 6.0 Mhz bandwidth system to
which the SECAM color modulation method has
been added (often referred to as SECAM III).

System E is an 819-line/50-field, 10 MHz band-
width, monochrome system. This channel was
used in France for early SECAM tests and for
system E transmissions.

Some general comparison statements can be
made about the underlying monochrome systems
and existing color standards:

1. There are four different scanning standards:
405-lines/50-fields, 525-lines/60-fields, 625-
lines/50-fields, and 819-lines/50-fields.
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2. There are six different spacings of video-to-
sound carriers, namely 3.5, 4.5, 5.5, 6.0, 6.5,
and 11.15 MHz.

3. Some systems use FM and others use AM for
the sound modulation.

4. Some systems use positive polarity (luminance
proportional to voltage) modulation of the
video carrier while others, such as the U.S.
(M)NTSC system, use negative modulation.

5. As previously discussed, there are also dif-
ferences in the techniques of color subcarrier
encoding represented by NTSC, PAL, and
SECAM, and of course, in each case there are
many differences in the details of various pulse
widths, timing, and tolerance standards. It is
evident that one must refer to the CCIR
documents for accurate information on the
combined monochrome/color standards. Fig.
18 presents a comparison of the relative band-
widths, color subcarrier frequencies, and
sound carrier spacing for the major color
systems used in the world today.

The signal in the M(NTSC) system occupies the
least total channel width, which when the vestigial
sideband plus guard bands are included, requires
a minimum radio frequency channel spacing of
6 Mhz. The L(III) SECAM system signal occupies
greater channel space with a full 6 MHz
luminance bandwidth. Signals from the tow ver-

1.0 e === !
I(PAL) ! /v Uy \50""
/ '
0 1 A 1 [
f 1.0 20 3.0 40 443 50 5560

[LH
[

1.0 71 == Y
6,H (PAL) SOV s
0 ! 1 ! { Il 1 I 1 -
fune 1.0 20 3.0 40 GF:S. 5.0 55
Fog
1.0 - e |
/ = e SOUND
L(ITT) SECAM /o W] Ol \ l
| A | B
60 85

o 19 20 30

Fig. 18. Bandwidth comparison
between NTSC, PAL, and SECAM.
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e BASEBAND - LUMINANCE

e QUADRATURE MODULATED SUBCARRIER
PHASE — HUE
AMPL. -+ SATURATION

d
[ |
e N
o LINE/FIELD = 525/60 o LINE/FIELD = 625/50
® fy, = 15734kHz o fy, = 15.625kHz
e f, = 59.94Hz e f, = S0Hz
o fgc = 3.579545 MHz o fsc = 2)
e BANDWIDTH = 4.2 MHz o BANDWIDTH = 4.2 MH:
e SOUND = 45MHz (FM) * SOUND = 45MHz(FM)
® UNITED STATES ® MAY TAKE FORM OF N(NTSC)
OR N(PAL)
* CANADA
e COLOR UNDECIDED IN
¢ JAPAN REGION I}
Fig. 19. CCIR designation for NTSC system—summary.
o BASEBAND - LUMINANCE
® QUADRATURE MODULATED SUBCARRIER
PHASE ~ HUE
AMPL. -~ SATURATION
LINE ALTERNATION OF “V"* COMPONENT
]
[ 1 1
g g G e e
e LINE/FIELD = 625/50 e LINE/FIELD = 625/50 e LINE/FIELD = 525/60
o f, = 15.625kHz o f, = 15.625kHz ®f, = 15750kHz
e f, = S50Hz e f, = 50Hz e f, = 60Hz
o fsc =  4.433618 MHz o fsc =  4.433618 MHz o fsc = 3575611 MHz
o BANDWIDTH = 5.5 MHz ¢ BANDWIDTH = 5.0 MHz e BANDWIDTH = 4.2 MHz
¢ SOUND = 6.0 MHz (FM) e SOUND = 5.5 MHz (FM} e SOUND = 4.5 MHz (FM}
e UNITED KINGDOM ¢ CONTINENTAL EUROPE ¢ BRAZIL
Fig. 20. CCIR designation for PAL system—summary.
¢ BASEBAND ~+ LUMINANCE
¢ FREQUENCY MODULATED SUBCARRIERS
LINE SEQUENTIAL D AND Dg SIGNALS
Dg - ODD LINES
Dg -~ EVENLINES
)\
[ I ]
"E” i (1} K, (IV), (NIR}
e LINE/FIELD = 819/50 e LINE/FIELD 625/50 e LINE/FIELD = 625/50
e f, = 20.475kHz e f, = 15.625kHz e f, = 15625kHz
"v = 50 Hz "v = 50 Hz o f, = 50Hz _J
\i
¢ BANDWIDTH = 10 MHz e fop = 4.40625 MHz o fo = (284-1/4)f,+
= 2821, e
o FRANCE
. MH LINEAR OR -
S T T AT fos - 27;'25000 z . OR NON-LINEAR
- ALTERNATE
e USED TO TEST EARLY " C GAEELTE
SECAM * BANDWIDTH =  60MHz e Y +U” REFERENCE PHASE
SOUND = 65 AM
o BECOMING EXTINCT ¢ MHz(AM)| | ussR
e FRANCE {Not broadcast at present)
e USSR

Fig. 21. CCIR designation for SECAM system —summary.
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NTSC PAL SECAM
TV SYSTEM M G, I L
FIELD RATE (f, Hz) 59.94 50 50
TV LINES 525 625 625
LINE RATE (f,, kHz) 15.734 15.625 15.625
LUMA BANDWIDTH (MHz) 4.2 (5.0) (5.5) 6.0
SOUND (MHz) 45 (F3) (5.5) (6.0) (F3) 6.5 (A3)
VERTICAL INTERLACE 21 2:1 2:1
GAMMA 22 2.8 2.8
WHITE ILL. ¢~ D6500 D6500

(D6500)

Fig. 22. General system technical summary—Part I.

sions of PAL also occupy greater channel widths
(though less than SECAM signal) and vary in
vestigial sideband width as well as color and
luminance bandwidths. NTSC is the only system
to incorporate the I, Q color acuity bandwidth
variation. PAL minimizes the color quadrature
phase distortion effects by line-to-line averaging,
and SECAM avoids this problem by only trans-
mitting the color components sequentially at a
line-by-line rate.

Figs. 19 through 24 summarize, in ‘‘organiza-
tion chart’” form, the CCIR designations for
NTSC, PAL, and SECAM basic system iden-
tifications and characteristics. In Fig. 19,
M(NTSC) identified the system used in the United
States, Canada, Japan, Mexico, the Philippines
and several other Central American and Carib-
bean area countries. The N systern may be im-
plemented in color either in the NTSC or the PAL

NTSC
COLOR SUBCARRIER 3.579545
{MHz)
455
fsc MULTIPLE OF f,, -
CHROMA ENCODING PHASE & AMP.
QUAD. MOD.

COLOR DIFFERENCE

I, Q,
SIGNALS (1.3 MHz) (0.6 MHz)

COLOR BURST PHASE -(B-Y)

COLOR SWITCH IDENT. NOT REQUIRED

ADDITIONAL SIGNALS NONE

format. At present, many Latin American coun-
tries are in the process of adopting one or the
other version of this approach.6 Fig. 20 provides
a summary of the PAL systems. PAL systems
in one or another of the 625-line formats are
predominately used in Continental Europe, the
United Kingdom, some African countries, and
China. An ““M” (525-line) version of PAL has
been in use in Brazil.

Fig. 21 summarizes the SECAM III system,
which is in use primarily in France and the USSR.
The SECAM IV system, as a proposal,! almost
gained favor in 1966 as a universal European ap-
proach but to the authors’ knowledge has never
been used for normal broadcasting. The E system,
mentioned in connection with early SECAM tests
in France, is limited to monochrome broadcasts
and is slowly becoming extinct even in this
application.

PAL SECAM
4.433618 4.250000 = f, g
4.406500 = f,
f
$H+% 272 1y = fog
2821, = foq
PHASE & AMP. FREQUENCY MODULATION
QUAD. MOD. (LINE SEQUENTIAL)
(LINE ALTERNATION)
UtV Dy (for) (> 1.0 MH2)

{1.3MHz) {1.3 Mhz) DB (fOB) > 1.0 MHz)

Uand+V for AND fog 180° PHASE
SWITCH EVERY 3rd LINE
AND EVERY FIELD

9 LINES OF Dg AND Dg
DURING VERTICAL
INTERVAL

SWINGING BURST
+ 45°

“MEANDER"” GATE

sz twiar otz
fH/2

Fig. 23. Chrominance encoding systems comparison—Part Il.
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Fig. 22 (Systems Comparison Summary—Part
I) provides a ‘‘summary-at-a-glance’’ of the ma-
jor color television system general characteristics
as presently practiced, whether it be monochrome
only or including the addition of chrominance in-
formation. Fig. 23 (Part II) characterizes the fun-
damental features relating to the differences be-
tween NTSC, PAL, and SECAM in the critical
areas of color encoding techniques. Similarily,
Fig. 24 (Part II) indicates the color encoding line-
by-line color sequence operation for the three
systems.

The information conveyed in these last seven
charts (Fig. 18-24) highlights the technical
equalities and differences among the systems and
attempts to show some kind of order as an aid
to understanding the existing worldwide situation.
It serves as well to point out the difficulties of
entertaining the notion of a ‘‘universal’’ system.”

Comments on International
Exchange of Images

The international exchange of images in broad-
cast television in the face of the variety of stan-
dards is difficult. It should be remembered that
all TV systems, both monochrome and color, can
be operated from movie film. Special television
camera chains have been developed and manufac-
tured that are capable of operating at 655-lines
and 48-field rate—the field rate purposely being
made to be compatible with the 24-frame rate mo-
tion picture standards.

