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FOREWORD

This television technical training manual has been prepared especially for
use by personnel concerned with the planning, operation and maintenance
of color television equipment for broadcast stations.

Although this is the first edition devoted specifically to color broadcasting,
it is the eighth in a series of technical training manuals previously published
by RCA on television broadcast systems and practices.

Some of the equipment items described in this manual are identical to those
used in monochrome broadcasting. For these items, it has been found
desirable to supplant the detailed circuit descriptions (existing in previous
manuals) with equally important data concerning use of the equipment for
color; wherever color may require slightly different procedures for best
adjustment and performance of the equipment, details are given. Much of the
information presented in this manual is based on the experience of operating

color broadcast stations. |

The content of this training manual is divided into twelve parts and the four
appendixes. Parts One and Two review the fundamentals of television and
describe the basic principles employed in electronic color television broad-
casting. Part Three discusses areas in a color system which greatly influence
color fidelity in the transmitted picture. Part Four describes the colorplexer,
which is the encoder for the color system. Part Five describes color camera
equipment for live studio telecasts, and Part Six gives details on color film
and slide equipment. All of Part Seven is devoted to the color monitor. Part
Eight presents data on the switching and distribution of color signals. Part
Nine is devoted to the planning of a color broadcast system and the inte-
gration of color and monochrome television equipment. Part Ten discusses
television transmitter adjustment for color operation. Part Eleven describes
important associated color equipments such as the color video tape recorder,
mobile units and microwave relay equipment. Part Twelve describes color
test equipment and its use in the color system.

A new and unique switching system utilizing transistors is presented in
Appendix A. Tables revealing weight, space and power requirements of the
rack mounted color units are given in Appendix B. Appendix C contains
helpful reference charts giving details of synchronizing standards and relating
values of hue and saturation. Appendix 1) presents block diagrams of the
Colorplexer showing actual waveforms obtained at various stages in the
matrixing and modulation processes. Finally, also in Appendix D, are invalu-
able systems diagrams to aid the engineer in the design of his color
broadcasting facilities.
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Color Fundamentals

C()l()r is a new dimension that has been added skillfully
to black and white television. To the engineering fra-
ternity as a whole it signifies one of the most dramatic
technological achievements of this age.

Nearly every branch of science including chemistry
and psychology contributes in some way to the reality
of color television. Through chemistry, improved phos-
phors are continually being found for use in color pic-
ture tubes. Psychology enters into the selection of lighting
arrangements and picture composition to obtain desirable
interpretations by the viewer. But physics plays the
leading role with intense application in optics and illumi-
nation as well as in the design of electronic circuitry
and components for the complete television 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 probably the greatest technical advance in television
in the past decade.

Compatibility

The compatible color system offers tremendous eco-
nomic advantages to the home viewer as well as to the
television broadcaster. Because of compatibility, color
telecasts can be seen (in monochrome) on existing tele-
vision receivers, 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 monochrome, and within the
same framework of standards, 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 compatible color
system is the part it plays in the conservation of the
radio frequency spectrum. Compatible color requires no

additional space in the spectrum. 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 monochrome
television, particularly the areas wherein specialized color
methods are employed, is presented in the next few para-
graphs as an aid in describing the basic color concepts.*

Television—A System of Communications

Basically, television is a system of communications
consisting of the television station at one end of the sys-
tem, and the television receiver at the other. As such, it is
actually one of the highest capacity systems in use
today, being able to transmit from station to receiver
more than five million “bits” of picture information
every second.

Very simply, the function of the television station is
to divide and subdivide the optical image into over
200 thousand picture elements, each of different 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 this process at the receiver, these electrical
signals are each converted to light of corresponding
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
pick-up tube scans a sensitive surface containing an
“electrical image” of the scene of action. The electron
beam successively scans the image at great velocity,

* For detailed information on the theory and operation of mono-
chrome television broadcast equipment, reference should be
made to the RCA “Manual for Television Technical Training,”
IForm No. 2] 8172.
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FIG. 1. Typical image and camera out-
put waveform produced by light and dark
areas during one scan along line indicated
by arrows.

beginning at the upper left corner and continuing from
left to right in a series of parallel lines to completely
scan the image. Movement of the electron beam, which
is 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.

Due to “persistence of vision” and the speed of scan-
ning, these elements appear to be seen all at once as
a complete image, rather than individually. Thus, the
impression is one of continuous 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 sta-
tion within range. The scanning pattern adhered to by
manufacturers in the design of television receivers and
broadcast equipment consists of 525 lines with odd-line
interlaced scanning. Interlaced scanning, effective in
eliminating perceptible flicker, is a method whereby the
electron beam scans alternate rather than successive
lines. For example, the beam begins by scanning the 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
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the total number of scanning lines, and two fields are
required to produce the 525-line frame. Each field is
completed in one half the frame time, the vertical scan-
ning frequency is 2 X 30 or 60 cvcles per second. The
horizontal scanning frequency is 30 X 3525, or 15.750
cycles per second.

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 bandwidth of the transmitting and
receiving system.

The relationship between resolution and bandwidth
can be seen by considering the number of picture ele-
ments that can be transmitted each second.

