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INTRODUCTION -

This report describes a data .in-video system that can be used to transmit telemetry data from a
locatio n already cosered by a TV picture (color or bla ck-and-white) in such a manner as to take advantage
of certain characteristics of the TV medium as well as characteristics of the eye for which the video disp lay
is intended. With such an encoding system , a saving can be made in transmission and recording channels,
perhaps with litt le or no modification of current video equipment. Such a technique is possible if a TV
signal contains predictable patterns or redundancy, since either implies that less than all the available
information bandwidth is being used. The mechanism of black-and-white and of color television as well as
some of-the physical and psyc hological aspects of vision allows a nearly orthogonal system to be put in the
crac ks between the video information , at least theoretically. Orthogona lity of such a system allows it to
work both ways—the data stream must not render the picture unwatchable (and ideally woul d not affect
the picture in a ny way), and the data should not have interference caused by the electronic representation
of the picture. To measure these effects , it is necessary to build a demonstration system and evaluate the
results with known data signals and picture s representative of what might be seen by a camera in such a
system. A measure of success would be that , for example , a data signal that is 20 decibels below the peak
picture signal would cause a subjective degradation of the video signal comparable to a signal-to-noise ratio
greater than 20 decibels.

Because the system described herein transmits data and video simultaneously (in contrast to systems
that transmit signals at the edges of the screen , cause lettering to appear superimposed on the screen , or
modify synchronizing pulses), an examination of the entire television system format is required. This report
discusses the characteristics of black-and-white and color TV systems ; examines the implications of existing
TV systems to determine what additional information can be transmitted without interference : and con-
siders the realization of the modulator-demodulator (MODEM), the carrier generator , and other hardware.
Additional considerations are presented toward further tefinements to reduce subjective video interference.
Appendix A describes a convenient method of generating data subcarriers.

A videotaped presentation explaining and demonstrating the system is availabl e from NWC,
Code 6243. The presentation is formatted for Internatio nal Videotape Corp. I-inch helical scanning color
or black-and-white players.

BLACK-AND-WHITE TV SYSTEMS

Although more than one type of black-and-white TV system is in use today, all systems have certain
attributes in common:

1. All systems use some type of scanning system that lights only one point on the display at a time.
2. All commercial broadcasting systems use horizontal lines, although the number of pictures trans-

mitted per second and the picture shapes vary .
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The U.S. commercial system is named after the National Television Systems Committee and is known
as the NTSC system. 1 It has been in use in the United States since the l940s and is also used in Mexico ,
Canada , and Japan. The NTSC format was amended in 1953 to include compatible color standards.

The NTSC system uses an aspect ratio (ratio of picture width to height) of 4 :3 , chosen because it was
the motion picture format of the 1 940s. It also corresponds to what Greek philosophers considered to be
the most pleasing shape for a rectangle. Since older television sets had round kinescope screens , only a
portion of the transmitted picture was seen in the home. Until roughl y 1 970, normal kinescopes were
made to the ratio 5:4 , and adjusting the picture to just fill the face of the kinescope resulted in people
being somewhat taller and skinnier than in real life. Recognition by the TV receiver industry of the actual
aspect ratio resulted in the 25-inch (635-millimeter) kinescope , which is the same height , roughly 15 inches
(381 millimeters ), as the 23-inch (584-millimeter) kin escope , but wider. Most home receivers are adjusted
to slightly overscan the kinescope with the received picture , especiall y since the first few lines of a
commercial TV picture contain a series of dots and dashes used by the station , the network , and the
telephone company for testing, which are distracting especially on dark scenes.

NTSC SYSTEM CHARACTERISTICS

An NTSC picture consists of 30 frames (number of pictures transmitted or projected per second),
each consisting of 525 lines. Since a vertical sweep rate of 30 would be easily perceptible to the eye , each
frame is transmitted as two fields containing 262 1/2 lines apiece. The first field starts with the electron
beam at the top left-hand edge of the picture , travelling to the right and sloping down slightly. When the
beam reaches the right-hand side of the kinescope , it is blanked (i.e., it emits no light) and rapidly retraces
over to the left . The total time spent getting from the left-hand edge to the left-hand edge again is
63.5 microseconds , 52.4 of which are spent in tracing the picture , and the other 11 . 1 microseconds in
“horizontal flyback” . When the beam is unb lanke d again , it is on the left-hand edge of the picture slightly
below the point at which the first line began. Thi s procedure continues until  the beam is halfway through
the last line at the bottom of the picture , at which time it is blanked for an integral number of lines
(normally 19 , 20, or 2 1)  and returned to the top ol the screen; this is called “vertical blanking ” or the
“vertical retrace interval” .

Because the blanking interval is an integral number of lines, and since blanking started in the middle
of a line , the beam is then unb lanked in the top center of the screen. Since each horizontal line is angled
down slightly, the half line generated by the beam is slightly above the line generated at the start of the
sequence. The next line generated , for the same reasons , falls between the first and second lines in the fir st
vertical scan , and this interlaced scanning continues until the last line of this second field is finally blanked
for the last time at the bottom right .hand edge of the picture , endi ng the second field and completing the
first frame. The beam reappears at the top left-hand edge of the screen , and the whole procedure starts
again. This roundabout method of transmittin g a picture is used so that the vertical rate is double what it
would be if all lines were sent in order from the top to the bottom. In this manner flicker that would
otherwise result is el iminated . ** Unfortunately, pictures of things that are moving with respect to the screen
appear to have jagged edges. Also , since a finite time is taken in sweeping from top to bottom and left to
rig ht , object shape s are distorted by motion. For instant replay, a single field is displayed twice to prevent
doubling of those items in motion. If extremely rapid motion is expected , a camera equipped with a shutter
that opens for a short time during the vertical blanking interval stores the picture to be remove d while the
shutter  is closed.

becau se early kinescope screens were round , rectangular screens axe measured between diagonal corners . e.g.,
25 inches, overall diagonal measure .

9n motion picture projection , each of the 24 frames projected in a second is projected three times, for an effective
flicker frequency of 72 hertz .

1Nat ional Television Systems Committee . Television Standards and Practice. New York , McGraw-Hill . 1943.
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Althoug h there are 525 lines in each frame , at least 19 and perhaps as many as 21 of the lines in each
fIeld are blanked during vertical retrace. Thus the number of active lines on the sLreen is between 483 and
487 , nominally 485. If the smallest picture element is a dot (as opposed to a dash), each horizonta l line
would need to cOfl5ist of 4/3 (due to the aspect ratio) times 485 elements, or 646 2/3 elements. A hori-
zontal line is analog in nature  (i.e., continuous , whereas a vertical line ” is made of a countabl e number of
dots). Since the signal feeding the scanning beam is band-limited , the smallest horizontal details arc repr e-
sented by sinusoids rather than square waves. Each cycle of the sinusoid represents two picture elements: a
black one and a white one. Thus a horizontal line could potentially contain 323 1/ 3 cydes~ since the line is
52.4 microseconds long in the unb lanked period , a passband of 6.16 megahertz would be required. The
most detailed picture imaginable would consist of a checkerboard pattern 485 squares tall , 646 2/3 squares
wide , and tilted down slightly on the right side. If this pattern were generated by taking a card s~’it h the
pattern on it and pointing a camera at it , however , several problems could result. First , since the scanni ng
beam in the camera is not infinitesimal , some blurring will result in both the vertical and horiz ontal
directions. In the horizontal direction some of this blurring can be eli m inated by adding high-frequen cy
peaking to the camera output—the result being an enhancement of picture detail. Vertical enhancement is
considerably more difficult , however , since to perform such an operation , any line must be compared to the
line above and below it—and the line to either side of any given line occurring in the previous field , roughly
1 /60 of a second earlier , and would have to be stored without serious degradation or j i t te r **Additionally.