It is comparatively straightforward to exchange
television program material by tape, microwave,
or satellite between areas employing the same
scanning rates: the video bandwidths are, of
course, not equivalent but the differences do not
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result in major image degradation. Electronic
standards converters have been developed and
used for converting between 50-fields/s and 60
fields/s systems.

The direct exchange of color television pro-
grams between the three major systems is ob-
viously more complex. Special transcoding
systems have been developed to translate color
subcarrier frequencies between similar color
systems having different scanning rates. More
complex transcoders are possible which translate
from one color technique to another, although
always at the cost of some degradation of resolu-
tion or reduction of performance. Even simul-
taneous translation between different scanning
rates and different color systems, such as between
525-line NTSC and 625-line PAL, has been ac-
complished.

As previously stated, the advent of satellite
worldwide television relay, coupled with recent
advances in digital processing of television signals,
has given new importance to standards conver-
sion relative to the exchange of program material
on an international basis. Thus, the intent of this
worldwide color systems standards review is to
highlight the similarities as well as the major dif-
ferences for those who desire an overview of the
related television concepts and standards. A
thorough understanding of those concepts and
standards by many people is essential if effective
international exchange of programming is to
grow.
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Fig. 24. Line-to-line chroma signal sequence comparison—Part lll.
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Using Operational Amplifiers

in Broadcasting

William B. Sacks
President,

Straight Wire Audio, Inc.
Arlington, Virginia

This chapter is a brief, practical guide for the
broadcast engineer in the use of operational
amplifiers, or ‘“‘opamps’’. Understanding the
opamp, which has been the fundamental building
block of broadcast audio equipment since the
mid-1970s, provides a basic understanding of how
most analog audio equipment in a modern broad-
cast facility operates.

The operational amplifier concept is essentially
one of a truly universal amplifier, shown sche-
matically as a triangle with a differential input
and single-ended output, whose operational char-
acteristics are determined soley by feedback pro-
vided by external components. The original op-
amps were developed as universal computational
blocks for use in analog computers and per-
formed many functions including addition, sub-
traction, inversion, differentiation, and inte-
gration. These first opamps were built with
vacuum tubes so that reliability and stability were
not very good. Integrated circuit opamps first
appeared commercially in the 1960’s at which
time the concept of a universally insertable, stan-
dardized amplifier for computational blocks had
already evolved. The ideal characteristics of these
standardized amplifiers were and are:

Infinite gain;
Infinite bandwidth (dc to daylight);

Perfectly balanced differential input with infinite
common mode rejection;

Infinite input impedance (zero input current);

Zero output impedance, a true voltage source
with infinite output current capability;

Zero dc offset;
Low cost.

The ideal characteristics described above are
not available in the real world; but technology
continues to improve and sometimes the devia-
tion from the ideal becomes almost inconsequen-
tial. This is true for certain low noise and low
offset input stages and certain high current out-
put stages. Unfortunately the average piece of
broadcast equipment is not constructed with these
enhanced opamps.

Lack of adequate open loop gain bandwidth
and excessive loading of output stages are com-
mon problems in broadcast equipment made with
opamps. The earliest broadcast equipment built
with opamps has to be upgraded to keep the
facility competitive. By carefully following the
recommendations in this chapter, older broadcast
equipment can be made to sound competitive
with, if not better than, some new broadcast
equipment.

The opamps commonly encountered in broad-
cast equipment are monolithic integrated circuits
(ICs), although some are hybrids. There are also
some made with discreet components, such as the
JE 990, and various potted opamps from com-
panies such as Datatronics (API), Modular Audio
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Fig. 1. Standard “741” pin connections.

Products, and Melcor (no longer produced).
These discreet component modules, for the most
part, have better input noise figures and lower
output impedances than monolithic ICs. Many
times broadcast products are built with monolithic
opamps supporting a discreet output stage, which
is considered to be part of the opamp triangle
even though it is not shown that way on the
schematic. It is also common to have a discreet
low noise input stage (also considered to be part
of the triangle), either FET or bipolar, to improve
the noise performance of a monolithic (IC) op-
amp.

These low noise differential input stages should
also be considered as part of the triangle unless
they are very special open-loop differential input
stages used for esoteric applications. Unless the
input stage is this kind of open loop front end
or, the circuit is designed as an oscillator, the
feedback will appear only on the inverting input.

Monolithic opamps have become somewhat
standardized in terms of their pin connections.
The most common arrangement for single opamp
devices is known as the ‘‘741 pinout’’ shown in
Fig. 1.

Our illustrations will use this pinout for con-
venience. The unity gain noninverting voltage
follower shown in Fig. 2 is the simplest opamp
configuration in terms of component count.
Ryias provides the reference operating voltage for
the stage, bias current to the input transistor of

INPUT
+O

h

+ OUTPUT

=

Fig. 2. The simplest opamp configuration
is the noninverting voltage follower.

RBIAS -

the opamp, and sets the input impedance of the
stage, since it is in parallel with the noninverting
input which, in this configuration, has a theoret-
ically infinite input impedance. There is a direct
connection without attenuation from the output
to the inverting input which provides 100% neg-
ative feedback, forcing the output voltage to
follow the input voltage exactly. This configura-
tion is useful as an impedance buffer since the
input impedance is infinite (actually, the normally
high value of Ry;,,) and output impedance is
theoretically zero and is in actual practice a very
low value.

A non-inverting amplifier with gain is shown
in Fig. 3. The stage voltage gain is set by the ratio
of Ry plus Ry, divided by R,;,. This formula
assumes that the open loop voltage gain of the
opamp is more than the voltage gain called for
by the divider, as do all of the formulas for gain.
The input and output impedance characteristics
and value of Ry;,; are essentially the same as the
noninverting voltage follower configuration.

INPUT

+0 + OUTPUT

o

b VAYAY
RFB
RIN

Fig. 3. This noninverting amplifier has
voltage gain which is determined by the input
and feedhack resistor values.

Reas |*
INPUT
RIN
+ Oj
A%

RFB

OUTPUT

-

Fig. 4. The output of this amplifier
is inverted. Source impedance affects
gain as a component of Ry,.
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The inverting amplifier is shown in Fig. 4. The
gain of this stage is the feedback resistor divided
by the input resistor. This gain formula assumes
a zero source impedance signal driving the cir-
cuit. Any output series resistance of the driving
stage must be added to the value of R;, when
calculating amplifier gain. Feeding this circuit
directly with a reactive source such as a trans-
former, dynamic microphone, tape head, or
phono cartridge will cause frequency response er-
rors because the source output resistance changes
with frequency. The stage’s input impedance is
approximately equal to the input resistor, since
the inverting input with feedback applied is a
““virtual ground.”’ It is called a “‘virtual ground”’
because all the signal currents in the circuit meet
here to produce zero (or very close to zero) signal
voltage. This is also referred to as the ‘“‘summing
point.”” The actual impedance of this virtual
ground is the feedback resistor divided by the
product of the open-loop gain (which varies with
frequency) and the closed loop gain.

Notice that, once again, the noninverting in-
put is connected to ground through Ry;,,, which
in this configuration, has no effect on the voltage
gain of the stage. The value of R;;,, should be
the parallel resistance of R;, and Ry, in order to
minimize undesirable dc shifts on the output
caused by input offset. Many times in broadcast
audio equipment applications where dc parameters
are not critical, Ry;,, is omitted and the nonin-
verting input is brought directly to ground.
Sometimes Ry;,; will have a capacitor in parallel
with it. This is to shunt the small amount of ac
noise generated in the resistor to ground. With-
out the capacitor, this resistor’s ac noise would
be amplified along with the desired signal. This
problem is particularly troublesome in high im-
pedance circuits.

The most basic differential input opamp con-
figuration is shown in Fig. 5. This circuit appears
in a wide variety of broadcast equipment mis-
named ‘‘active balanced input”’. It is a differen-
tial input, but it is not balanced to ground. The
input impedance of the MINUS input is the value
of R1 (plus the actual summing point impedance,
see the description of the inverting amplifier,
above). The input impedance of the PLUS input
is R1 plus R2. This circuit therefore creates a
longitudinal imbalance to any line across which
it is placed. The voltage gain of the circuit is equal
to the ratio of R2 divided by R1. Rl must match
R1’ as closely as possible and, similarly, R2 must
match R2’. The degree of matching of these
resistors is the primary determinant of common
mode rejection ratio (CMRR). Allowing one per-
cent deviation in the value of these resistors could
result in a common mode rejection ratio of only
40 dB. One tenth of 1% deviation in resistor value
matching provides a common mode rejection
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Fig. 5. This basic differential input amplifier
is often mislabeled as “balanced.”

ratio of 60 dB. As in the above circuit, these
figures are based on the assumption that the cir-
cuit is fed by a perfectly balanced source ex-
hibiting a very low output impedance. For this
reason this circuit should not be used to bridge
outside circuits coming into the broadcast facili-
ty such as telephone lines. It is, however, an ideal
alternative to unbalanced wiring within a control
room where there are relatively short intercon-
nections and known driving sources.

The circuit in Fig. 6 is known as an instrumen-
tation amplifier with a cross-coupled differential
preamplifier which has a true electronically
balanced input. It is a logical progression of the
basic differential input amplifier in Fig. 5. The
input impedance is fully symmetrical to ground
and is set by the values of Ry;,s and Ry;,s” which
is matched to Ry;,’. Their matching determines
the symmetry of the input. The circuit common
mode rejection is not affected by minor
longitudinal imbalances of the line feeding it
because of the impedance buffering action of Ul

EU" OUTPUT

RF

Fig. 6. In this configuration, the differential
inputs are balanced and cross-coupled.