‘The standard 6-megacycle broadcast channel provides
a video bandwidth of approximately 4.1 megacycles (the
remaining bandwidth being required for a vestigial side-
band plus the sound signal). Since each cycle of a sine
wave is capable of conveying two picture elements (one
black and one white), the maximum rate at which pic-
ture 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 picture elements
per frame would be 8,200,000 = 30 or 273.333 if it were
not for the retrace blanking problem, which requires
interruption of the picture signal periodically by blank-
ing pulses. Since the combination of horizontal and
vertical blanking pulses requires nominally 25% of the
total time, the maximum number of picture elements per
frame is reduced in practice to 0.75 273.333 or
approximately 203,000.

Synchronizing

In addition to the picture information, or wideo sig-
nals, 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 ampli-
tude is 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 bottom of the picture to
the top. HHorizontal blanking pulses, transmitted at the
end of each line, or at intervals of 1/15,750 of a second,
blank the beam during retrace periods between lines.
While vertical blanking pulses, transmitted at the end
of each field, or at intervals of 1/60 of a second, 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 hori-
zontal blanking pulses have a duration of only a fraction

of a line.
FINE DETAIL
/quumes HIGH
FREQUENCY
COARSE
DETAIL\

USEFUL SCANNING TIME
FOR EACH LINE — SO I‘——
MICROSECONDS

FIG. 5. Diagram illustrating the relationship between pic-
ture detail and signal bandwidth.



Synchronizing signals keep the scanning beam of the
kinescope in step with that of the camera tube. These
signals consist of horizontal and vertical 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 svnc pulses are quite long compared
to the horizontal sync pulses, and the two are of the
same amplitude, separation at the receiver is accom-
plished through frequency discrimination. Serrations, or
slots in the vertical pulses prevent loss of horizontal
sync during the vertical blanking period.

The Monochrome Television System

The major equipment in a typical television station
consists of the aural and visual units illustrated in the
block diagram of Fig. 6. In the visual channel, the video
signal leaving the camera is passed through processing
equipment which inserts the blanking and synchronizing
signals, and performs other functions such as aperture
compensation and gamma correction. From the processing
chain, the video signal is fed to a switching system which

FIG. 6.

provides for selection from a number of video sources.
The selected signal is then sent to the visual transmitter
through coaxial cable or over a microwave relay link,
depending 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. Irequency-modu-
lated 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 synchronizing
pulses and the tonal gradations from white to black in
the picture are represented in the waveform of the radi-
ated 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 carrier 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

Simplified block diagram of the monochrome television station.
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FIG. 7. Waveform of radiated picture signal,

“blacker than black” region, representing maximum car-
rier power. Use of a widely different 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

FIG. 8. Block diagram of monochrome television receiver.

an antenna and fed to a tuner which selects the desired
channel for viewing. Output from the tuner is passed
through an intermediate-frequency amplifier which pro-
vides 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 picture
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 i-f 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 ampli-
fier which drives the electron beam in the Kinescope,
and the other is the sync separator, or clipper, which sepa-
rates 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 hori-
zontal deflection circuit, provides accelerating potential
for the electron beam.
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FIG. 9. The primary colors of television are red, green and
blue. Virlually any color can be matched by combining
proper amounts of these primaries. White is produced by
a combination of all three.

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 that 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” condition. Pale colors,
or pastels, are low in saturation, while strong or vivid
colors are high in saturation.

The monochrome system is limited to the transmission
of images that vary with respect to brightness alone.
Thus, brightness is the only attribute of a color that can
be transmitted over a monochrome television system. To
produce a color image, therefore, provision must be made
for the transmission of additional information pertaining
to all three of the variables of color. However, since the
primary color process can be emploved, it is not neces-
sary to transmit information in exactly the form expressed
by the three variables.

Primary Colors in Television

Experiments have proved conclusively that virtually
any color can be matched by the proper combination of
no more than three primary colors. While other colors
could be used as primaries, red, green and blue have been
selected as the most practical for color television use. A
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few of the many colors that can be made by mixing lights
of red, green and blue are illustrated in Fig. 9. Red and
green combined produce yellow; red plus blue gives pur-
ple; and green plus blue gives cvan 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 pos-
sible to separate any color image into red, green and blue,
or RGB components, as shown by Fig. 10.

Generating RGB Signals

Major components of the color television camera are
shown in block diagram form in Fig. 11. Whereas the
monochrome camera contains only one pickup tube, the
color camera contains three separate pickup tubes
mounted in three separate deflection coil assemblies. An
objective lens at the front of the camera forms a real
image within a condenser lens which is located where the
pickup tube is usually mounted in a monochrome camera.
A relay lens transfers this real image to a system of
dichroic mirrors which shunt the red and blue light to
the red and blue pickup tubes, and permit the green to
pass straight through to the green tube. In this manner,
the three pickup tubes produce three separate images
corresponding to the RGB components of the original
scene. These images are scanned in the conventional
manner by common deflection circuits.

A single scanning line through the tvpical color image at
the point shown, (IFig. 12), produces three separate wave-
forms. It is important to note the correlation between
these waveforms and the image at the top. The vellow
shutters in the image, for example, must be produced by
a mixture of red and green, and the blue signal is not re-
quired. 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

FIG. 10. Illustrating how a typical color image (upper left
corner) can be separated by optical means into red, green
and blue image counterparts.



course, similar correlations 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. 13. Three electron guns produce three
beams which are independently controlled in intensity
by the red, 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 due to the magnetic field produced by a con-
vergence voke.