F even if the camera were in perfect reg istration with the pattern , a slight amount of motion up or down
would cause the scanning beam to no longe r track the rows of the checkerboard , but rather to integr ate in
the crack between them , rendering the picture gray. If the checkerboard were tilted slightly out of position.
the checkerboard would still be visible in places on the screen and gray on other s. Clearly, then , due to the
“sample ” nature of the vertical direction , some degradation not directly attributable to frequency response
results and by its nature is not clearly analytical. For normal subject matter , average viewers rated vertical
resolution as degraded to about 70~ of ideal ,2 thus a more accurate measure of vertical resolution is about
339 lines. Optimum resolution in the horizontal direction is then 452 lines , and the required bandwidth is
4.3 megahertz.

NTSC broadcast standards restrict the bandwidth of the transmitted video signal to 4.2 megahertz:
additionall y the sound signal is transmitted at 4.5 megahertz , above the picture carrier , so the receiver must
effectively not respond to the sound carr ier . ***A signal could be postulated , perhaps generated in a
computer , that takes full advantage of the 485-line vertical response capability and for full resolution would
also require the 6.16 megahertz derived earlier. Obviously, such a picture would clearly be degraded in the
horizontal (but not the vertical) direction by the reduced bandwidths of the transmitter and receiver. On
the other hand , given digital techniques available today, it would be possible to transmit twice the resolu-
tion describe d previousl y by using a 4:1 interlacing and starting half the horizontal lines hal f a dot-space to
the right of the others , and still remain compatible with existing receivers. Such schemes involve the
assumption that the detail information (high frequency information in the horizontal direction and rapid
brightness level changes in the vertical) represents only a smail portion of the total picture energy . However ,
the present TV system compares favorably with film as a sideo display medium- -an observer of a kinescope
can easily see the degradation oC a picture originating from film instead of from a live (or videotaped)
source , and can usually determine whether the film source was 16- or 35-mm film. On the other hand , film
made from TV pictures does not appear to be seriously degraded.

5Since TV standards were formed before digita l techniques (in fact , before transistors), countdown methods for
interlocking vertical and horizontal signals were never required , thus the blanking interval is not necessarily an integral
number of lines.

s*Actua l vertical aperture enhancers, also called “crispeners”, operate between adjacent lines of the same field ,
generally improvi ng the picture but at times causing odd and unp leasant effects.

•**The sound subcarrier frequency is selected to be less objectionable than it would have been if selected arbitrarily.
(See section on interference-free data transmission.)

2 Iiel( Telephone Laboratories. Transmission Systems for Communications. Winston-Salem , N C., Western Electric
Company Technical Publications , 1970.
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GENERAL TELEC INE SYSTEM CHARACTER iSTICS

In telecine systems , motion-picture film is projected onto or into a camera made specifically for tha t
purpose. Since the standard sound film speed is internationally set at 24 frames per second and the NTSC
television standards call for 30 frames or 60 fields per second , a 3-2 shutter is used on the film projector .
Thus, three fields are scanned of one frame , then two of the next. The jerkiness caused by the 3-2 shutter is
not obvious to the viewer. Also not obvious to the viewer is the result of a video-to-film transfe r , wherei n
only S/b of the total video information is extracted. The shutter of the kinescope recordin .g camera is set to
be open exactly 1 /30 second. During this interval , exactly one frame of the TV picture is recorded : the
remainde r of the field being traced when the shutter opens , the entire next field , and the first part of the
following field. If shutter speed is slightly less than 1 /30 second , some lines will be missing from the
picture: if the shutter  is open longe r , some lines are photographed twice and appear twice as bright. Given
present-day digita l counting techniques , a kinescope recorder whose shutter speed is longer than
1 /30 second operated with a kinescope whose picture is unblanke d only for the proper number of lines ~an
be emp loyed. In the European TV systems , where a 25-frame/SO-field system is used , a transfer to film
which is then played back on either European or NTSC telecine systems has incredible jerkiness . Likewise a
conversion from European standards to NTSC or the reverse is apparent to some viewers. The problem in all
conversions is that a continuous , analog event is sliced into arbitr  try vertical chunks and time segments: to
change the number of chunks or segments involves repeating something or leaving something out , either one
at a rate apparent to the viewer.

COLOR TV SYSTEMS

Color TV standards were adopted in the United States in January 1954 . The system authorized at
that time and still in use is compatible: a color transmission viewed on a monochrome (black-and-white)
receiver provides a high -quality black-and-white picture representing normal brightness values , and a color
receive r receiving a monochrome signal produces a monochrome picture. The NTSC color system requires
no additional bandwidth , indicating that chrominance information can be put somewhere in an existing
black-and-white frequency spectrum where it does not interfere markedly with the black-and-white picture
seen on an unmodified black-and-white receiver , and yet be separable in such a way that the chrominance
signal is not disturbed by the presence of the luminance (black-and-white) signal. This is of interest in this
discussion , since it demonstrates that there is orthogonal space in the black-and-white (but not necessarily
the color) spectrum.

COLO R PICTURE PROJECTION

To produce an acceptable color picture with a projection system , a minimum of three colors must be
used: blue , red , and green. Yellow , for example , is produced by equal amounts of red and green in the
absence of blue : the three together produce white ; the absence of all three produces black ; red with some
blue and green produces pink. The color response of the eye is not so easily categorized , but a three-color
projection produces sufficient color information to satisf y the eye (and the brain) that a picture consists of
all the colors present in the original scene. To reproduce such a three-color picture in its entirety would
require three transmission channels , each 4.2 megahertz wide , and arrange d in such a way as to arrive
simultaneously and be synchronized. Original experiments with color TV (and earlier , with color fi lm)
determined that the eye is not so sensitive to color differences as it is to differences in brightness. Thus, if
brightness information could be separated from color information , the color information could be trans-
mitted more crudely with l i t t le  or no degradation apparent to the viewer.

6
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• One early system was the Columbia Broadcas ting System , which involved a monochrome kinescope
with a rotating filter wheel placed between its face and the observer. The black-and-white picture appearing
on the kinescope at any given moment was as photograp hed through a filter of the same color as the filter
at the receiver. If black-and-white standards had been used for such a picture , given the interlace of odd and
even fields , a com plete , color , 525-line picture would be generated 20 times a second. if any item in the
scene were fully saturated (full red , for example) it would flicke r at a rate of 40 times a second , a flicker
rate easily perceptible as a brightness (if not a color) variation. To accommodate this problem , CBS
proposed a picture consisting of fewer lines and a higher field and frame rate. Unfortunately,  such a system
was then rendered incompatible with existing monochrome standards , since the normal receivers are not
capable of locking to radicall y different line and frame rates. Additionall y, if the receiver could be made to
lock to the new color sync standards , the picture viewed without the wheel would transmit to the eye of
the viewer a black-and-white picture where the gray-scale values of red , green . and blue would all be seen
with equal intensity, whereas the eye has strongest sensitivity to yellow and green , with relatively less
sensitivity to red and very low sensitivity to blue. Added comp lications arise in the manufacturing of a
rotating-wheel system for 25-inch (635-mil limet er ) overall diagonal measure kinescopes .