7.2-72

Section 7: Special Systems

and U2. The circuit around U3 is identical in
operation to Fig. 5 but since it is fed directly from
the outputs of Ul and U2, common mode rejec-
tion characteristics are controlled, making the use
of a laser trimmed resistor network a practical
means of optimizing common mode rejection.
The differential gain of the first stage is R;, plus
2Ry divided by R;,, but the common mode gain
of this stage remains unity for all values of dif-
ferential gain. This characteristic of cross coup-
ling the summing points with a single input re-
sistor using opposite summing points as returns,
combines synergistically with the impedance buf-
fering characteristics of the two opamps in front
of the differential amplifier to provide levels of
common mode rejection ratio beyond what can
be offered with transformers (until input overload
occurs). Another advantage of this configuration
for broadcast audio applications is that the in-
put impedance of the stage is set by the value
of R bias because both inputs are noninverting
opamps with a theoretical input impedance of in-
finity. A very high impedance, absolutely bal-
anced bridging circuit can be achieved using this
technique, allowing many inputs to be simultan-
eously connected to the same low impedance
balanced program line without loading or disturb-
ing the balance of the line. The line noise will
remain low assuming a near zero source imped-
ance of an active differential drive. Please note
that the traditional 600 ohm line impedance
power transmission system can be interfaced with
these circuits if required. The system that we are
describing here is known as a Voltage Transmis-
sion System and has better noise immunity that
the traditional 600 ohm power transmission
system. The Voltage Transmission System with
its low source impedances and high input im-
pedances is capable of extremely large fanouts,
i.e. a considerable number of equipment inputs
can be driven with one program source without

INPUT OUTPUT

U2
RouTtPuUT

U3
R'outPUT

RF

Fig. 7. ideal differential output stage.

loading considerations. Maintaining ground sym-
metry (balance) is the most important considera-
tion in a Voltage Transmission System and the
cross-coupled input preamplifier differential con-
figuration (the three opamp instrumentation am-
plifier described above) is an essential element in
building large systems. The simple differential in-
put consisting of a single opamp and four
resistors is adequate for smaller systems with just
a few inputs connected to each output and short,
predictable cable runs.

The circuit shown in Fig. 7 is an optimal driver
for the balanced line system described above. Ul
provides an unbalanced input with high im-
pedance (set by Ry;,) and provides impedance
buffering for U3 and input bias for U2. Ul can
also be configured as a gain stage by adding the
appropriate feedback divider network. Opamp U2
is a noninverting unity gain buffer with an out-
put source impedance of Ryypy. U3 is con-
figured as a unity gain inverting amplifier, R;,
equals R;. The output source impedance of U3
is determined by R,ypu. The differential output
impedance is twice the value of Roypu- Rourput
should be closely matched to Ryy,y for best
line balance. The value of Ry, is chosen to be
the minimum amount necessary to isolate the out-
put stage of the opamp from the reactive effects
of the line. A good practical value for Ry, in
a typical broadcast plant when using opamps such
as 5534s into 22 AWG twisted shielded pairs is
approximately 60 ohms, producing a differential
source impedance of 120 ohms. This value as-
sumes terminations with cross-coupled differen-
tial amplifiers such as Fig. 6 with R bias values
10k ohms or higher and no 600 ohm terminations
across the line. When the output impedance of
the driving stage is known to be low, a more prac-
tical and commonly found implementation of Fig.
7 is shown in Fig. 8. Ul is a unity gain nonin-
verting amplifier and U2 is a unity gain inverting
amplifier.

LOw Z
OUTPUT OUTPUT
INPUT
—_ RouTtpPuT
+
R’'ouTPUT

RiN

RF
Fig. 8. Practical differential output stage.
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Fig. 9. High pass filter, single pole.

ACTIVE FILTERS
AND EQUALIZERS

Another common use of opamps in broadcast
equipment is shaping program frequency
response, phase delay or both. The IC opamp,
with its small package, low price, good availabili-
ty, and simple operating rules, has made the
realization of very complex active networks a
practical reality. The high input impedance and
low output impedance of the opamp make it ideal
for assisting in virtually every filter application,
from being an impedance buffer stage to simu-
lating the energy storage characteristics of bulky
inductors. Fig. 9 illustrates the most basic opamp
filter application as an impedance buffer. The
high pass filter configuration consisting of C and
R will exhibit the ideal charateristics of the for-
mula shown without loading interaction caused
by the next stage’s input impedance.

R1 VR4 R'q

NS
BOOST = j— CUT

MAX BOOST OR CUT
Rz2||VRy

Ri[|R2

1

| S —
2mR2 Cy
BASS R2 = R'2 Ry= R’y

R2 = 10-R1 VR4 = 5-R2
FOR 20 dB BOOST OR CUT

Fig. 11A. Shelf-type tone control: bass.
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C1 C2
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O—J Ry ITO
R2
1
Fe

~ 2nCy (Ry-Ro)%
C1 =C2, R2 = 5:Rq

Fig. 10. High pass filter, two pole.

Fig. 10 illustrates a second order high pass filter
which is realized without the use of inductors.
The opamp serves not only as a buffer but
simulates the energy storage of the inductive ele-
ment. Its resonant frequency calculation is shown
with the illustration. Transposing the R and C
elements produces a low pass filter. Basic shelf-
type tone controls with a 20 dB boost or cut are
shown in Fig. 11. The circuits in Fig. 12 illustrate
the manipulation of phase without affecting fre-
quency response. This configuration is also
known as a first order (or single pole) all-pass
filter. Multiple pole all-pass filters are sometimes
referred to in the broadcast plant as phase
scramblers and are used to process an audio signal

1

F= ——
2mR1 Cy
Ry = R’y
R2 = R'2
FOR 20 dB VR = 5-Ra
BOOST OR CUT{| R2 = 10-R4
Rz| | VR4
MAX BOOST OR CUT = —F———
R1| |R2

Fig. 11B. Shelf-type tone control: treble control.
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Fig. 12. All pass filters, single pole.

so that the peaks are symmetrical about the base
line of the signal. The first phase-scrambler
packaged for use in broadcast plants was the
Kahn Symmetra Peak introduced in the 1960s.
The Symmetra Peak is a multi-pole passive all
pass filter.

A full discussion of active filter techniques is
beyond the scope of this chapter. Please see sug-
gested readings below.

IMPROVING OLDER EQUIPMENT

Broadcast equipment produced with the first
generation of monolithic opamps sounds inferior
to the last commercial generation of vacuum tube
broadcast equipment. As of this writing some
manufacturers are still using first generation
monolithic opamps, but this equipment can be
upgraded by the broadcast engineer in the field
for relatively low cost. Monolithic opamps have,
for the most part, maintained the basic pinouts
of earlier generations. The most common single-
circuit-per-package 8 pin mini-DIP pinout is
known in the industry as the 741 pinout. Some
of the more common first generation device
numbers in this single package genre which ex-
hibit poor performance and should be replaced
are 741, 301, 310, MC1456, CA3140, and OP-01.
An exception to this replacement rule is the
318/518 opamp which is still considered an ex-
cellent device by today’s standards.

The 741 pinout is usually followed for round
can packages, sometimes referred to with a *“T”’
suffix in the part number. All of these devices
employ Pin 3 for the noninverting input, Pin 2
for the inverting input, and Pin 6 for the output.
The power supply connections are positive to Pin
7 and negative to Pin 4. There is some variation

in dc offset adjustment and frequency compen-
sation techniques. Many broadcast audio circuits
will use opamps without external frequency com-
pensation or dc offset nulling, so that the devices
listed below can generally be inserted without any
circuit changes (other than the occassional re-
quirement of additional high frequency bypass
capacitors at the appropriate IC pins should the
original circuit be deficient in this area). Caution
should be taken and manufacturer’s specification
sheets should be consulted before replacing any
operational amplifier IC in a circuit which has
frequency compensation or an offset nulling
potentiometer.

Two general types of plug-in replacements are
available for the 741 pinout devices. Circuits
which require low bias current, i.e. operate with
a high impedance input circuit, and are driving
a load which is greater than 2,000 ohms benefit
from the use of commonly available BiFET (Field
Effect Transistor input stage with a Bi-polar out-
put stage) devices such as the TLO71, TLO&8I,
or LF351. These BiFET devices are inexpensive,
have high slew rates, and are audibly superior to
the opamps they are replacing, but have poor dc
performance and are relatively noisy (high 1/F
noise figures). The LF411 and AD611 types are
more costly but offer much improved dc perfor-
mance when this parameter is important. When
optimum noise performance and the ability to
drive low impedance loads are requirements, the
NES5534 bipolar input devices are the best choice.
For best stability, the 5534 must be compensated
with a 22 pF capacitor between Pins 8 and 5 when
the circuit has an ac voltage gain of less than 3
(10 dB). Ceramic capacitors are not recommended
for audio applications. Some other high perfor-
mance bipolar input devices include the OP27,
OP37, and the ADS518.



Chapter 2: Using Operational Amplifiers in Broadcasting

Replacing single package dual opamp devices
listed below on a pin for pin basis is much easier
than the single opamp per package devices
because compensation and offset pins are not
available in these packages. The original dual 8
pin minidip packaged devices are the MC1458,
MC4558, and CA3240. The pinout for this fami-
ly is: first amplifier—noninverting input Pin 3,
inverting input Pin 2, first amplifier output Pin
1. Second amplifier - noninverting input Pin §,
inverting input Pin 6, second amplifier output pin
7. Power supply connections are positive on Pin
8, negative to Pin 4. Some of the dual BiFET
replacements are TLO72, TLO82, and LF353.