The phosphor screen of the color kinescope consists
of an array of very small primary color dots. Approxi-
mately one-half inch 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 or 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 images are
produced on the screen of the tri-color 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.
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FIG. 13. Diagram showing components of the

three-qun color kinescope picture tube,
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’-ro achieve compatibility with monochrome television,
color television signals must be processed in such a way
that they can be transmitted through the same channels
used for monochrome signals, and they must also be
capable of producing good monochrome pictures on
monochrome receivers. Since color television involves
three variables in contrast to the single variable (ie.,
brightness) of monochrome television, an encoding pro-
cess is required to permit all three to be transmitted
over the one available channel. Likewise, a decoding
process is required in the color receiver to recover the
independent RGB signals for control of the electron
guns in the color kinescope. Moreover, the process used
must enable existing monochrome receivers to produce
a monochrome picture from the color information.

Encoding and decoding processes used in compatible
color television are based on four electronic techniques
known as matrixing, bandshaping, two-phase modulation
and frequency interlace. It is these processes which make

THREE - VARIABLE
R SIGNAL R
TRANSMISSION
G [—{ENCODER 2B DECODER -G

FIG. 1. Encoding of the RGB signals provides a three-variable sig-
nal which can be transmitted over existing monochrome channels.

“lectronic Aspects
of Compatible Color

Television

TRANS-

MITTER RECEIVER

Q@
A

MATRIX

} =

FIG. 2. A part of the encoding process is the matrixing of R, G
and B signals to provide M, I and Q signals.

MATRIX

the color system compatible with monochrome, and
enable the color system to occupy the existing six-
megacyvcle channel.

Matrixing

Matrixing is a process for “repackaging” the informa-
tion 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, 1,
and Q, each of which is a different linear combination of
the original red, green, and blue signals. Specific values
for these signals have been established by FCC standards.

The M signal component, or /uminance signal, cor-
responds very closely to the signal produced by a mono-
chrome camera, and therefore is capable of rendering

9



M= .30R +59G *+ .11B

FIG. 3. Diagram of resistance matrix circuit used to produce the
M luminance signal.

c PHASE
INVERTER [ Y VYV

B PHASE
INVERTER VVV] I= 60R-.28G -.328B

FIG. 4. Diagram of I matrix showing phase inverters to produce
minus green and blue quantities.

R
> AN\
G PHASE _
"IINVERTER | "
B A
Vv Q=.21R-.52G +.318

i

FIG. 5. Diagram of the Q matrix showing phase inverter to pro-
duce required minus green signal.
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excellent service to monochrome receivers. The M com-
ponent is obtained by combining red, green and Dblue
signals in a simple resistor network (Fig. 3) designed
to produce a signal consisting of 309 red, 597 green
and 11% blue.

The 1 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%
red. —28% green and —32% blue. Minus values are
easily achieved in the matrix circuits by use of phase
inverters to reverse the signal polarity (see Figs. 4 and
5). The Q signal is defined as 21% red, —52% green
and 31% blue.

It can be seen that the quantities are related so that
when red, green and blue are equal, corresponding to
a neutral condition, both T and Q go to zero. Thus.
when the color camera is focused on an object having
no color information, such as a monochrome test chart,
the T and Q signal components are absent, leaving 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 wave-
forms (Figs. 6 and 7) obtained from the image illus-
trates the correlation between the tvpes of signals. Tt will
be seen that the M signal remains in the region between
black level and reference white. Tt is identical to the
monochrome signal derived from the monochrome ver-
sion of the image. The [ and Q signals, on the other
hand, swing positive and negative around a zero axis.

Bandshaping

The eye has substantially less acuity in detecting varia-
tions in color than it has for resolving differences in
brightness. This important characteristic of human vision
was considered in setting up the T and Q equations
because it permitted a significant reduction in the band-
width of these signals. through use of low-pass filters.
A bandwidth of approximately 1.5 megacycles was found
to be satisfactory for the I signal, which corresponds to
color differences in the range extending from orange to
blue green. For color differences in the range from green
to purple, as represented by the Q signal, the eve has
even less acuity. and the bandwidth was restricted to
only 0.5 mc. The M signal component which conveys
the fine details must be transmitted with the standard
four-megacycle bandwidth.

Two-Phase Modulation—
Generation of Color Subcarrier

Two-phase modulation is a technique by which the
[ 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 mc carriers separated in phase by
90 degrees. The resultant waveform is the vector sum
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. Typical color image and RGB waveforms.
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of the components. Elements of the transmitting and
receiving system are shown in Fig. 8. The two carriers.
which are derived from the same oscillator, are suppressec
by the balanced modulators. Thus, only the two ampli-
tude-modulated sidebands, 90 degrees out of phase. are
transmitted. At the receiving end of the system, the I and

TYPICAL
IMAGE

“Jﬂ_‘—\_rL M siGNAL
—Jﬂ [% 1 siGNAL

. Q siGNAL

FIG. 7. Typical color image and MIQ waveforms.

Q signals are recovered by heterodyning the two-phase
wave against two locally generated carriers of the same
frequency but with a 90-degree phase separation, and
applying the resultant signals through low-pass filters
to the matrix circuits. Typical signal waveforms are illus-
trated in Fig. 9 on the next page.