BANDWIDTH COMPRESSION OF COLOR INFOR M ATION

Most of the systems proposed earlier involved transmit t ing three pictures: one each of the three
primary colors , red , green . and blue. Since , as described earlier , a standard black-and-white picture requires
a bandwidth of 4.2 megahertz , it follows that t ransmit t ing  three pictures for color would require
1 2.6 megahertz , more than twice the 6-megahertz bandwidth allotted to black -and-white stations. Fortu-
nately, however , advantage can be taken of the characteristics of the eye to reduce the required bandwidth
significantly. Unlike color fi lm , for examp le , the color response of the eye appears to be somewhat
continuous—thus the lig ht from a fluorescent source is regarded by the eye as white , and a photograp h
regards it as blue-green. The color receptors in the eye have considerably lowe r resolution than the contrast
receptors. To illustrate the la t ter  s tatement , consider three sets of stripes , the first consisting of vertical
stripes of black and white such as those in Figure 1 , the second of blue and red , and the third of green and
purp le. If the three sets are viewed from the distance where the green and purp le stripes have merged into a
singl e, brownish color , the red and blue and the black and white stripes are still easily distinguished. At the
distance at which the red and blue stripes merge , the black and white stripes are still visible. Because of this
the electronic descri ption of a color scene can consist of a brightness (black-and-white ) signal and two color
signals, each of which has lower resolution than the black-and- white signal , describing a red-to-blue axis and
a green-to ’purp le axis. Any dot on the screen is then produced by a combination of three primary colors.
and the proportions between them are controll ed by the brig htness signal and the two color signals. The
biack-and-white signal can be made to be exactly like a standard black-and-white signal , representing only
apparent scene brig htness , with a bandwidth of 4.2 megahertz , and for color resolution indistinguishable
from full bandwidth with a red-blue bandwidth of 1 .5 megahertz and a green -purple bandwidth of
0.5 megahertz. Thus the two color signals now represent only a slightly less than 50% increase in required
bandwidth , rather than three t imes the b lack-and ’white bandwidth as before.

Since the two color signals have something in common . i.e.. they both describe aspects of colorness
(rather than brightness , as does the wide-band signal) , and are related to a color chart in a specifi c way.  they
can be combined on a single carrier. If such a carrier were generated both in a reference (arbi t rary)  phase
and also shi fted 90 degrees . and one of the signals were modulated by the red -blue signal and the other by
the green-purple signal , the signals could be separated by a similar demodulator at the recei ver. If double-
sideband modulators are used , a signal with brightness hut no color would be represented by no subcarrier.
If the receiver is in some way locked in phase to the reference oscillator and the red-blue modulator
connected to the reference phase . a red object would be represented by a signal in phase with the re ference .
a blue object by a signal 180 degrees opposed to the reference. a green object by a signal 90 degrees ahead
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FIGURE I . nla~k.and-Wh ite Stripes for Comparison With Color Stri pes
to Test Eye Resolution.

of the reference , and a purp le object by a signal 270 degrees ahead (or 90 degrees behind) the reference. In
this system , then , a blue-green object would be represented by a signal 135 degrees ahead of the reference ,
and in fact any phase shift would represent some color on the color chart. The absolute a n p li tude of a
subcarrier so constructed would be proportional to saturation: thus a pink object would be represented by a
subcarrier of the same phase as a red object , but the subc arrier amp litude would be lower. The actual color
vectors used in NTSC color television are not exactly those shown , one reason for which is that the
red-yellow-green area is spread over a larger region of the reference circle (color chart i so that fine
distinctions can be made in the area of flesh to ne s ,  which are regarded by the viewer as more critical than
exact shades of blue and purp le. Diagrams of ’ a modulator and of a color chart with the color subcarrier
axes are shown in Fi gure 2.

— Since the screen on the receiver is blanked (black ) during all times when picture information is not
being transmitted , the color subcarrier has zero amp li tude  at these times. Thus it is possible to transmit a
reference phase during the blanking interval l’or the color demodu lator oscillator in the receiver to lock to .
This signal , called “bur st~’. occurs in the horizontal blanking interval after the horizontal sync pulse but
before the end of horizontal blanking, and consists of eigh t pulses of the subcarrier at reference phase. No
burst signal is t ransmitted during vertical blanking.

COLOR SUBCARRIER CHARACTERISTICS

The frequency of the color subcarricr remains to be determined.  Since the sound carrier is trans-
mitted as a 4.5-megahertz subcarrier , a color subcarrier could be placed above the sound. Monochrome
receivers would then simp l y not he of wide enough bandwidth to detect the color signa l . and compatibi l i ty
would be assured. However , adding a subcarried above the sound carrier would necessitate increased
bandwidth for color signals , meaning that channels would be farther apart and consequently fewer in
number. Fortunately,  another possibility exists: since monochrome TV receivers seldom take advantage of
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GREEN—PURPLE AXIS IQ)
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SUBCARRIER GREEN—PURPLE I
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RED—BLUE
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BRIGHTNESS
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FIGURE 2. Top: Color Axes (Approximate ) for NTSC Encoding; Bottom: NTSC
Compatible Color Modulator.

the full bandwidth transmitted , but instead commence a high-frequency rolloff above 2.7 to 3.5 megahertz ,

• a subcarrier between 2.7 and 4.5 megahertz would have minimal impact on such receivers . Since (except for
the color-synchronizing signal ) no color subcarrier is t ransmit ted during blanking intervals , a subcarrter in
the passband of the set would have no effect on the capability of the monochrome receiver to establish
sync references. On wide-band receivers , of course , a subcarri er of this nature arbitrarily selected would st.tll
be visible as a herring bone pattern. f -
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One additional consideration can be made in the selection of the subcarrie r frequency.  Il a p ic tu re  of
a un i fo rm gray card were to be transmitted , and mixed with such a signal was the output  of a func t ion
generator set to a frequency that  is an exact multiple of the horizontal frequency, the resulting con ibina-
tion would appear to be a number of vertical lines (the number determined by the mul t ip le). the contrast
between the lig ht and dark portions would be controlled by the intensity of the signal added. If the
generator were instead set on a frequency which is half of an odd multiple of the horizontal frequency (i.e..
an n -a nd-a -h al t t h  harmonic ), the pat tern would be considerably less apparent at any injection. The higher
the oscillator frequenc y,  the less obvious the added pat tern becomes, and at some frequency the pat tern
comp letely disappears. If the monochrome picture being sent is more comp lex than a gray card , the
masking is itnproved~ modulation on the color subearrier makes it again more apparent , but the var iat ion s in
the color subcarr ier tend to vary with the black-and-white subject matte l , and are again masked. 3 For
N [SC color , the color subc arrier frequency is set at the 227 1 /2th harmonic of the line horizontal li e-
quen cy With this frequency selected , the lower sideband of the color subcarrier can extend over the en t i re
1.5 megahert z band without at tenuation , but onl y the lower 600 kilohertz or so of the upper sideband of
the color sub carr ier is present. causing some reduction in color detail. Standard home receivers have both
color axes limited to 600 kilohertz , but studio monitors normally can extract the additional color detail
present on the wider .band in-phase (“I ” ) component. To preven . interaction of the sound subcarrier with
the demodulator of the color subcarrier. the horizontal oscillator rate is lowered slight ly  so that the sound
sub carrier becomes the 286th harmonic of the horizontal rate. Thus, interference from the sound subcarrier
onto t~~. color subearrier appears as a harmonic-and-a-half of the horizontal rate. namely the 58.5th. If all
tolerances are adhered to , therefore ,  a color signal is immediately recognizable on a black and white set by
the fine checkerboard pattern present on those areas containing saturated colors and by 60-hertz hum and
noise present ( from motors , lamp dimmers , and the like ), which will cause a horizontal bar that  travels from
the bottom of the screen to the top about every 16 seconds.