There are two standard pinouts for quad
opamps in a 14 pin package. All 14 pin quads
are internally compensated. Some early quad
devices with the same pinout are the HA4741,
HA4605, and the OP11. The positive supply is
Pin 4, the negative supply (sometimes ground)
is Pin 11. The first opamp uses Pin 2 for its in-
verting input, Pin 3 for the noninverting input,
and Pin 1 as its output. The second opamp uses
Pin 6 for its inverting input, Pin 5 for its
noninverting input, and Pin 7 for its output. The
third opamp uses Pin 9 for its inverting input,
Pin 10 for its noninverting input and pin 8 for
its output. The fourth opamp in this package has
its inverting input appearing on Pin 13, its
noninverting input on Pin 12, and its output on
Pin 14. To improve the performance of earlier
equipment, these quads can be pin for pin re-
placed with the TL074 and LF347 BiFET
opamps. The other popular quad pinout is known
as the 4136 pinout which can be directly replaced
by the TLO75 quad BiFET. The 4136 pinout is
as follows: the first opamp’s inverting input is
Pin 1, its noninverting input is Pin 2, and its out-
put is Pin 3. The second opamp uses Pin 6 for
its inverting input, Pin 5 for its noninverting in-
put and Pin 4 for its output. The third opamp
employs Pin 8 for its inverting input, Pin 9 as
its noninverting input, and Pin 10 for the out-
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put. The inverting input of the fourth opamp is
connected to Pin 14, Pin 13 is the noninverting
input and the output of the fourth opamp ap-
pears on Pin 12. The positive supply is applied
to Pin 11 and the negative supply (sometimes
ground) is connected to Pin 7.

It is also a good idea to install sockets when
changing opamps, if no socket was in the original
equipment. This brief treatment of opamps
should give you a base to work from. Some ad-
ditional reading material is referenced below for
those interested in further pursuing the subject.

SELECTED BIBLIOGRAPHY
ON OP AMPS

1. IC Op-Amp Cookbook by Walter Jung,
Howard Sams & Co., Second Edition, 1980,
down-to-earth and practical paperback.

2. Linear Integrated Circuit Applications by
George B. Clayton, The Macmillan Press Ltd.,
London, 1975.

3. Modern Operational Circuit Design, by J. 1.
Smith, John Wiley & Sons, Inc., 1971.

4. Nonlinear Circuits Handbook, edited by D.
H. Sheingold. 1976. Analog Devices, Box 796,
Norwood, MA 02062.

5. Operational Amplifiers and Linear IC’s, by
R. F. Coughlin and F. F. Driscoll, Prentice-
Hall, Second Edition, 1982, Practical text-
book.

6. Operational Amplifiers, Theory and Practice,
by J. K. Roberge, J. Wiley & Sons, 1975.
Authoritative book on op amp principles and
circuitry; contains extensive material on com-
pensation to optimize dynamic performance.

7. Transducer Interfacing Handbook, edited by
D. H. Sheingold. 1980. Analog Devices, Box
796, Norwood, MA 02062.
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AC Power Systems

Jerry Whitaker

Editor

Broadcast Engineering Magazine
Overland Park, Kansas

We all take the utility company power system
for granted. If you want ac service, you just call
the local office and order a power drop. You ex-
pect the utility company lines to be operating all
day, every day. But how is this intricate ac power
system designed? How is it interfaced to user
equipment? What problems can it present to
broadcasters?

An understanding of the answers to these ques-
tions is important to proper planning of a broad-
cast facility. Like any other area of engineering,
the first requirement in system planning is an un-
derstanding of the basic principles involved.

THE UTILITY POWER SYSTEM

The details of power distribution in the United
States vary from one utility company to another,
but the basics are the same. See Fig. 1.

Power from a generating station or distribu-
tion grid comes into an area substation at 115
kV or higher. The substation will deliver output
voltages around 60 kV to subtransmission circuits
which feed distribution substations. These substa-
tions convert the energy to approximately 12 kV
and provide voltage regulation and switching ar-
rangements that permit ‘‘patching around” a
problem. The 12 kV lines power the pole- and
surface-mounted transformers, which supply vari-

ous voltages (generally 208-240 V 3 phase) to the
individual loads.

Fuses and circuit breakers are included at a
number of points in the 12 kV distribution system
to minimize fault-caused interruptions of service.
Ground-fault interrupters are also included at
various points in the 12 kV system to open the
circuit if excessive ground currents begin to flow
on the monitored line. In addition, reclosers may
be included as part of overcurrent protection of
the 12 kV lines. They will open the circuit if ex-
cessive currents are detected, and re-close after
a preset length of time. The recloser will perform
this trip off-reset action several times before be-
ing locked out.

In some areas, the actions of circuit breakers,
pole-mounted switched and reclosers are con-
trolled by two-way radio systems that allow status
interrogation and switching of the remotely-
located devices from a control center. Some
utilities use this method sparingly, others make
extensive use of it.

Depending on the geographic location, vary-
ing levels of lightning protection are included as
part of the ac power system design. Most service
drop transformers (12 kV to 208 V) have integral
lightning arresters. In areas of severe lightning
activity, a ground wire will be strung between the
top insulators of each pole, thus attracting light-
ning to the grounding wire, and away from the
hot leads.
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Fig. 1. A simplified block diagram of a basic utility company power distribution
system. The devices shown as fuses could be circuit breakers or reclosers, which
function as automatic-resetting circuit breakers. All circuits shown are three phase.
The capacitors perform power factor correction duty.

Power Factor

Capacitor banks are placed at various locations
in the 12 kV distribution system. The number of
banks and where they are located in the system
is determined by the load distribution and power
Jactor of the circuit. The capacitors will improve
the short-term line voltage regulation (in the
millisecond range) and reduce transient activity
on the line. Spikes are reduced because the capa-
citors will present a high impedance to the 60 Hz
line voltage frequency, but a low impedance to
a high frequency transient. The capacitors are
placed on the line in order to keep the power fac-
tor as close to unity (100%) as possible. Tran-
sient suppression is simply a by-product.

Power Factor (PF) is defined as the ratio of
true power to apparent power. It is generally ex-
pressed in percent. Reactive loads (inductive or
capacitive) act on power systems to shift the cur-
rent out of phase with the voltage, and the cosine
of the resulting angle between the current and
voltage is the power factor. A utility line that is
looking into an inductive load (which is most
often the case) is said to have a lagging power
Jactor, while a line feeding a capacitive load has
a leading power factor. Fig. 2 illustrates the con-
cept.

A poor power factor will result in excessive
losses along utility company feeder lines because
more current is required to supply a particular
load with a low power factor than would be de-
manded if the load had a power factor close to
100%.

For example, a motor requiring 5 kW from the
line is connected to the utility service entrance.
If the motor has a power factor of 86%, the ac-
tual amount of power demanded by the load will
be 5 kW divided by 86%, or better than 5,800
watts. 5 kW is the true power, 5.8 kW is the ap-
parent power. The same amount of work is be-
ing done by the motor, but the closer the power
factor is to unity, the more efficient the system
will be.

kW (true power)

kVAR (reactive power)

kVA (apparent power) —J

cose=_*W = pF
KVA

SINg = KVAR
KVA

8 = the phase angle, a measure of the nat amount of inductive reactance in the
circuit.

kw = the true power that performs the “real work" done by the electrical circuit
{measured In kliowatts).

kVA = the apparent power drawn by a reactive load (measured in kilowatts).

KVAR = the kilovolt ti of an circuit. The kVAR

component (aiso known a3 the phantom power) provides the magnetizing force
y for of loads.

Fig. 2. The mathematical relationships of an
inductive circuit as they apply to power factor (PF)
measurements. Reducing the KVAR component of
the circuit causes 6 to diminish, improving the PF.
When KW is equal to KVA the phase angle is zero

and the power factor is unity (100%).



Chapter 3: AC Power Systems

7.3-79

In an effort to keep the power factor as close
to 100% as possible, utility companies place
capacitor banks at various locations in the 12 kV
distribution system, thereby offsetting the induc-
tive loading (lagging power factor) of most user
equipment. The idea is to create an equal amount
of leading PF in the system to match the load’s
lagging PF. When a balance is made, the power
factor is unity.

In practice this is seldom attainable, since loads
are switched on and off at random times, but
utilities routinely (through much effort) maintain
a power factor of approximately 99%. To accom-
plish this, capacitor banks are switched in and
out of the system automatically to compensate
for changing load conditions. The actual power
factor of a particular system is determined by a
complicated series of steps that involves measur-
ing line parameters and correlating them with
various charts and look-up tables.

Utility Company Interfacing

Most utility company connections in this coun-
try are the standard Delta-Wye type, as illustrated
in Fig. 3. The transformer is usually connected
with the Delta side facing the high voltage and
the Wye side facing the load. This type of con-
figuration provides good isolation of the load
from the utility and retards somewhat the trans-
mission of transients from the primary to the
secondary. The individual three phase loads are

TO UTILITY SYSTEM

denoted by Z-1, Z-2, and Z-3. They carry load
currents as shown.

Some utility connections, on the other hand,
use the Open-Delta arrangement shown in Fig.
4. Problems are often encountered when operat-
ing a sensitive three phase load from such a
connection because of the system’s poor voltage
regulation characteristics under varying load con-
ditions. The Open-Delta configuration is also sub-
ject to high third harmonic content and transient
propagation. The three loads and their respec-
tive load currents are shown in the diagram.

Several other primary power connection ar-
rangements are possible, such as Wye-to-Wye or
Delta-to-Delta, and like the Delta-to-Wye confi-
guration, they are not susceptible to the prob-
lems that can be experienced with the Open-Delta
(or V-V) service.

The Open-Delta system can develop a consid-
erable imbalance between the individual phases
in either voltage or phase or both. Such an oc-
currence can introduce a strong 120 Hz ripple fre-
quency in three phase power supplies, which are
designed to filter out a 360 Hz ripple. The ef-
fects of this imbalance can be increased output
noise from the supply, overheating of transfor-
mers, and possible damage to protection devices
across power supply chokes.