FIG. 8. Simplified block diagram showing elements for transmitting and receiving the I, Q, and burst signals.
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FIG. 9. Representative waveforms of the separate I and Q sig-

nals and the vector sum of the suppressed carrier sidebands at the
modulator output. Original I and Q signals are recovered by
heterodyning in balanced modulators at receiver.

HORIZONTAL SYNC PULSE

BURST OF 3.6 MC
(8 CYCLES MIN)

HORIZONTAL BLANKING
(INTERVAL)

FIG. 10. Diagram showing position of subcarrier burst during
horizontal blanking interval.
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‘I'he 3.6 mc oscillator at the receiver must be accurately
synchronized in frequency and in phase with the master
oscillator at the transmitter. The synchronizing informa-
tion consists of 3.6 mc “bursts” of at least 8 cycles
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 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 keved “on” by
pulses derived from the horizontal deflection circuit. The
separated bursts are compared in a phase detector with
the output of the local 3.6 mc oscillator. Any error volt-
age developed is applied through a smoothing filter to
a conventional reactance tube which corrects the phase
of the local oscillator.

IFCC Standard phase relationships between the I and
Q signals and the color synchronizing burst are shown
in the vector diagram of Iiig. 11. The T and Q signals are
transmitted in phase quadrature, and the color burst is
transmitted with an arbitrary 57-degree phase lead over
the I signal.



90°
57°

BURST

FIG. 11. Diagram showing phase relationship of I, Q and
burst signals.

I RESULTANT SUBCARRIER
FOR A PURE RED COLOR

.21

BURST I=.60R-.28G -.328B

Q=.2IR-.52G+.318B

FIG. 12. Vector diagram showing phase and amplitude of
subcarrier for a pure red signal,
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FIG. 13. Composite vector diagram showing subcarrier
phase and amplitude for each of six colors,

Several interesting properties of the two-phase modu-
lated signal are illustrated by the vector diagrams which
represent the resultant signal under known transmission
conditions. For example, when a pure red color of maxi-
mum amplitude is being transmitted, the green and
blue components are at zero, and the 1 and Q signals
have levels of 60% and 21%, respectively. When modu-
lated upon their respective carrier, these signals produce
the resultant shown in Iiig. 12. The phase and ampli-
tude shown is characteristic of pure red of maximum
relative luminance. Fig. 13 is a composite vector dia-
gram showing the phase and amplitude characteristics
of all three primaries and their one-to-one mixtures. This
composite diagram indicates that there is a direct rela-
tionship between the phase of the resultant two-phase
modulated signal and the /Aue of the color being trans-
mitted. There is also a relationship (although indirect)
between the amplitude of the resultant signal and the
saturation of the color being transmitted. If the phase of
the resultant subcarrier and the level of the monochrome
signal both remain constant, then a reduction in the
amplitude of the subcarrier indicates a decrease in color
saturation. The composite vector diagram also shows an
interesting symmetry between complementary colors
(colors are complementary if they produce a neutral when
added together): the resultants for any two complemen-
tary colors are equal in amplitude but opposite in phase.

Frequency Interlace

Since the 3.6 mc carriers, consisting of the 1 and Q
sidebands, fall within the video passband as shown in the
diagram of the television channel, (Fig. 14) they hecome
subcarriers and can be handled in many respects like
unmodulated video signals. By use of frequency interlace,

N =
- -PICTURE T
CARRIER (FREQUENCY -
MOOULATED)
ICTURE SIGNAL
VESTIGIAL A
SIDEBAND I
f ' !
M- 0 1 2 3 4 454
125 FREQUENCY IN MC ABOVE PICTURE CARRIER 475 J

—TOTAL CHANNEL SIX MEGACYCLES = |

MONOCHROME TV CHANNEL

L.—~PICTURE COLOR —-! SOUND
CARRIER SUBCARRIER ) CARRIER
(3.6MC) 1

/\x%\
-1 o 1 2 3 4

1 SIGNAL £ Q SIGNAL
COLOR TV CHANNEL

FIG. 14. Diagram of television channel showing portions
occupied by color and monochrome signal components.
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FIG. 15. Typical color image and waveforms of the M
signal and modulated I and Q signals.

VECTOR SUM OF
I AND Q SIGNALS

L

T REF. WHITE LEVEL

Bl

LBLACK LEVEL

COMPLETE SIGNAL

FIG. 16. Typical color image with vector sum of I and
Q signals, together with composite waveform produced by
adding all signal components.

it is possible to add the several components of the chromi-
nance and monochrome signals together without causing
objectionable mutual interference.

The significance of the straightforward addition of
signal components made possible by frequency inter-
lace may be brought out by a study of waveforms derived
from a simple color image. Fig. 15 shows M., I, and Q
signals after the latter two have been modulated upon
3.6 mc subcarriers. Note that both the [ and Q signal
components are at zero during the scanning of the white
door, a neutral area. Fig. 16 shows the vector sum of
the I and Q signals, and also the complete compatible
color signal formed by adding together all the com-
ponents, including synchronizing pulses and color syn-
chronizing bursts. The most significant thing 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.
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Although the modulated wave is clearly a spurious signal
with respect to the operation of the kinescope in a mono-
chrome receiver, its interference effects are not objec-
tionable because of the application of the frequency
interlace principle.