The limitations of a color system confi gured as described are that the lack of color response equal to
that of the black-and-white response is obvious at viewing distances that are too close - - close enough for the
viewer to observe the horizontal lines in the picture.  Electronically generated pictures can show such l imits
quite easily. The most common and readily available examp le of this is a color-bar disp lay. since tha t
disp lay has a green-to-purple transition in it , obviously less sharp or abrupt than anY other transit ion.  By
turning down the color control , the observer can show that the black-and-white representation of the color
bars is a gray scale (the order of the colors was selected to so arrange it) .  and transit ions between the
different shades are suitably abrupt.  Although horizontal resolution of the color signal is thus quite l imited
in the NTSC compatible system , no such limitation exists in the vertical direction , and each of the 485 lines
on the screen could display a comp letely unrelated color , saturation , and brightness. This s tatement  is not
necessarily true for all compatible color systems. In the German phase-alternation-line (PAL) system , the
90-degree phase shifter in the color subcarrier generator switches from 90 degrees leading to 90 degrees
lagging and vice versa at the end of each line. By using this arrangement. it is possible to produce a receiver
that can correct phase errors that may occur in transmission , making the t in t  control unnecessary. Receivers
for PAL that do automatic  t int  correction have a delay line that  compares color from one line to the nex t .
and since the two lines compared have another line between them in the next field , resolution is reduced in
an obvious but not easily quantizable way.

3j ohn Wentworth. Color Telei ’ision Engineering. New York , McGraw-Hill , 1955 .
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COLOR PICKUP SYSTEMS

The most direct way to generate the green , red , and blue sign als for a color system is to have three
pickup tubes look at the same scene through the same lens , each adjusted to scan the same portion of the
scene at the same time. This requires not onl y synchronization of the scanning beams, but also adjustment
of the individual sweep voltage s so that each tube ’s picture size , position , rotation , and lineari ty is identical .
Since the black-and-white (luminance) signal is made of portions of each of the three signals , an y mis9h gn-
ment between the three tubes causes a double or even triple image on the black-and- white receiver and
color fring ing around white objects , as well as loss of resolution in color. Additionally , since split t ing the
light entering the lens three ways reduces the light falling on each tube , the required lens speed and required
lighting is increased - Another variation is to split most of the light to a large orthicon tube that has no
filter--a black-and-white picku p--and the rest of the light to three vid icon tubes whose resolution is more
limited , from which the color signals are cormed. The advantage of such a system is that the black-and-
white signal depends upon only one tube , and resolution of the color pickups is not as critical. Some
three-tube pickup systems use only red , white , and blue pickups--the color signals can be derive d from that
combination. The effects of misalignment of the three tubes can also be minimized by limiting the fre-
quency responses of the red and blue channels and adding excessive high frequency response on the green
channel (which represents 60% of the black-and-white signal). Although this method is effective in most
cases , certai n subject matter causes strange effects.

The use of only one or two tubes , however , reduces the size and wei gh t of a color television camera ,
and simp lifies alignment of the colors as well. Color TV pictures returned from the moon used a single-tube
camera with a rotating filter. To make such a picture compatible with standa rd receivers , a disc storage Uni t
was used to hold two preceding fields. At any time , then , a picture could be constructed from the live input
and the last two from memory, combining all three to make a sing le color picture . If a white object were to
move rapidly from one side of the picture to the other , it would be represented by red , green , and blue
patterns in rapid succession. Ampex pro .!uced a portable camera with two tubes , one of which had a
red-blue rotating filter , and involved a single-field storage to produce three colors for encoding. Since the
Ampex camera was intended for use in , for example , sports remotes , it is seldom used at present , since a
stop-motion “instant rep lay ” frozen frame has double images due to the reconstruction of the color.

COLOR TRANSMISSION /RECORDING CHARACTERISTICS

Transmitting or recording an NTSC color signal requires a bandwidth of at least 3.6 megahertz , since
the lower sideband of the color signal and the subcarrier must be preserved. If , as in the case of lower-cost
videotape machines, a bandwidth less than 3.6 megahertz (sometimes considerabl y less , such as
1.5 megahertz) is available , the color signal as well as the black-and-white signal must be adjusted in some
way so that upon reconstruction the picture resembles a normal blac k-and-white or color signal when
played into a standard receiver. Black-and-white recorders handle this quite readily: only every other fIeld is
recorded —just  the odd or eve n fields , and each is played back twice. This cuts vertical resolution in half ,
since the 485-line picture now consists of only 243 pairs. Horizontal resolution is c~ t by half by the
high-frequency roll-off of the input .  Since vertical and horizontal responses are similarly degraded , the
picture appears to be less sharp than the orig inal , but not obviousl y degraded by containing only 25% ~f the
original in fo rmat ion .  The now-defunct Cartrivision system records every third field , but has a bandwidth
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suffic ient for color. In systems like the Sony Videocassette system , the color subcarrier and some of its
sideband s ar e het erodyned to a lower frequency for recording, and heterodyned back on playback , with
f i l ter ing to prevent resolution and delay problems. Broadcast videotape recorders , which cut each field into
lb pieces and reconstruct them on playback , are extremel y susceptible to creating phase shifts on the color
subcarri er on playback. A timin g error of l40 nanoseconds , for example , in the switching between one head
and the next , can cause a color shift from red to blue. Electronic correction is emp loyed in such recorders
to reconstruct the color signal to remove these errors, Imperfect correction can be occasionall y seen on
home receivers where a back ground color (especially red) has bands or lines that appear off-color.

Whcn color 1’V is trans mitted as AM , as it is in commercial practice , over-the-horizon pickup can
cause fading on some parts of the signal and not others , causing color information to be of improper
magnitude in relation to the brig htness signal. If not severe , this can be corrected by readjustment of the
color controls , if severe , equalization of the detected video sign al is required. Problems can come from
unexpected sources—standoff insulators fully crimped around the antenna wire at a spacing of 6 feet
( I  .8 meters) attenuate color on channel 6 extremely yet provide a good quality black-and-white signal.
Nonlinearity in the transmission medium can cause a beat note between the 4.5-megahertz sound subcarrier
and the 3.58-megahertz color subcarrier. This beat note is (approximately) 920 kilohertz , which is (for
reasons mentioned earlier) one of the frequencies that is less apparent on the screen than others. However ,
since the sound subcarrier is frequency-modulated , If any sound is present , the beat note is readily apparent
as a moving tweedlike pattern. Since the pattern is variable , it would be difficult if not impossible to trap
from the picture without introducing distortion.