Depending on the loading of an Open-Delta
transformer arrangement, high third harmonic
energy can be transferred to the load, producing
transients (of up to 300% of the normal voltage)

TO CUSTOMER

Z-1 CARRYING
LOAD CURRENT
1
LEG1 O~ !
)
LEG-2
, SECONDARY
, L
NEUTRAL 7.2
LEG-3 CARRYING
LOAD
PRIMARY / S URRENT
'2
/ __,—
/
!
Z-3 CARRYING

LOAD CURRENT

Fig. 3. The Delta-Wye transformer configuration for utility company power
distribution. This common type of service connection transformer provides good
isolation of the load from the 12KV distribution system line.
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Fig. 4. The Open-Delta (or V-V) utility company service connection transformer. Use
of this configuration is not recommended due to the tendency of the design to
provide poor voltage reguiation, high third harmonic
content and transient disturbance propagation.

which severely strain rectifiers, capacitors and in-
ductors in the power supply, as well as adding
to the supply’s output noise.

The phase-to-phase voltage balance of a utili-
ty company line is important to a broadcast facili-
ty not only because of the increased power sup-
ply ripple it may cause, but also because of the
heating effects that may result. Even simple
3-phase devices such as motors should be oper-
ated from a power line that is well balanced (pre-
ferably within 1%). Studies have shown that a
line imbalance of just 3.5% can produce a 25%
increase in the heat generated by a 3-phase motor.
A 5% imbalance can cause a potentially destruc-
tive temperature increase of 50% above normal.
Similar heating can also be observed in the wind-
ings of a 3-phase power transformers used in
broadcast equipment.

Phase-to-phase voltage balance can be ac-
curately measured over a period of several days
with a slow-speed chart recorder. The causes of
imbalanced operation are generally large single-
phase power users on the 12 kV distribution line.
Uneven currents through the utility company
power distribution system will result in uneven
line-to-line voltages at the customer’s service drop
entrance.

It is important when using a Wye-connected
system that the building neutral lead be tied to
the mid-point of the transformer windings, as
shown in Fig. 3. The neutral line provides a path
for the removal of any harmonic currents that
may be generated in the system due to rectifica-
tion of the secondary voltages.

AC Line Disturbances

The ac power line into a broadcast plant is the
lifeblood of any operation. It is also, however,
a frequent source of equipment malfunctions and
component failures. The utility company ac feed
contains not only the 60 Hz power needed to run
the facility, but also a variety of voltage sags,
surges and transients. These abnormalities cause
different problems for different types of equip-
ment.

An ac voltage sag is generally defined as a
decrease of 10-35% below the normal line voltage
for a period of 16 milliseconds to 30 seconds. A
surge, on the other hand, is a voltage increase
of 10-35% above normal lasting 16 millisecond
to 30 seconds. See Fig. 5. Sags and surges may
occasionally result in operational problems for
the equipment on-line, but generally automatic
protection (or correction) circuits will take ap-
propriate actions to ensure there is no equipment
damage. Transients, however, are not so easily
identified or eliminated. Many devices common-
ly used to correct for sag and surge conditions,
such as ferroresonant transformers or motor-
driven auto transformers, are of limited value in
protecting a load from high energy, fast rise-time
spikes on the ac line.

The Scope of the Problem

Transient suppression is important to broad-
casters because the sensitive, high-speed solid state
equipment in use today can be disrupted, or even
destroyed by random short-duration spikes riding
on the ac waveform. If not attenuated, these brief
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pulses (sometimes only a few microseconds in
duration) can destroy semiconductors, disturb
logic operations or latch-up microcomputer rou-
tines.

Experience in the computer industry has shown
that the vast majority of unexplained problems
resulting in disallowed states of operation are ac-
tually caused by transient overvoltages on the
utility feed. With the increased use of microcom-
puters in broadcasting, this warning cannot be
ignored. The threat to broadcast facilities is com-
pounded by the fact that microcomputers are be-
ing used at critical stages in the transmission
chain, including program automation equipment
and transmitter control systems.

The subject of transient overvoltages has been
extensively studied in the computer industry. A
pioneering effort by the IBM Systems Develop-
ment division in 1974 (conducted by George Allen
and Donald Segall), showed that voltage spikes
lasting between 10 and 100 us in a frequency range
of 10-100 kHz occur on an average of better than
50 times per month in a typical commercial en-
vironment.

Other more recent studies have shown that
power line transients caused by utility company
switching, distribution system faults, large loads
going on- and off-line and lightning, can occur
as often as 900 times per month. These spikes
can reach 2 kV (or more) and last up to 30 milli-
seconds.

Assessing the Threat

Someone once jokingly said that the best tran-
sient eliminator is a transient monitor. Anyone
who has monitored primary power service lines
with an oscilloscope for any length of time would
surely agree with that statement. Recent devel-
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SPIKE

A/\AA
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TRANSIENT DISTURBANCES

TRANSIENT
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4—— (110100 times
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voltage, lasting
up to 15ms)

opments in digital technology, however, have
moved the business of assessing the threat posed
by unprocessed ac from an educated guess to a
fine science.

Sophisticated monitoring equipment can give
the user a complete, detailed look at what is com-
ing in from the power company. Such monitor-
ing devices can provide a wealth of information
on the problems that can be expected when oper-
ating data processing, transmitting or other sen-
sitive electronic equipment from an unprotected
ac line. Typically the power at a facility to be
protected is monitored for a week or more, after
which an assessment is made as to whether ac
processing equipment is needed at the installation.

As a case in point, a recently-completed study
for a San Francisco Bay area company planning
to install a new data processing center graphical-
ly demonstrates the scope of the transient prob-
lem.

The firm wanted to determine the extent of
transient activity that could be expected at the
new site so that an informed decision could be
made on the type of power conditioning needed.
A Dranetz Engineering Laboratories model 606-3
ac line monitor was connected to the 480 V dedi-
cated drop at the new facility for a period of 6
days. During this time the monitor recorded
thousands of spikes, many exceeding 2 kV, on
one or more of the three phase inputs. The tran-
sient recording threshold was 460 V above the
nominal ac voltage level of 480 V, phase-to-phase.

An expert from the report summary states that,
on one particular day, the facility was plagued
by many high-level transient periods, stretching
from 8:30 a.m. until 3:00 p.m. In fact, the tran-
sient counters overflowed on the monitor’s daily
summary printout. The highest voltage recorded
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Fig. 5. Various classifications of power-line disturbances. Voltage sags and surges can garble data and stress
hardware components. Momentary power interruptions can cause a complete loss of volatile memory
and severely stress hardware components, especially if the ac supply is allowed to surge-back
automatically. Transient disturbances can cause a wide variety of operational
problems, from logic errors to complete system failure.
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Fig. 6. A portion of the ac monitor readout from the
San Francisco area power quality study. The first
column indicates on which phase (A, B or C) the
spike occurred. The second column is an actual

readout of the transient (impulse) magnitude in volts.

during this period was 4.08 kV. (This transient
activity occurred, by the way, during periods of
good weather.)

Fig. 6 is part of the printout from this study.
The data covers transients exceeding more than
twice the normal line voltage that occurred within
a period of just 30 seconds. Even though these
transients were very brief in duration, any sen-
sitive equipment connected to the power line
would suffer damage in a very short period of
time.

While this is certainly a worst-case example of
dirty ac, it points up the need for a minimal
amount of spike protection on all incoming power
lines. Studies such as the one detailed here should
not be construed to be an indictment of utility
company engineering standards. Very few power
drops are as bad as the one analyzed in this study.
Further, most transient activity on ac lines is
generated by power customers, not utility com-
panies.

Standards of Measurement

It is difficult to assess the threat posed by tran-
sient disturbances without a guideline on the
nature of spikes in ac power systems. To this end,
a Working Group of the Institute of Electrical
and Electronic Engineers (IEEE) has suggested
two waveforms, one unidirectional and the other
oscillatory, for measurement and testing of tran-
sient suppression components and systems in ac
power circuits with rated voltages of up to 277
V line-to-ground. The guidelines also recommend

specific source impedance or short-circuit current
values for transient analysis.

The voltage and current amplitudes, wave-
shapes and source impedance values suggested in
the IEEE Guide (now ANSI/IEEE Standard
C62.41-1980) are designed to approximate the
vast majority of high-level transient disturbances,
but are not intended to be worst case condi-
tions—a difficult parameter to predict. The tim-
ing of a transient overvoltage with respect to the
power line wave is also an important parameter
in the examination of ac disturbances. Certain
types of semiconductors exhibit failure modes that
are dependent on the position of a transient on
the 60 Hz ac system sine wave.

Fig. 7 shows the ANSI/IEEE representative
waveform for an indoor-type spike (for 120-240
V ac systems). Field measurements, laboratory
observations and theoretical calculations have
shown that the majority of transient disturbances
in low-voltage indoor ac power systems have
oscillatory waveshapes, instead of the unidirec-
tional wave most often thought to represent a
transient overvoltage. The oscillatory nature of
the indoor transient waveform is caused by the
natural resonant frequencies of the ac distribu-
tion system. Studies by the IEEE show that the
oscillatory frequency range of such disturbances
extend from 30 Hz to 100 kHz, and that the wave-
form changes depending upon where in the power
distribution system it is monitored.

The waveform shown in Fig. 7 is the result of
extensive study by the IEEE and other indepen-
dent organizations of various ac power circuits.
The representative waveshape for 120 and 240V
systems is described as ‘‘a 0.5 us-100 kHz ring
wave.”’ This standard indoor spike has a rise time
of 0.5 us and then decays while oscillating at 100
kHz. The amplitude of each peak is approximate-
ly 60% of the preceding peak.