The frequency interlace technique is based on two
factors—a precise choice of the color subcarrier fre-
quency, and the familiar “persistence of vision” effect.
By making the color subcarrier 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 eve responds to the average stimu-
lation after two or more scans, the interference effect of
the color subcarrier tend to be self-canceling, due to the
periodic polarity reversals. See Fig. 17.

Color Frequency Standards

The relationships between the various frequencies used
in a compatible color system are illustrated in the block
diagram, Fig. 18. The actual frequency of the color sub-
carrier, which has been referred to as 3.6 mc, is specified
by FCC standards as 3.579545 mc, or exactly 455 multi-
plied by 2 the line frequency.

In Droadcast practice, the frequency of the color sub-
carrier provides a frequency standard for operation of
the entire system. A crystal oscillator at the specified
frequency provides the basic control information for all
other frequencies. Counting stages and multipliers derive
the Dbasic frequencies needed in the color studio. A fre-
quency of nominally 31.5 ke is 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-two counter controlled by the 31.5 kc signal
provides the line frequency pulses at nominally 15.75 kc
needed to control the horizontal blanking and svnchro-
nizing waveforms. Another counter chain provides the
60-cycle pulses needed for control of the vertical blank-
ing and synchronizing circuits.

MONOCHROME
SIGNAL

BLACK LEVEL
/FIRST SCAN

MODULATED
SUBCARRIER
SIGNAL

COMPATIBLE
COLOR SIGNAL

AVERAGE LIGHT
OUTPUT AFTER
TWO SCANS.

_BLACK LEVEL

FIG. 17. Waveforms showing superposition of modulated
subcarrier on scanning signals, compatible color signal,
and effect of subcarrier on average light output.
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Block diagram showing
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various frequencies used in color television station,

FIG. 19.
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relationship between

The synchronizing waveform adopted by the Television
Committee of the Radio Electronics Television Manufac-
turers Association* is illustrated in the Appendix.

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 systems, Figs. 19 and 20.

At the transmitting end, camera output signals cor-
responding to the red, green and blue components of
the scene being televised are passed through non-linear
amplitiers (the gamma correctors) which compensate for
the non-linearity of the kinescope elements at the re-
ceiving end. Gamma-corrected signals are then matrixed
to produce the luminance signal M, and two chromi-
nance signals I and Q. The filter section establishes
the bandwidth of these signals. The 4.1 mc filter for
the luminance channel is shown in dotted lines because
in practice this bandshaping is usually achieved by the

Now known as: Electronic Industries Association.

Block diagram showing major functions of color transmitting system.
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attenuation characteristics of the transmitter, and the
filter is not required.

The bandwidths of 1.5 mc and .5 mc shown 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 compensation is needed in the filter section in
order to permit all signal components to be transmitted
in time coincidence. In general, the delay time for rela-
tively simple filter circuits varies inversely with the band-
width—the narrower the bandwidth, 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 inserted
in the M channel.

In the modulator section, the T and Q signals are
modulated upon two subcarriers of the same frequency
but 90° apart in phase. The modulators employed should
be of the doubly-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 position was
chosen mainly because it permits certain simplifications
in receiver designs. Timing information for “keying in”
the burst may be obtained from a “burst flag generator”,
which is a simple arrangement of multivibrators con-
trolled by horizontal and vertical drive pulses.

In the mixer section, the M signal, the two subcarriers
modulated by the I and Q chrominance signals, and the
color synchronizing bursts are all added together. Pro-
vision is also made for the addition of standard synchro-
nizing pulses, so that the output of the mixer section
is a complete color television signal containing both
picture and synchronizing information. This signal may
then be put “on the air” by means of a standard tele-
vision 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, r-f tuner,
i-f strip, and second detector serve the same functions
as the corresponding components of a black-and-white
receiver. Thus, up to the second detector, the color re-
ceiver is no different from a black-and-white receiver
except that the tolerance limits on performance are
somewhat tighter.
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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 components
of the signal (roughly 2.0 to 4.1 mc) consisting mainly
of the two-phase modulated subcarrier signal. This signal
is applied to a pair of modulators which operate as syn-
chronous detectors to recover the original 1 and Q
signals. It should be noted that those frequency com-
ponents of the luminance signal falling between about
2 and 4.1 mc are also applied to the modulators, and
are heterodyned down to lower frequencies. These fre-
quency components do not cause objectionable inter-
ference, however, because they are frequency-interlaced
and tend to cancel out through persistence of vision.

The remaining two circuit branches at the output of
the second detector make use of the timing or synchro-
nizing 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 conventional. The high voltage supply for the kine-
scope may be obtained either from a “fly-back” supply
associated with the horizontal deflection circuit or from
an independent r-f 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 detlection 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 horizontal sync pulse by means
of a keying pulse. This pulse may be derived from a
multivibrator controlled by sync pulses, as illustrated
or it may be derived from the “flvback” pulse produced
by the horizontal output stage. The separated bursts are
amplified and compared with the output of a local
oscillator in a phase detector. If there is a phase differ-
ence between the local signal and the bursts. an error
voltage is developed by the phase detector. This error
voltage restores the oscillator to the correct phase by
means of a reactance tube connected in parallel with the
oscillator’s tuned circuit. This automatic-frequency-
control circuit keeps the receiver oscillator in svnchronism
with the master subcarrier oscillator at the transmitter.
The output of the oscillator provides the reference car-
riers for the two synchronous detectors; a 90° phase
shifter is necessary to delay the phase of the Q modulator
by 90° relative to the I modulator.