Because of the subcarrier used in color TV, the possibility exists that some item in the picture to be
encoded has lines or edges already in it that when swept by the scanning beam(s) could cause an apparent
subcarrier to be generated. This can be observed in a commercial TV picture when someone shown on
screen is wearing a tweed or finel y checkered item of clothing. When the pattern is near critical size , the
resulting effect on a color receiver is for the pattern to be surrounded by and to contain rainbow like signals
not present in the origi n al . Most such interference can be eliminated by filterin g the individual color pickup
sign als to notch out frequency content in the region of 3.58 megahertz before color encoding. The result of
such filtering is to cause an item that would otherwise cause trouble to appear slightly out of focus , or
simp ly gray.

The significance of color TV in weapon systems , of course , is that a color display contains more
information than a black-and-white display. Whether the added color simp ly adds k t ter ing to the screen or
a full color disp lay of the scene is used , readability is increased. Although the colors in the display
kinescope are factory-fixed and nonnegotiable , nothing prevents the colors used in taking the original
picture from being infrared , yeiiow, and turquoise if such an arrangement can increase contrast. Color
displays can even be produced from black-and-white camera outputs by making each of several levels of
gray appear as a di fferent color. Such systems are used , for examp le , in examining X-ray photograp hs.

INTERFERENCE-FRE E DATA TRANSMISSION

In order to allow space for a data signal to be added to the electronic representation of a TV picture ,
unoccupied space in the TV signal must be isolated -and separated from that which produces the picture.
This, of course , assumes that a TV picture contains less information than allowe d by the bandwidth
provided for it. Given the bandwidth and timing described for black-and-white systems , each of the 485
unb lanked lines can contain 440 individual dots , so that a total of 213400 picture elements (pixels) call be
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4
generated. (Since horizontal lines are continuous in nature , even this figure understates the total capacity . )
At a frame rate of 30 per second , the signaling rate is thus 6 402 000 pixels per second. Since a bandwidth
of 4.2 megahertz is provided for TV , which would allow a maximum of 8 400 000 pixels per second , the
di fference of nearl y 2 million pixels is lost in the space provided for synchronizing the receive r to the
transmitter. Each pixel is capabl e of being any shade of gray from black to white (color will be discussed
later) , and the number of; shades of gray are limited only by the number of shades detectable by the eye
and the signal-to-noise ra~io of the TV system. Since a 40-decibel signal-to-noise ratio appears sufficient ,
corresponding to a 1% vo~tage variation on the signal , and since the gray scale is roughly 75% of the total
signal , each pixel could be divided into one of 75 shades , indicating that each pixel could be represented by
6.22 digital binary bits (also called Shannons). Thus , if cv ~ry pixe l were independent of every other pixel, a
kinescope used as a data 4isplay could disp lay 39.82 megabits per second without overloading the data
channel. However , if such a~ arrangement were made , the eye of the observer would be overloaded , and the
picture would resemble the ~ppearance of the kinescope face when the receive r is tuned to a blank channel.
Such a picture is regarded l3~, the observer as noise—which in fact it is. aearl~ then , there exists some
interrelation between pixel s, ~ndic ating that the entire data capacity of the TV channel is not used. A TV
system that transmitted only the differences between adjacent (vert ical , horizontal , and even diagonal)
pixels , and the changes in brightness between frames of the same pixel could be designed , but the saving in
bandwidth would be at the cost of extremely complex transmitt ing and receiving apparatus. Fortunately, a
number of the redundancies are easily detected through mathematical analysis. and the same anal ysis
suggests a possible orthogonal set of data channels.

TV SIGNAL REDUNDANCY
S

The redundancy in the 1’V signal is due to several factors. ( I )  Since adjacent fields are int erlaced , the
signal on them is nearly identical. (2) Any horizontal line is similar to the one above or below it . and any
pixel in a horizontal row is similar to the pixel on either side. (3) Neg lecting a complete scene change . or
cut , any two successive frames are nearly identical , even if all or part of the scene is moving.
(4) Dependencies are forced by the limitations of the medium--the scanning beam in the camera is not
infinitesimal , which decreases reso lution ; some picku p tubes do not completely erase when scanned , so
subsequent scans contain some information from previous events : the source of some pictures is more
limited than the system used to scan it (for example . photos made from 16-mm film , or lb-mm film itself).
(5) The repetition rate of the input may be fixed at a lower rate than that of the output , as in motion
picture film , since the film is projected at a 24-frame rate and the TV output is at a 30-frame ra te — thus
20% of the TV sign al ..ould be constructed from repetitions of previous frames or fields.

The electrical signal produced by a TV picture of a stationary scene repeats itself exactl y 30 times a
second. From Fourier analysis it can be shown that all the energy in a s tat ionary picture is contained in
harmonics of 30 hertz , plus a DC term. In a 4.2~megahertz pass band , 140 000 such harmonics can be
placed. The relative amplitudes of the harmonics decrease as fr equen cy increases , the rate of decline
determined by the amount of detail in the picture . Since each frame consists of two fields that are nearly
identical , the harmonics that are multiples of 60 hertz (that is. the even harmonics of 30 her tz )  predomi-
nate. Although it is less obvious , it has Long been known that since horizontal lines are generally similar .
harmonics of the horizontal frequency also predominate. 4 The horizontal frequency is 15 750 h e i t , , the
525th harmonic of 30 hertz. The 4.2-megahertz bandwidth can pass 266 harmonics of the hori 7onta l

~A 1thou gh a horizontal lin e , for example, could show a system of 200 evenly spaced dots , a vertical display of
200 dots would not be possible due to the quantization caused by the fixed numbe r of lines in the picture .

4pterre Mertz and Frank Gray. “A Theory of Scanning and its Relatio n to the Characteri s tics of the Transmitted
Signal in TelephotogTaphy and Television”. Bell System Technical Jour nal , Vol. 13 (Ju ly 1934), p. 464 .

13

- --~~~~~~~ ~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ .— -- -- ~~~~~~~~~~ ~~~~
- -

~~~~~



~~~~~~~~~~~~~~~~~~~~

NW C TP 5837

frequency. When the scene scanned by the camera contains slanted lines (which would account for part  of
the lines in a typical picture), mo r e energy would be grouped around the multiples of 15 750 hertz. In
general , the 30-herti . harmonics about a multiple of I 5 750 hertz appear to be enveloped in a Gaussian
shape, as shown in Figure 3.