Fig. 8 shows the ANSI/IEEE representative
waveform for an outdoor-type spike. The classic

.
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Fig. 7. The suggested |IEEE indoor-type transient
overvoltage test waveform (0.5 us-100 kHz
ring wave, open-circuit voltage).
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Fig. 8. The unidirectional waveshape for outdoor-type transient overvoltage test analysis based on
ANSI Standard C62.1. Figure (a) shows the open-circuit waveform and
Figure (b) shows the discharge current waveform.

lightning overvoltage pulse has been established as
1.2/5 50 us waveshape for a voltage wave and
a 8/20 us waveshape for a current wave. Accord-
ingly, the ANSI/IEEE standard waveshape is
defined as ““1.2/50 us for the open-circuit voltage
(voltage applied to a high-impedance device), and
8/20 us for the discharge current (current in a
low-impedance device).”’

The outdoor waveshapes, while useful in
analysis of components and systems, are not
meant to represent all transient patterns seen in
low voltage ac circuits. Lightning discharges can
cause oscillations, reflections and other disturb-
ances in the utility company power systems that
can appear at the service drop entrance as decay-
ing oscillations.

Equipment Performance Recommendations

The susceptibility of computer equipment to
failure because of disturbances on the ac power
line was analyzed in a far reaching study con-
ducted between 1968 and 1978 by Lieutenant

Thomas Key of the Naval Facilities Engineering
Command, Washington, D. C. The work identi-
fied three distinct categories of recurring distur-
bances on the utility company power system. See
Table 1. Note that the duration of the distur-
bance, not the magnitude of the voltage, deter-
mines the classification.

The study found that most computer failures
caused by ac line disturbances occurred during
periods of bad weather. In fact, according to a
report on the findings of the study*, the incidence
of thunderstorms in a given area may be used
in predicting future equipment failures.(* The Ef-
fects of Power Disturbances on Computer Opera-
tion, IEEE Industrial and Commercial Power
Systems Conference Paper, delivered in Cincin-
nati, Ohio, June 7, 1978.)

The type of power transmission system used
by the utility company was also found to have
an effect on the number of disturbances observed
on power company lines. For example, an analy-
sis of utility system problems in Washington,

TABLE 1. The three types of power line disturbances identified in the research
by Key, and the characteristics of each classification.

DEFINITION TYPE 1 TYPE 2 TYPE 3
Transient and oscillatory Momentary undervoltage Power outage
overvoltage or overvoltage

CAUSES Lightning, power Power system faults, Power system
network switching. large load changes, faults, unacceptable
operation of other utility company load changes,
loads equipment malfunctions utility equipment

malfunctions

THRESHOLD* |200 to 400% of rated Below 80-85% and Below 80-85% of
RMS volitage or higher above 110% of rated rated RMS voltage
(peak instantaneous RMS voltage
above or below rated
RMS)

DURATION Spikes 0.5 to 200 us From 4 to 60 cycles From 2 to 60 seconds
wide and osciliatory depending on type of if correction is
up to 16.7ms at power system distri- automatic; from
frequencies of 200Hz- bution equipment 15 minutes to 4 hours
5kHz and higher if manual

*The approximate limits beyond which the disturbance is considered to be harmful to the load equipment.
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D.C., Norfolk, Virginia, and Charleston, South
Carolina showed that underground power distri-
bution systems experienced only 5 as many fail-
ures as overhead lines in the same area.

Based on his research, Key developed a voltage
tolerance envelope for computer equipment,
shown in Fig. 9. It is designed as a guide for com-
puter manufacturers in system tolerance design
and in diagnosing power-related equipment
failures.

Other Considerations

Another fault condition associated with the
utility company ac power supply is single-phasing.
This is caused when one or more lines of a multi-
phase system is (are) open. Multi-phase equip-
ment, particularly motors, not protected against
such occurrences will generally overheat, and
sometimes fail.

Unfortunately, the power quality problems af-
fecting many areas of the nation are becoming
worse, not better. Broadcasters cannot depend
upon power suppliers to solve the transient prob-
lems that exist. Utility companies are rarely in-
terested in discussing ac disturbances that are
measured in the microseconds or nanoseconds.
The problem must be solved instead, at the in-
put point of sensitive loads.

Utilities have traditionally checked the quality
of a customer’s service drop by connecting a chart
recorder to the line for a period of several days.

The response time of such recorders, however,
is far too slow to document any transient spike.
Slow-speed analog recorders will only show long-
term surge and sag conditions (as earlier defined),
which can generally be dealt with by the regulated
power supplies or high voltage protection systems
normally used in broadcast equipment.

The degree of protection afforded a radio or
television facility is generally a compromise be-
tween the line abnormalities that will account for
better than 90% of the expected problems, and
the amount of money available to spend on that
protection. Each installation is unique and re-
quires an assessment of the importance of keep-
ing the system up and running at all times, the
threat posed by the utility company feed and the
budget available for protection devices and sys-
tems.

Suppression Devices

The decision on how to proceed with a tran-
sient protection program is not an easy one, but
it is made somewhat less complicated by the
economics involved. Most commonly-available
discrete protection devices can be purchased for
$5.00 to $20.00 each and installed by station per-
sonnel at critical points in the transmission plant.
The alternative method is to purchase a transient
suppressor system designed for connection to the
utility company primary input lines at the pro-
tected facility. The systems approach is certainly
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Fig. 9. The recommended voitage tolerance envelope for computer equipment. This chart is based on
pioneering work done by the Naval Facilities Engineering Command. The study identified how the
magnitude and duration of a transient pulse must be considered in determining the damaging potential of
a spike. The design goals illustrated in the chart are recommendations to computer
manufacturers for implementation in new equipment.
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TABLE 2. The use of ac interface equipment in controlling disturbances on ac power line inputs.
(Based on the research by Key.)

TYPE OF UPS SYSTEM |UPS SYSTEM  |SECONDARY [SECONDARY [MOTOR. SHIELDED SUPPRESSORS,[SOLID-STATE
DISTURBANCE |AND STANDBY SPOT SELECTIVE GENERATOR  |ISOLATION FILTERS, LINE-VOLTAGE
GENERATOR NETWORK' NETWORK? XFMR LIGHTNING REGULATOR
ARRESTERS
# ALL SOURCE |ALL SOURCE  |NONE NONE ALL SOURCE [MOST SOURCE|MOST MOST SOURCE
TRANSIENTS |TRANSIENTS TRANSIENTS |TRANSIENTS {TRANSIENTS [TRANSIENTS
NO LOAD NO LOAD NO LOAD NO LOAD NO LOAD
TRANSIENTS |TRANSIENTS TRANSIENTS |TRANSIENTS TRANSIENTS
#2 ALL ALL NONE MOST MOST NONE NONE SOME.
DEPENDING ON
RESPONSE
TIME
OF SYSTEM
#3 ALL ALL OUTAGES [MOST MOST ONLY NONE NONE ONLY
SHORTER “BROWN- “BROWN-
THAN ouTsS™ ouTS”
BATTERY
SUPPLY
DISCHARGE
TIME
NOTES:
1. Dual power feeder network.
2. A dual power feeder network using a solid-state switch to select which line is fed to the load.

TABLE 3. Approximate costs for various methods of ac power processing.
It should be emphasized that these values are only approximate, and may vary substantially
depending on the installation requirements and vendor chosen.

BASIS OF UPS SYSTEM UPS SYSTEM DUAL POWER MOTOR. SHIELDED SUPPRESSORS, [SOLID-STATE
COMPARISON'  |AND STANDBY FEEDERS GENERATOR ISOLATION FILTERS, LINE-VOLTAGE

GENERATOR XFMR LIGHTNING REGULATOR

ARRESTORS
INSTALLATION  [$1.500 to $1.100 to Instailation $250 to $50 to $1 to $10 $250 to
AND $2,000 $1.500 cost will $400 $150 per kVA $280
EQUIPMENT per kVA per kVA vary greatly per kVA per kVA per kVA
COSTS depending
on site

MAINTENANCE  |$2.000 to $1,100 to NONE Less than NONE NONE Less than
COSTS $4,000 $3,000 $1.000 $1.000

per year per year per year per year
OPERATING 80-85% 80-85% 100% 80-90% Up to 98% 100% 90-98%
EFFICIENCY:
NOTES:
1. A power conditioning system rated for approximately 25kVA is assumed.
2. Efficiency applies to the ac power conditioning equipment only. Losses in environment support systems are not taken into account

the more effective way to prevent damaging tran-
sient overvoltages from entering a broadcast
plant. It is also however, the more expensive way.

The amount of money a broadcaster is willing
to spend on transient protection is generally a
function of how much money is available in the
engineering budget and how much the station has
to lose. An expenditure of $10,000 for transient
protection for a major-market station, where spot
rates can run into the hundreds or thousands of
dollars, is easily justifiable. At small or medium
market stations, however, justification is not so
easy to come by.

Tables 2 and 3 show the various options avail-
able to station engineers to protect sensitive
broadcast equipment from disturbances on the
ac line, and the approximate costs of that pro-
tection. Because each installation is unique, a de-

tailed investigation of the station’s exact needs
should be made before any ac line protection
equipment is purchased.

The high-performance end of transient suppres-
sion equipment available to broadcasters is oc-
cupied by motor-generated units, uninterruptable
power systems and various types of power line
filters.

Motor-Generator Units (MGU)

As the name implies, a motor-generator unit
consists of a motor powered by the ac utility
supply that is mechanically tied to a generator,
which feeds the load. Transients on the utility line
will have no effect on the load when an arrange-
ment such as this is used. Further, the addition
of a flywheel to the motor-to-generator shaft will
provide protection against brief power dips (up
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Fig. 10. The design layout of a typical motor-generator unit. The MGU shown is manufactured by
Computer Power Products, Inc., of Los Angeles. Systems performing similar tunctions are also
manufactured by several other companies.

to 4 second on many models). Fig. 10 shows the
construction of a typical MGU.