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 frequency components which, if unimpeded,
might cause spurious effects. The T and Q signals are
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FIG. 20. Block diagram showing major functions of color receiving system.

passed through filters of nominally 1.5 and .5 mc band-
width, respectively, just as at the transmitting end. A
step-type characteristic is theoretically required for the
I filter, as indicated by the spectrum sketch, to com-
pensate for the loss of one sideband for all frequency
components above about 0.5 mc. Actually, this re-
quirement is ignored in many practical receiver designs,
resulting in only a slight loss in sharpness in the I chan-
nel. A roll-off filter is desirable in the M channel to
attenuate the subcarrier 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 kine-
scope grids at full amplitude. Delay networks are needed
to compensate for the different inherent delays of the
three flters, 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, B signals. The
R, G, B signals at the receiver are not identical to 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 eve cannot per-
ceive 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 may be considered
in two stages. The 1 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 ap-
pears 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 used
for illustration is intended only to illustrate the princi-
ples used in color receivers, and does not represent any
specific model now on the market. Color receiver design
engineers have shown great ingenuity in simplifying cir-
cuits, in combining functions, and in devising subtle
variations in the basic process which have made possible
significant cost reductions while maintaining excellent
picture fidelity. The principles of compatible color tele-
vision are firmly established, and it is to be expected
that steady progress will be made in the practical appli-
cation and requirement of those principles.
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Color Fidelity
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C()l()r fidelity,” as used in this Part, is the property
of a color television system to reproduce colors 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 re-
production. Just as a high-fidelity audio system faithfully
reproduces sounds reaching the microphone, the color
television system is capable of faithfully reproducing
colors as seen by the television cameraman. In fact, the
color television system is capable of reproducing colors
more accurately than techniques presently used in color
printing and color photography.

Tests have shown, however, that color television pic-
tures 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 experi-
enced 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 ob-
tained if the ear's new envirorment is taken into con-
sideration and the reproduction modified accordingly.
Similarly, in color television, the changed environment
of the eve must be considered, and the reproduced colors
moditied accordingly.

Color fidelity, therefore, is a term used to indicate a
color reproduction which pleases the viewer esthetically,
and convinces him that he is viewing an accurate repro-
duction of the original colors in the scene being televised.!

This Part 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.

VA detailed discussion of colorimetry and perception, and how
these factors affect the viewer, is presented in “Color Tele-
vision Engincering” by John W, Wentworth, ( published by
MeGraw-Hill Book Company, New York.)

FIG. 1. Diagram of a theoretical color system showing linear R-G-B pickup tubes and

kinescopes interconnected by wire.
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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 Figs. 1 through 5.

Fig. 1 is a theoretical color system in that it as-
sumes linear camera tubes and kinescope interconnected
by a distortionless wire system. The only distortion that
can result from this system is a flaw in colorimetry.

Fig. 2 introduces linearity correctors to compensate for
color errors produced by non-linearities in the transducers.

Figs. 3, 4 and 5 successively introduce the complexities
of matrixing, bandlimiting, delay compensation, and the
transmission system (shown dotted in TFig. 5). 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. 1 and 2 are described
under “Possible Distortions in Transducers,” and those
in Figs. 3, 4 and 5 under “DPossible Distortions in En-
coding and Decoding Processes.” The system shown in
Fig. 5 is discussed under “Distortions in the Transmis-
sion System.”

Characteristics of the Eye

To fully appreciate the significance of color fidelity,
it is helpful to consider some of the characteristics of
the eve associated with color perception, and to analyze

FIG. 2. The basic color system shown with necessary linearity correctors
to compensate for color errors introduced by the non-linear transducers.
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FIG. 3. Diagram showing transmitter and receiver matrix functions in the color system.
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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 eve is the phenome-
non known as color adaptetion. 1t is this adaptation
which enables one to describe accurately the color of an
object under “white” light, while viewing it in non-
“white” light. That is to say. recognition of color is
surprisingly independent 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-wat!
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 vellow 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 theo-
retically perfect color system with camera viewing an
outdoor scene under a mid-day sun, while the reproduced
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picture is being viewed in a semi-darkened room, with
what little light is in the room also being derived from
the mid-day sun. Under these conditions, the ambient
illuminations at Doth 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 ithe camera location
should cause a cloud to cover the sun, the ambient illumi-
nation at the camera location would shift toward a bluer
color. This shift would not disturb the viewer standing
alongside the camera, because his cyes, bathed in the
new ambient light, would rapidly adapt to the new
viewing conditions, and he would perceive the scene as
being unchanged.

The man viewing the receiver would not be so fortu-
nate. Assuming that he is far enough away that this
same cloud would not affect his ambient, he would ob-
serve that evervthing on his screen had suddenly and
inexplicably taken on a bluish cast, which he would
certainly find most disturbing.