For any still picture , then , all energy is found at exact mult ip les of 30 hertz , especially if they are also
multiples of 60 hertz and in the vicinity of multiples of 1 5 750 hertz. For a moving picture , each individual
energy spike becomes a small Gaussian distribution. That the distribution should be similar to that of a
stationary pictur e is due to the redundancies between fields , frames , and lines mentioned earlier. Figure 4 is
taken from the reference cited in footnote 4 , with the horizontal frequencies added that would correspond
to present-day telev ision. Note that the actual motion of the subjec t has negligible effect on the groupings
around the horizontal sweep rate. Note also that the somewhat Gaussian distributions around the hori-
zontal rate drop rather rapidl y, with considerable space between them. It would be possible , under such
conditions, to insert a carrier with data superimposed upon it between two such harmonic groups and
separate that data carrier on receiving by feeding the composite signal to a radio receiver tuned to the
carrier. Interference caused by the chance occurrence of a TV signal in the area occupied by the carrier
could be minimized by using FM or phase-modulation techniques , if required. Since energy distribution in
the TV picture falls off with increasing frequency, the subcarrier would encounter least interference (on the
average ) at the highest frequencies. If the subcarrier were then trapped out of the signal feeding the
kinescope , appaiently no picture degradation would occur , except that information would be lost in the
areas where the tails of the signal and picture distributions overlap, as shown in Figure 5.

EYE SENSITIVITY TO SUBCARRIER CHARACTERISTICS

The eye is more sensitive to patterns tha t are vertical or horizontal rather than diagonal , and the eye
is more sensitive to patterns made of lines than to those made of dots. In Figure 6 all stripes (or checkers)
are the same size ; thus all patterns should degenerate into gray at the same distance. For most viewers.

g ~to to to t~ to N N N t o  ~~ 0 0
In ( 0 ( 0  10 10 10 Ill to U) U) U) U) U) (0 Ii) 10 15)

FR~ QUEI14CV, Hz

FIGURE 3. Distribution About a i~epresentati ve Horizontal Line Harmonic.
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15 750n 15 750(n+1/2) 15 750(n-I’l)

FREQUENCY , Hz

FIGURE 5. Spectral Distribution of Arbitrar y Signal With Arbitrary Orthogonal Subcazrier.

however , the checkered pattern disappears first , followed by the diagonal , with the vertical and horizontal
patterns last. Since an unmodulated subcarrier viewed for a single frame has the appearance of a checker-
board , the eye ’s response to it is already minimized. Additionally, the subsequent scanning of any line in
the following frame reverses the phase of the subcarrier , so any point darkened by the presence of the
subcarrier is lightened on the next scan and vice versa. Thus the same persistence of the eye that makes a
scanned kinescope resemble a continuous picture makes the subcarrier disappear.

The magnitude of the subcarrier(s ) is kept well below the picture magnitude mainly because the
pattern is less obvious if the brightness changes made on the screen are small , but also because to do so
prevents cancellation loss at contrast extremes. If , for example , the picture contains an area that is com-
pletel y black , the positive excursions of the subcarrier will lighten the picture slightly in those areas, while
the negative excursions will not cancel this effect with a blacker-than-black signal. In practice , of course ,
very few completely black or completel y white areas exist on the screen. The subcarrier(s ) is interleaved
with the spectrum of the picture , so the total peak-to-peak voltages of the pictur d and subcarrier (s ) do not

— add absolutely, but rather in a Pythagorean fashion. If the transmitter were of the AM variety , turning
down the picture signal level to add the subcarrier would not cause a perceptible change ; the effects of an
FM transmitter would be even less.

SUBCARRIER MODULATION EFFECTS

The preceding discussion has considered only an unmodulated subc arrier .  Any modulation of the
subcarrier will cause the single-line spectrum of the subcarrier to spread. If the subcarrier were amplitude .
modulated at a rate equal to half the line frequency, or 7875 hertz , the result on the picture would be a
series of vertical lines in addition to the subcarrier pattern. The two sidebands of such a signal would fall on
multip les of the line frequency, a condition to be avoided. Since the probability of significant energy being
in the vicinity of multiples of the line frequency is high , a demodulator with a band-pass filter at its input
that approaches I 5 750 hert z in width , or an output low-pass filter that approaches 7875 hertz at cutoff is
likely to experience interference from picture information , which will in general increase as the amount of
detail in the picture increases. Since the vertical - repetition rate of the picture is 60 hertz , the 7875-hertz
signal that would appear at the outpu t of the demodulator is modulated by harmonics of 60 hertz , thus
energy would appear to a lesser extent at 7815 and 7935 hertz , etc. aearly. those areas where the spectra
of the picture and data subcarrier both exist cause problems for the data demodulator as well as distortion
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to the picture. If a portion of the spectrum were trapped prior to display on the kinescope (or prior to
mixing with the subcarriers on the transmitting side), certai n types of detail would decrease in amplitude or
appear slightly displaced on the screen (normally slightly to the right), and motion would appear more
blurred. For these reasons , tra ps are not normally used, and if used are of very narrow bandwi dth .

The requirement tha t the picture not seriously degrade the data along with the filter response
characteristics limits the frequency response of the subcarrier channels to 4 or 5 kilohertz. One possibility
for a demodulator , then , is a standard communications receiver. Such a receiver tunes 540 kilohertz to
beyond 5 megahertz . thus covering the carrier frequencies of interest , and normally employs stagger-tuned
IF filters to provide a 10-kilohertz band pass, resulting in a 5-kilohertz outpu t roll-off. The response of the
receiver to the energy bands due to the picture on either side of the subcarrier depends on the amplitudes
of the energy, but in general requires that the magnitude of the subcarrier be similar-to the magnitude of
the energy bands of the picture , give or take about 20 decibels. Thi s is fortunate , since the random nature
of the picture would cause the magnitudes of each ban d to vary with the detail in the pictur e . —

SYNC GENERATOR FOR TV-ENCODER SYSTEM

Figure 7 shows a sync generator modified to operate both a color TV camera and a group of
encoders. The division ratios are not approximate—they must be adhered to exactl y, or the subcarriers will
not interleave properly with the picture information. However , the oscillator could be any frequency within
NTSC tolerances , or allowed to drift , without any effec t on the picture. The demodulator uses the output
of the horizontal oscillator to feed the input to the demodulators if synchron ous demodulation is used. As
the dashed lines on the drawing show, the subcarrier generator(s) can be added to an existing camera or
sync generator. On airborne cameras , for example , the horizontal sync output is usually available on the
back plug. In all cases the horizontal sync signal (which is the only input the data encode r requires ) can
readil y he taken from the camera. The output of the data encoder can be added to the camera output either
internally or externally.