Other features available from a motor-
generator unit include output voltage and fre-
quency regulation, ideal sine wave output,
elimination of common-mode and transverse
mode noise, elimination of utility company power
factor correction problems and true 120 degree
phase shift for 3 phase models. The efficiency
of a typical MGU ranges from 65% to 89%, de-
pending on the size of the unit and the load.

Uninterruptable Power Systems (UPS)

Another method guaranteed to eliminate spikes
on utility company power lines is the rectifier-
inverter combination, used in many Uninterrupt-
able Power Systems. As shown in Fig. 11, ac from
the utility is rectified to a given voltage, such as
120 volts dc, across which floats a bank of a bat-
teries connected in series to yield slightly less than
120 volts. This dc power drives a closed-loop in-
verter, which provides voltage and frequency
regulation. The output of the inverter is general-
ly a sine wave, or pseudo sine wave (really a
stepped square wave). If the utility voltage should
drop or disappear, current is drawn from the bat-
teries. When the ac power is restored, the bat-
teries are re-charged.

Many UPS systems incorporated a standby
diesel generator that is started as soon as the utili-
ty company feed is interrupted. With this arrange-

ment, the batteries are called upon to supply the
operating current for only 10 seconds or so, un-
til the generator gets up the speed.

Processing Line Filters

Processing systems for ac power are available
from a number of manufacturers in a variety of
configurations and designs. Some use shunt
elements to clip transient overvoltages, and
others use a series element—in addition to the
shunt—to absorb the transient energy. Another
type of filter commonly found is the high-
performance isolation transformer.

Transients, as well as noise (RF and low level
spikes) can pass through transformers not only
by way of the magnetic lines of flux between the
primary and the secondary, but through resistive
and capacitive paths between the windings as well.
Increasing the physical separation of the pirmary
and secondary windings will reduce the resistive
and capacitive couplings, however, it will also
reduce the inductive coupling, and thus decrease
the power transfer. A better solution is to shield
the primary and secondary windings from each
other and thereby divert much of the primary
noise current to ground, while leaving the induc-
tive coupling basically unchanged. This idea can
be carried a step further by placing the primary
winding in a shielding box that shunts noise cur-
rent to ground and reduces the capacitive cou-
pling between the windings.
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Fig. 11. A block diagram ot a typical Uninterruptable Power System using
ac rectification to float the battery supply. A closed-loop inverter draws on
this supply and delivers clean ac power to the protected load.

Fig. 12. A typical Uninterruptable Power System
using externally-located batteries. The control panel
on the front of the chassis is used to check the
performance of the equipment and to monitor the
quality of the incoming ac power. This particular unit
is manufactured by the Topaz Electronics Company
of San Diego, CA. Units performing similar functions
are also made by several other firms.

One application of this technology is shown in
Fig. 13, in which transformer noise de-coupling
is taken still further by placing the primary and
secondary windings in their own wrapped foil box
shields. The windings are separated physically as
much as possible for the particular power rating,
and placed between special Faraday shield
separator plates. This gives the transformer high
noise attenuation from the primary to the sec-
ondary, as well as from the secondary to the

PRIMARY  |SECONDARY
WINDING IWINDING

GND

[}
|
[}
[}
|
|
[}
o

X1

METALLIC ENCLOSURE
WRAPPED FOIL FARADAY

BOX SHIELD SHIELD

Fig. 13. The shielding arrangement used in a popular

high performance isolation transtormer. The design

goal of this type of unit is high common-mode and
transverse-mode noise attentuation.

primary. The interwinding capacitance of a
typical transformer using this technology is 0.005
picofarads. Common mode noise attenuation is
typically greater than 120dB and transverse mode
noise attentuation is typically in excess of 60dB.

STANDBY POWER SYSTEMS

When utility company power problems are
discussed, most people immediately think of
blackouts. The lights go out and everything stops.
Blackouts, however, occur only rarely in most
areas of the country and are generally of short
duration. Studies have shown that 50% of all
blackouts last 6 seconds or less, and another 35%
are less than 11 minutes long. These failure rates
are not usually cause for concern to commercial
users, except where broadcasting is concerned.

A station that is off the air for 11 minutes—or
even 5 minutes—will suffer a drastic audience loss
that can take hours (or perhaps days) to rebuild.
Coupled with this threat is the possibility of ex-
tended power service loss due to storm conditions.
Many broadcast transmitting sites are located in
remote, rural areas, or on mountaintops. Such
locations are not well known for their power
reliability. It is not uncommon in mountainous
areas for utility company service to be out for
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days after a major storm. Few broadcasters are
willing to take such risks with their air signal,
and choose to install standby power systems at
appropriate points in the transmission chain.

The cost of standby power for a broadcast
facility (particularly high power radio or TV) can
be substantial, and an examination of the possi-
ble alternatives should be conducted before any
decision on equipment is made. Management
should clearly define the direct and indirect costs
and weigh them appropriately. This cost-versus-
risk analysis should include the standby power
system equipment purchase and installation price,
the exposure of the transmission system to utili-
ty company power failure, the alternative trans-
mission methods available to the station and the
direct and indirect costs of lost air time due to
blackout conditions.

Standby System Options

The classic standby power system using an
engine-generator is shown in Fig. 14. An
automatic transfer switch monitors the ac voltage
coming from the utility company line for any
power failure conditions. Upon detection of an
outage for a predetermined period of time
(generally 1 to 10 seconds), the standby genera-
tor is started and once up to speed, the load is
transferred from the utility to the local genera-
tor. Upon return of the utility feed, the load is
switched back and the generator is stopped. This
basic type of system is widely used in the broad-
cast industry and provides economical protection
against prolonged power outages (5 minutes or
more).

In some areas, usually metropolitan centers, the
utility company can bring two power drops into
a facility as a means of providing a source of
standby power. As shown in Fig. 15, two separate
utility company service drops-—from separate
power distribution systems—are brought into the
plant and an automatic transfer switch changes
the load to the backup line in the event of a main
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Fig. 14. The classic standby power system using an
engine-generator unit. This system protects a tacility
from prolonged utility company power failures.
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Fig. 16. The use of a diesel generator for emergency
power and peak power shaving applications.
The automatic overlap transfer switch changes the
load from the utility feed to the generator
instantly so that no disruption ot normal
operation is encountered.

line failure. This dual feeder system has an ad-
vantage over the auxiliary diesel arrangement
shown in Fig. 14 in that the power transfer from
main to standby can be made in less than a sec-
ond. Time delays are involved in the diesel
generator system which limit its usefulness to
power failures lasting more than several minutes.

The dual feeder system of protection is based
on the assumption that each of the service drops
brought into the facility is routed via different
paths. This being the case, the likelihood of a
failure on both power lines simultaneously is very
remote. The dual feed system will not, however,
protect against area-wide power failures, which
can occur from time to time.

The dual feeder system is primarily limited to
urban areas. Rural or mountainous regions are
not generally equipped for dual redundant utili-
ty company operation. Even in urban areas, the
cost of bringing a second power line into a broad-
cast facility can be high, particularly if special
lines must be installed for the feed.

Fig. 16 illustrates the use of a backup diesel
generator for both emergency power and peak
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power shaving applications. (See ‘‘Peak De-
mand’’ discussion on page 7.3-92.) Commercial
power customers can often realize substantial sav-
ings on utility company bills by reducing their
energy demand during certain hours of the day.
Fig. 16 shows the use of an automatic overlap
transfer switch to change the load from the utili-
ty company system to the local diesel generator.
This change-over is accomplished by a special
transfer system that does not disturb the opera-
tion of load equipment. This application of a
standby generator can provide financial return to
the station regardless of whether the generator
is ever needed to carry the load through a com-
mercial power failure.

Advanced System Protection

A more sophisticated power control system is
shown in Fig. 17, where a dual feeder supply is
used to feed a motor-generator unit (MGU) to
provide clean, undisturbed ac power to the load.
The MGU will smooth-over the transition from
the main utility feed to the standby, often mak-
ing a commercial power failure unnoticed by sta-
tion personnel. An MGU will typically give up
to 1/2 second of power-fail ride-through, more
than enough to accomplish a transfer from one
utility feed to the other.

The principle is further refined in the applica-
tion shown in Fig. 18, where a diesel generator
has been added to the ac power supply system.
With the automatic overlap transfer switch shown
at the generator output, this system can also be
used for peak demand power shaving.

7.3-89

The generator rating for a standby power
system should be chosen carefully, keeping in
mind any anticipated future growth of the broad-
cast plant. It is good practice to install a standby
power system rated for at least 25% greater out-
put than the peak facility load. This headroom
gives a margin of safety for the standby equip-
ment and allows future expansion of the facility
without worry about overloading of the system.

The type of generator chosen should also be
given careful consideration. Generators rated for
more than 100 kW power output are almost
always diesel-powered. Smaller generators are
available that use diesel, gasoline, natural gas or
propane as a fuel source. The type of power plant
chosen is usually determined primarily by the en-
vironment in which the system will be operated.

For example, a standby generator that is
located in an urban area office complex may be
best suited to the use of an engine powered by
natural gas, because of the problems inherent in
storing large amounts of fuel. State or local
building codes may place expensive restrictions
on fuel storage tanks and make the use of a
gasoline-or diesel-powered engine impractical.
The use of propane is usually restricted to rural
areas, and the availability of propane in periods
of bad weather (which is when most power fail-
ures occur) must also be considered.

Critical System Buss Protection

A station seeking standby power capabilities
should consider the possibility of protecting key
pieces of equipment at a facility from power
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failures with small, dedicated, uninterruptable
power systems. Small UPS units are available
with built-in battery supplies for microcomputer
systems and other hardware used by broadcasters.
If cost prohibits the installation of a system-wide
standby power supply (using generator or solid-
state UPS technology), the engineer should con-
sider establishing a critical load buss that is con-
nected to a UPS system or automatic transfer
generator unit.