Such errors in color fidelity can always be corrected
by making the camera imitate the human eve in adapta-
tion. The eye adapts to changes in ambient illumination
by changing its sensitivity to a certain color. For example,
if a light source changes from “white” to blue-white (as
in the above example), the eve reduces its blue sensitivity
until the light again appears to be white to the observer.
Likewise, a camera operator may correct for the same
situation by decreasing the gain of the blue 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 reproduced picture on a receiver loses
its Dbluish cast.

Reference White

Although color adaptation can generate a problem such
as the one just described, it also simplifies certain re-
quirements. 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 eve has adapted.

In color television. we take advantage of this charac-
teristic in the following manner: A surface in the studio
which is known by common experience to be “white”
such as a white shirt or a piece of paper —is selected
to be reproduced as white on a home receiver. The rela-
tive sensitivities of the three color channels of the cam-
era are then adjusted so that the camera “adapts” to
this white—regardiess 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. In the average home-
viewing situation, a strong viewer preference has been
shown for a bluish-white at the receiver; a subjective
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effect of freshness, newness, and crispness is conveyed
by this “white.” Therefore, a hue of this type is the
common choice for reference white in the home.

It is interesting to note that the studio illumination is
commonly the vellow-white of incandescent lighting:
hence, a white object in the studio would appear consider-
ably different from its image in the home. It would be
possible to adjust the home receiver to reproduce the
object with its “proper” whiteness, but this adjustment
would result in a vellowish reference white which the
viewer would find displeasing. The surprising fact ap-
pears, therefore, that absolute color fidelity in a repro-
duced picture is usually undesirable.

The change in reference white between studio and
home must inevitably produce errors in all reproduced
colors, but the errors are small and, more important, tend
to be subjectively self-correcting, so that any given ob-
ject 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 Dbecome familiar with an
object such as a sponsor’s packaged product and will
recognize it either on his television screen, or under the
fluorescent lighting of his supermarket, or under the
incandescent lighting of his home, and furthermore, will
note no difference in the colorimetric values of the pack-
age under the three conditions, even though the absolute
colorimetric values would be appreciably different in the
three situations.

KINESCOPE
NARROW BAND
LIGHT
\a
LEFT |RIGHT
HAND |HAND

AREA |AREA [

by

WAVELENGTH

WHITE LIGHT
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y ATTENUATOR

OBSERVERS EYE

FIG. 6. 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.



Primary Colors

Of all the characteristics of the eve. 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 not
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 practical. Because of
the eve's acceptance of synthesized colors, it is possible
to provide excellent color rendition by transmitting only
the three primary colors.

POSSIBLE ERRORS IN TRANSDUCERS

The block diagram of Fig. 1 shows a fundamental
color television system using red, green, and blue pri-
maries 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, to simplify the discussion
of the colorimetry of the system.

The general plan in a system such as that of Fig. 1
is to provide the three kinescopes with red, green, and
blue phosphors, respectively, and to allow the corres-
ponding camera tubes to view the scene through an
appropriate set of red. green and blue filters. If a phos-
phor and a filter have the same dominant wavelength
that is, if they appear to the eve 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 skape of the filter’s response
curve, plotted against wavelength, and the shape of the
phosphor’s light output curve, also plotted against wave-
length. The following paragraphs will discuss briefly a
technique which might be used to determine the re-
quired relationship between the phosphor curves and the
filter curves.

The phosphor’s color characteristics are generally less
easily changed than are filter characteristics: for this
reason phosphors’ characteristics are taken as the start-
ing point, and the filters’ characteristics are determined
from them. A laboratory set-up which could be used to
determine these characteristics is shown in Fig. 6. 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 spec-
trum: the other of which is illuminated by a red kine-
scope. a green kinescope. and a blue kinescope. The phos-
phors of these kinescopes are the phosphors which are
to be used in the color system. Starting at. sav. the red
end of the spectrum, a single-wavelength red is selected
to illuminate the left-hand area. and the light from each

BLUE

RED

GREEN

RELATIVE UNITS

N\ \

400 500 600 700
WAVELENGTH

FIG. 7. Curves showing relative quantities in camera output
required to produce correct kinescope colors over the visible
spectrum.

of the three phosphors is varied until a color match is
obtained between the left-hand and right-hand areas. The
respective amounts of red, green, and blue lights needed
to accomplish this match are recorded. 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 outputs
versus wavelength. The shapes bf these three curves

one for red. one for green, and one for blue—are the re-
quired shapes for the three came[ra-ﬁlter response curves.
The resulting curves would in general resemble Fig. 7.

(To simplify the above discussion it was assumed that
the camera tubes responded equally well to all wave-
lengths. 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 errors in
the above procedure. For example, if the observer had
any deviations from normality in his color-vision char-
acteristics (as most people do), these deviations would
result in “non-standard” matches, and hence. improper
camera-filter characteristics. Also, if the phosphors were
contaminated in any way during their manufacturing
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
may be normalized out by standard colorimetric pro-
cedures, but phosphor errors represent a basic error
which may possibly be present not only in the above
experiment but also in varying degrees in a large number
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of receivers. Quality control of phosphor manufacture is
sufficiently good, however, to make the net effect un-
noticeable in home receivers.