DEMONSTRATION TV-ENCODER UNIT

To test the theoretical considerations of the preceding sections , a demonstration unit was con-
structed. Available for the tests were two black-and-white cameras , two color sources (a camera and a
film-projection unit), black-and-white and color monitors , and a I-inch (25.4-millimeter) helical scanning
videotape machine. All video sources tested had internal sync generators. The required horizontal sync
output was available on the black-and-white cameras , but on neither color source. As a result , all video
sources were connected to a Cohu Electronics , Inc., sync generator external synchronization (genlock)
input. This generator was not used to generate sync for the sources , but to decode sync from them. This
method is employed in places where multiple cameras are used and synchronized to each other (to allow
switching the studio output among them without picture jump) and in turn to an external source , such as a
network or remote camera. Sync derived through a genlock is by nature less stable than the original source ,
so if the experiment works with the external generator , operation with the internal source is assured. In
addition to the connection to the sync generator , the camera was connected to a video monitor for tests of
the subcarrier generator.
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The subcarrier generator accepts the nominal 15 750-hertz horizontal frequency and converts the
level and impedance of the signal to a transistor-transistor logic (TfL) voltage compatible with a N ational
Semiconductor Corp. LM 339 comparator. The output of the comparator is fed to the reference input o a
Motorola Corp. MC 4044 phase comparator. The phase comparator output is filtered and fed to the input
of an MC 4024 voltage-controlled oscillator whose output is fed to a divider chain composed of M( 4016
divide-by-N counters. The output of the divider chain is fed into the other input of the MC 4044 ph ase
comparator. ( See Appendix A for a more comp lete theoretical description of phase-lock oscillators. ) If the
MC 4016 counters are programmed to divide by an odd number , the output of the MC 4024 oscillator is an
odd multip le of the horizontal Ire quency. 11 this output is then divided by 2 by a toggle flip-flop, a
subcarrier frequency of (2n + 1)/2 is produced. The subcarrier generator is shown schematically in Figure 8.
Figures 9 and 10 show the original “hanging gardens ” model and a later model in a plug-in card format.  The
original layout was by the author , the plug-in by James Webb of NWC. The card operate s on a single power
supp l y of +1 2 to + 15 volts DC, and can be made to operate on hig her voltages by changing the regulator
ballast resistor.

The modulator used for initial testing was a Motorola MC 1496 , which is characterized by the
manufacturer for use as a balanced modulator (fo r double-sideband , suppressed-carrier systems) or as an
amp litude modulator. Any integrated circuit amp lifier that can be used for automati c gain control can be
used as an amplitude modulator , such as the Motorola MC 1 590 , MC 1445/ 1545 , or the MFC 6050;
National Semiconductor LM 170/270/370 : Plessey SL640 C or SL 64 1 C: and others. Mult i p liers such as
the MC 1495/ 1 595 or the MC 1494/ 1594 can be used also , but care should be taken to pass the carrier
frequency.

In the test the input modulation source was provided by a Wavetek function generator , which can be
frequency-modulated by an internal second oscillator. In this manner a varying frequency was produced to
test whether certain frequencies would be more apparent on the screen than others , and what rando in like
signals would do to the picture. One variation of this arrangement used a Western Electri c Touch-Tone pad
to generate unmusical (i.e. , not simp ly harmonically related) two-tone combinations.

The output of the videotape recorder was led to a Magnavox color TV monitor , a Conrac black-
and-white monitor , and to the antenna input terminals on a Hallicrafters S-38E short-wave receiver be-
longing to the author. Data recovery consisted of listening tu the loudspeaker on the radio. A block diagram
of the test setup is shown in Figure 11. Obviously, the medium between the encoder and the decoder could
be a transmitter and recei ’-er instead of a videotape recorder , or simply a length of cable.

TEST RESULTS

Tests showed that an injection level (ratio of peak-to-p eak video to peak-to-peak subcarrier) of lO%
would provide an adequate data signal and unobject ionable picture cross talk. This is demonstrated on the
videotape that is available from NWC. Using a small (100-milliwatt) TV transmitter on channel S as the
transmission medium was also successful. Subcarrier amplitude was reduced 6 decibels by the vestigial
sideband filter , and this must be taken into account in adjusting subcarrier injection level. Since the picture
energy surrounding the subcarrier is reduced also, the amp litude ratio remains the same. With the videotape
recorder used , some 60-hertz noise is generated in playback as the tape heads switch during the vertical
blanking interva l ; optimization of the tape recorder for the best picture minimizes this noise.

The tape recorder used was capable of holding a single field or producing slow-motion pictures—this
by continuing headwhee l motion while slowing or stopping tape motion. Switching to these modes caused
the recorder headwheel speed to change slightly, necessitating a retuning of the receive r , and causing an
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FIGURE II. Demonstration Unit Test Setup.

increase in the 60-hertz noise. li the receiver were replaced by a synchronous detector , this slight  frequency
difference would be tracked , since the ratio of frequencies between the horizontal oscillator and the
subcarrier remains constant. A disc recorder is driven at the same speed at all times , so no frequency shift
occurs with discs used for slow motion , reverse , or stop motion .

Maximum picture degradation took place when a periodic data waveform was used; minimum degra-
dation resulted from inputs that are more or less random in nature , such as would result from vibration
data. Data consisting of voice caused an interference pattern that modulated at the sy llable rate. Since voice
data is intended for hearing only and thus requires a lower signal-to-noise ratio , subcarrier injection can be
much lower , say 29’ or less.

ADDITIONAL CONSIDERATIONS

The advantages of a new system must be sufficient to justify the costs of changing to it .  When an
existing system is already in place , and much of its equipment is obsolete , savings that result from the use
of simpler transmitters and ground station equipment as well as labor savings from simpler procedures m ust
be take n into account , as well as RF spectrum savings.

SPECTRAL .

If the system under test feeds the receiving site through radio , rather than through cable , some part of
the RF spectru m is occup ied by those signals. Although the frequency spectrum is large , extending from
DC to X-rays and beyond , practical considerations restrict the range over which a video signal can be
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transmitted to frequencies between 50 and 10 000 megahert z -, the data signal , being of narrower band -
width , is restricted somewhat less. These frequencies of interest are already in use by many services. so the
smaller the spectrum space occupied by any system , the more likely it is that  it can be accommodated.

If a single RF link is used , data is normally transmitted on a suhcarrier higher in frequenc y than the
highest frequency present in the picture. With a normal NTSC picture , this puts the data subcarri er and its
sidebands in the area above 4.2 megahertz. If the data signal is comp lex enough to generate signif i cant
sideband energy , the subcarr ier must be moved a greater distance above 4.2 megahertz. The audit ) t rack  in
commercial TV, having a 15-kilohertz response , is at 4.5 megahertz. Typical subcarrier frequency f u r
TV-telemetry combination signals ranges from 6 to 9 megahertz. Due to the complex nature of a TV signal.
a direct expression of spectral bandwidth as a function of carrier deviation is not possible. but an FM signal
with a 7.5-megahertz subcarrie r would occupy a minimum of 15 megahertz of RF spectrum. With sing le-
sideband AM transmission , a minimum of 7.5 megahertz would still be required. If two t r an smi t t e r s  a c
used , ene for the TV picture and one for the data , besides the obvious size , power , and cost increases , the
picture bandwidth of 4.2 megahertz requires a minimum spectrum of 8.4 megahertz for FM. plus the
spectrum occupied by the data transmitter . Howeve r , when the data is encoded within the picture spec-
trum , the spectrum of the data plus the video is no larger than the spectrum of the video signal alone.