This separate power supply would be used to
provide ac to critical loads, thus keeping the pro-
tected systems up and running, as illustrated in
Fig. 19. Unnecessary loads would be dropped in
the event of a power failure. A standby system
built on the critical load principal can be a cost-
effective answer to the power failure threat.

THE EFFICIENT USE OF ENERGY

Utility company power bills are becoming an
increasingly large part of a station’s operating
budget. In order to reduce the amount of money
spent each month on electricity, the broadcaster
must understand the billing methods used by the
utility. Saving energy is more complicated than
simply turning-off unnecessary lights.

The amount of money that can be saved
through a well-planned energy conservation ef-
fort is often substantial. Reductions of 20% are
not uncommon, depending upon the facility lay-
out and extent of energy conservation methods
already in use. Regardless of any monetary sav-
ings that might be realized from a power-use re-
duction program, the items discussed here should
be considered for any well-run broadcast facility.

Billing Procedures

The rate structures of utility companies vary
widely from one area of the country to another.
Some generalizations can be made, however, with
respect to the basic rate-determining factors.

The four primary parameters used to determine
a customer’s bill are (1) energy usage, (2) peak
demand, (3) load factor and (4) power factor.
These items can often be controlled, to one ex-
tent or another, by the customer.

Energy Use

The KWH usage can be reduced by turning-
off loads such as heating and air conditioning
systems, lights and office equipment when they
are not needed. The installation of timers,
photocells or sophisticated computer-controlled
energy management systems can make substan-
tial reductions in a facility’s KWH demand each
month.
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Common sense will dictate the conservation
measures applicable to a particular situation. Ob-
vious items include reducing the length of time
high power TV studio lights are in operation, set-
ting heating and cooling thermostats for reason-
able levels, keeping office equipment turned-off
during the night and avoiding excessive amounts
of indoor or outdoor lighting.

While energy conservation measures should be
taken in every area of broadcast station’s opera-
tion, the greatest savings can generally be found
where the largest energy users are located. Trans-
mitter plants consume a large portion of the
monthly power bill, and so particular attention
should be given to the equipment, physical layout
and system efficiency at the RF facility.

Transmitter room heating should be accom-
plished with a logic controlled PA exhaust recy-
cling system, and air conditioning equipment
should be planned for efficient operation by a
knowledgeable consultant in the field. Tower light
photocells should be inspected regularly for prop-
er operation, as should antenna element heating
control systems. A failure in either of these two
circuits can result in a substantial increase in
power consumption (if failure latches the system
on), or a potentially dangerous condition (if fail-
ure latches the system off).

The efficiency of the transmitter itself is an item
of critical importance to energy conservation ef-
forts. Most transmitters available today are sig-
nificantly more efficient than their counterparts
of just 10 years ago. In UHF, in particular, maj-
or efforts have been made in improving efficien-
cy. Station management can often find economic
justification for updating or even replacing an
older transmitter on the power company savings
alone. Most new transmitters specify a typical ac
power consumption figure for the rated RF out-
put, and this point should be seriously considered
when the purchase of a unit is planned.

Comparing the efficiency figures of FM trans-
mitters is a straightforward task, since the power
consumption does not change with modulation.
AM and TV transmitters, however, require fur-
ther investigation. The overall efficiency figure
of an AM or TV transmitter at a carrier-only con-
dition is of little comparison use, since the system
is never operated that way. Many manufacturers,
though, are now specifying overall ac power con-
sumption at typical or 100% modulation for AM
transmitters, and average or black picture in the
case of TV equipment. These figures make the
comparison process easier and more accurate.
Engineers should be somewhat cautious, however,
about the typical or average modulation value
because of the wide variation that could be ex-

“pected with respect to what defines typical and

average.
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After selecting a transmitter, the final amplifier
stage efficiency should be monitored and any nec-
essary tuning adjustments should be made to keep

KW DEMAND the unit operating at peak efficiency. A final
100 amplifier even slightly out of tune can raise power
; & consumption not only due to inefficient stage

INEFFICIENCY INEFFICIENCY ] operation, but also due to increased air condi-

80 podos AL AV TV A tioning requirements caused by additional PA

7 4 //;// stage heat generation.
/ \,4 / Significant advancements have been made in
£ recent years that have improved the efficiency of
new UHF-TV transmitters. Some manufacturers
also offer conversion packages for updating older
equipment to the current state-of-the-art.
MEASURED POWER In virtually any broadcast facility, energy con-
CONSUMPTION servation can best be accomplished through care-
20 ful selection of equipment, thoughtful system

design and good maintenance practices.
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If a facility operated at basically the same
power consumption level from one hour to the
next and one day to the next, the utility com-
pany could accurately predict the demand of the
load, and size its equipment (including the alloca-
tion of energy reserves) for only the amount of
power actually needed.

For the example shown in Fig. 20, however,
the utility company must size its equipment (in-
cluding allocated energy reserves) for the peak
demand. The area between the peak demand and
the actual usage is the margin of inefficiency that
the customer forces upon the utility. The peak
demand factor is a method used by utility com-
panies to assess penalties for such operation,
thereby encouraging the customer to approach a
more efficient (from the utility’s viewpoint) state
of operation.

Load Shedding is a term used to describe the
practice of trimming peak power demand in order
to reduce high-demand penalties. The goal of load
shedding is to schedule the operation of
non-essential equipment so as to provide a
uniform power demand from the utility company,
and thereby a better KWH rate.

Nearly any operation has certain electrical loads
that can be rescheduled on a permanent basis or
deferred as power demand increases during the
day. Fig. 21 illustrates the results of a load shed-
ding program. This more efficient operation has
a lower overall peak demand and a higher average
demand.

Peak demand reduction efforts can cover a
wide range of possibilities. It would be unwise
from an energy standpoint, for example, to test
a standby transmitter during the afternoon hours,
when air conditioning units may be in full opera-
tion. Morning or evening hours would be a bet-
ter choice, when the air conditioning is off and
the demand of office equipment is reduced. For
an AM plant, standby transmitter testing should
be done during periods of low power operation,
further reducing the peak-to-average ratio. Each
broadcast operation is unique and requires an in-
dividual assessment of the load shedding options.

A very effective method of controlling peak de-
mand is through the use of a computerized power
demand controller. A controller can analyze the
options available and switch loads as needed to
maintain a relatively constant power demand
from the utility company. Such systems are pro-
grammed to recognize which loads have priority
and which loads are non-essential. Power demand
is then automatically adjusted by the computer,
based upon the rate schedule of the particular
utility company.

Many computerized demand control systems
will also give the customer a printout of the de-
mand profile of the plant, further helping man-
agement analyze and reduce power costs.
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Load Factor

The load factor on an electric utility company
bill is a product of the peak demand and energy
usage. It is usally calculated and applied to the
customer’s bill each month. Reducing either or
both the peak demand or energy usage levels will
decrease this added cost factor. Reducing power
factor penalties will also help to reduce the load
factor charges.

Power Factor

Power Factor (PF) charges are the result of
heavy inductive loading of the utility company
system. A poor power factor will result in ex-
cessive losses along utility company feeder lines
because more current is required to supply a par-
ticular load with a low power factor than would
be demanded if the load had a power factor close
to 100%.

The power factor charge is a penalty that
customers pay for the extra current needed to
magnetize motors and other inductive loads. This
magnetizing current does not show up on the ser-
vice drop wattmeter. It is, instead, measured
separately or pro-rated as an additional charge
to the customer. The PF penalty charge can
sometimes be reduced through the addition of on-
site power factor correction capacitors. The capa-
citors provide a leading power factor to offset
the lagging power factor of inductive loads. When
a balance is made, the PF is 100%.

Power factor meters are available for measure-
ment of a load’s PF performance. It is usually
less expensive in the long run, however, to hire
a local electrical contractor to conduct the PF
survey and recommend possible correction
methods.

The use of power factor correction capacitors
is usually the simplest and most versatile method
of PF improvement. The point of diminishing
returns for PF correction is approximately 95%.
Loads which exhibit a power factor below 95%
can usually benefit economically by the installa-
tion of power factor correction components. An
experienced electical contractor and the local utili-
ty company should be consulted before any at-
tempt is made to change a broadcast facility’s
power factor sjtuation.

Possible sources of PF problems include trans-
mitters, blowers, air conditioners, heating equip-
ment and fluorescent and high-intensity discharge
lighting fixtures ballasts. Most transmitting equip-
ment exhibits fairly good PF performance, with
90-95% being typical. When purchasing a new
transmitter, this point should be taken into con-
sideration, due to the increased operating costs
that may be incurred from the power company
due to PF penalties.
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Plant Maintenance

Any serious energy management effort should
include an examination of the present circuit
layout and maintenance procedures. Power sys-
tem cables should be heavy enough to carry the
full load demanded without heating losses. The
system should also be examined for any loose
connections, dirty contacts or cable insulation
problems. Phase-to-phase load balance likewise
should be checked on a regular basis at various
points in the ac power distribution system.
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REGULATORY FRAMEWORK
AND DEFINITIONS

Low Power Television and TV translators are
governed by Part 74, Subpart G of the FCC
Rules, which define a translator as a device which
retransmits a television signal while altering none
of its characteristics except frequency and am-
plitude. An LPTYV station is defined as one that
may operate as a translator or originate program-
ming and operate as a subscription service. Under
Subpart L of Part 74, an FM translator station
is defined identically to a TV translator, except
that its operating frequency is within the FM
broadcast band. Block diagrams and typical in-
stallations of these stations appear in Figs. 1|
through 6.

MULTIPLE OUTPUTS

The use of more than one output at a translator
station may be authorized, if connected to dif-
ferent antennas whose patterns do not overlap
and whose different outputs provide signal to dif-
ferent communities or areas. Manufacturers have
responded to this provision by desi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>