A striking practical difficulty would also arise regard-
less 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 nec-
essary 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 sayving that adding light to the left-hand area is the
same as subtracting that light from the right-hand area.
Therefore, the amount of light added on the left would
be considered 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 successive wavelengths,
the resulting graph would show one or more minor lobes
helow 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. However, it has been shown that excellent color
fidelity can be obtained by ignoring the negative lobes.
and using filters which yield the positive lobes only.
Positive-lobe processes such as color photography have
gained wide acceptance for vears: the RCA TK-41 Color
Camera, which also ignores the negative lobes: has shown
by its widespread use and approval that this approach
to the problem is both practical and sensible. In short,
the contribution of the negative lobes is so small that
any means for giving effect to them must be compara-
tively inexpensive to justify its use. Further advances
in the art may provide such a device.

Nonlinearities in the Transducers

The assumption made in Fig. 1 of a system com-
prised of perfectly linear devices and circuits was con-
venient for the discussion of colorimetry. but since any
practical system is always found to be more or less non-
linear, further discussion must take into account this
non-linearity. In this section we shall discuss the inherent
non-linearities of camera tubes and kinescopes. the effects
of these non-linearities on the reproduced picture, and
the use of conversely-non-linear amplifiers to correct for
the camera-tube and kinescope characteristics.

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 essentially identical to the light
input (from the scene). This fact is shown graphically
in Fig. 8. This plot could be called the “transfer char-
acteristic” of a piece of glass. since it describes the way
that light is transfered through the system.
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FIG. 8. Curve showing light transfer characteristics of a per-
fectly transparent piece of window glass.

If the window glass is replaced by a neutral-density
filter which attenuates light three-to-one, the transfer
characteristic will then be given by Fig. 9. The difference
between Figs. 8 and 9 can be described by these simple
relationship:

For the glass:

(Light output) (Light input)

For the neutral-density filter:
(Light output) = k X (Light input)
where k — 1/;, 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 non-linear system does not
exhibit this simple proportionality. For example, con-
sider a system described by

(Light output) — k > (Light input)*

Doubling the input to this system will guadruple its
output: a three-fold increase in input will result in a
nine-fold increase in output: etc. The transfer charac-
teristic for this type of system is shown in Fig. 10
Note that the characteristic is definitely non-linear: that
is, it is not a straight line as were Figs. 8 and 9.

In television and photography, non-linearity is more
common than linearity. For example, an ordinary kine-
scope is a non-linear device, having a transfer character-
istic which may be approximated by the expression

(Light output) = k (voltage input)>?

Camera tubes also are usually non-linear devices. For
example, the characteristic of a vidicon is approximately
(current output) — k (light input)"-%"
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FIG. 9. Curve showing transfer characteristic of a neutral density
filter with three-to-one light attenuation.

The general expression for a non-linear transfer char-
racteristic can be given approximately as

(Output) = k (Input), where the exponent is the
greek letter ganma.

Graphical Displays of Transfer Characteristics

Linear Plots: The first reaction of any person asked
to display two variables (like light input and light out-
put) on a set of X-Y coordinates is to divide X and Y
coordinates into equal increments and plot the variables
in this manner. A typical result of such a plot has al-
ready been described (Figs. 8 and 9). 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 non-linear. Moreover, the slope of the line
describes the attenuation (or gain) of the device. If the
slope is unity (which occures 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. FFor the neutral-
density filter described above, which has the equation
(light output) = '/, (light input), the line has a slope
of one-third (see Fig. 9).

Such are the advantages of plotting transfer charac-
teristics 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 equation is
plotted on axes which are divided logarithmically, the
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FIG. 10. Curve showing a non-linear transfer characteristic.

resulting plot is the same as though the logarithm of
both sides of the equation were plotted on equal-incre-
ment axes. Taking the logarithm of both sides, we obtain
log 1., log (L;,)>>
Since log (L;,)?* is the same as 2.2 log (L;,), then
Log (L) = 2.2 log (L)

Comparing the form of this equation with an earlier
equation, light output /4 (light input), we can see
that just as the attenuation. '/;, was the slope of the
earlier equation, so 2.2, the exponent, is the slope of the
later equation. We see, then. that the use of loga-
rithmically divided coordinates vields 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.

Figures 11a and 11b on the following page. compare
the two types of plotting for three types of transfer
characteristics.

The Effect of a Non-Linear Transfer
Characteristic on Color Signals

Effect of Identical Non-linearities in Fach Channel:
In monochrome television. some degree of non-linearity
may be tolerated, but such is not the case for a color
television system. It can be shown that a system ex-
ponent different from unity must inevitably cause a loss
of color fidelity. For an example. consider a situation
in which signals are being applied through linear ampli-
fiers to the red and green guns of a perfectly linear
(theoretical) kinescope. The green amplifier is receiving
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1.0 volt; the red amplifier, 0.5 volt. If evervthing is
perfectly linear, the proportions of the light output
should be 1.0G + 0.5R — a greenish-yellow. However,
if the kinescope has an exponent of 2.0, the light output
will be (1.0)2G 4+ (0.5)*R = 1.0G -+ 0.25R — greenish
vellow with an excess of green.

From the above specitic case, it may be correctly in-
ferred that in general, a svstem 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 combination. Conversely, a system ex-
ponent less than 1 will shift all hues aeway from the
largest primary of the combination.
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