NOISE

Signals of large bandwidths require more transmitter power than those of smaller bandwidths. This is
a result of the thermal noise generated by space , which is seen by the receiving antenna even in the absence
of a signal. The expression is

P 4kTB

where P is power in watts , T is temperature in degrees }‘elvin , B is bandwidth in hertz (cycles), and k is
Boltzmann ’s constant , numerically equal to 1.38 X l0~~~ J/K. (Using these fi gures and a temperature of
300 K , the noise power in a 6-megahertz channel , which is used for commercial TV in the United States.
noise power is 9.936 X 10 14 watts, or approximately 100 femtowatts .)  If the bandwidth is increased , the
noise power at the receiver is increased. Doubling the receiving bandwidth requires doubling the transmitter
power to maintain a constant carrier-to-noise ratio. For FM , doubling the data bandwidth while maintaining
the same deviation decreases the signal-to-noise ratio if the power is the same in both cases, since deviation
must be decreased to maintain the same RF bandwidth; doubling the deviation and the info rmation
bandwidth requires twice the power or degrades the overall signal-to-noise ratio by 3 decibels. 5 Addi-
tionally, signal-to-noise ratio about any subearrier decreases at a rate of 6 decibels per octave . Clearly, then ,
in FM transmission (which is usually employed for systems such as air-to-ground telemetry) . a data sub-
carrier which increases the total bandwidth fed to the transmitter must be injected at a rather high level.
thus decreasing the deviation due to the picture significantly. If the data is included within the picture
passband , however , the requirement is eased: if , for examp le , a 2.25-megahertz subcarrier is used instead of
a 4.5-megahertz subcarrier , injection can be 6 decibels lowe r for the same signal-to-noise ratio (neglecting
noise effects due to the picture components). This is so whether or not preemp hasis is used on the picture
signal itself. Since the RF bandwidth is reduced and the picture comprises a larger portion of the total
transmitted signal , system transmitter output power is reduced by 3 decibels or more—a significant amount
in airborne systems , since telemetry transmitters are typicall y less than 20% efficient.

3Elliot L. Gruenberg. Handbook of Telemetry and Remote Control. New York , McGraw-Hill , 1967. Pp. 6- 1 1.
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GROUND STATION OPERATIONS

Television signals, due to their basic nature (a spectrum from essentially DC to 4 .2 megahertz and a
req ’iired signal-to-noise ratio of about 40 decibels), are not easil y recordable on normal ground station
machinery. An I RI G Wideband Group II data recorder , for examp le , has a passband that extends from
4130 hestt to 2 megahert z . even with the manufacturer ’s somewhat optimistic specifications , and this with a
signal-to-noise ratio of 20 to 24 decibels. And these specifications app ly to a tape speed of 120 in/ s
(762 minI s) a speed at which a ~)200-foot (2804-meter) reel of tape 14 inches (355 millimeters) in diameter
has a recording time onl y slightly in excess of 1 5 minutes. FM recording can be used to improve the
signal-to-noise ratio , but only at the expense of even greater recording speeds—a t least double the 1 20-in/ s
speed. Only the most rudimentary,  distorted , noisy, low bandwidth pictures can be recorded with normal
data recorders. Clearly, to record pictures , a special-purpose videotape recorder is required. Such machines
record TV pictures exceeding ly well —usually a videotape cannot be distinguished from the origina l signal ,
unless some of the picture information is omitted to save tape , as described previously. When a data signal
and a TV picture are sent , two recorders are normally used. If the data is sent as high frequency subcarr iers
above the video signal , detranslators or downconverters must be used to render the data in a frequency
range compatible with ground station data recorders. If the data signal will fit the characteristics of an
audi o signal , it can be recorded on the sound track of the videotape. Most machines have one or two such
tracks , but frequency response of these tracks is usually limited by the slow linear motion of the tape ,
usually less than 7 1/2 in/ s ( 190 mm/ s). If the data is sent by a- second RF carrier , no detranslator is usual ly
required , but a second recorder would normally be used. To make the data and video signals time-coherent
for comparison later , a common time signal must be recorded on both , occupying one audio track on the
videotape and at least one track on the data recorder. No convenient method is available to make the two
tapes play back in time coherence , so normally the videotape would be played back and times of interest
read; then the data tapes would be saarched for those areas of interest. If a data-in-video system were used ,
however , the videotape and the data will always remain in sync , and if frame sync is maintained with
still-framing (as is the case in disc systems), data can often still be made available in slow or stop-motion .

DATA FORMAT

Since the subcarriers generated by the system described herein are Limited in frequency response to
about 5 or 6 kilohertz , and limited somewhat on the low end by 60-hertz noise that results from video-
taping, some data signals will need to be reformatted for best results. IRIG standards list several data
formats compatible with such a channel;  for example , IRIG proportional bandwidth channels I through 10.
Obviously the baseband itsel f can be used for such signals as audio or vibration data. If a commutated
system is used , the clock speed of the commutator should be selected to be one or a combination 01 the
factors of 525 , which are 5, 5, 3, and 7. In this fashion , data on succeeding frames tends to cancel the
subcarrier out as seen by the viewer when data changes slowl y.

When videotape is used as a storage medium , commutator channels that would reside in the vertical
blanking interval could conceivabl y be distorted by head-to-head switching. This effect is minimized by
having as few channels as possible (a channel with a duration of 3 lines , for example , would be more subject
to such dropouts than channels 25 lines in length). A commutator synchronizing pulse is not necessary in a
PAM or PCM system of this nature , because the decommutator frame reset can be coincident with , for
examp le , the start of line I of the picture--at the end of the vertical blanking interval. Such a signal is
available from the output of the sync generator that can be used at the output , or at certain points in the
video monitor.
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None of the devices used in this system are particularly exotic in nature , as would be the detranslat ors
used with the high-frequency subcarriers used in most systems, and demand on and the number of rece ivers
and recorders is decreased. Synchronization of the data stream itsel f and of the data with the picture on
playback is simplified since the camera sync generator is the principal source of both. Videotape recorders
compare in price with lower-priced instrumentation recorders , are generally more portable , and use less
tape. Since fewer spectral demands are made , the use of lesser bandwidth and fewe r transmitters causes an
immediate saving in parts and space , and the more simple frequency scheduling usually gives rise to a
greater probability that spectrum space will be available on the schedule needed.

CONCLUSIONS

Use of the data-in-video techniqu e is indicated in any system where data signals are collected along
with a black-and-white or color TV display . Cost of such a system is generally lower than alternative
solu tions , and degradation of the picture can be minimal . The subcarriers can be videotaped along with the
picture for later play back as long as the entire video signal is recorded; thus a playback of video and data is
automatically synchronized. The technique can also be used in combination with other video data display
methods with little or no interaction . Use of the techni que also causes significan t savings in bandwidth and
transmitter power.
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Appendix A

PHASE-LOCK OSCILLATORS

Many methods of multip lying some input frequency by an integer , for example, the use of a class C
amp lifi er and the use of nonlinear devices to generate higher-order harmonics, limit the range of frequencies
that can be handled , and do not lend themselves to digital techniques. Phase-lock oscillators , however , are
digital in nature and take advantage of the simplicity with which digital circuits can divide frequencies ; that
is , they multi ply by dividing.

The simplest phase-lock oscillator is the type used to generate a pulse train shifted 90 degrees from
the input. It requires onl y an EXCLUSIVE-OR gate , used as a phase comparator , and a voltage -controlled
oscillator (VCO). The VCO must be such that a rising voltage on its input causes an increase in output
frequency. and it must be set so that its free-running frequency is close to the input frequency when its
input is biased at half the power supp ly voltage. When it is connected as shown in Figure A-I , the output
will be 90 degrees behind the input.

This circuit works because of a feedback path. If both signals entering the EXCLUSIVE-OR gate were
in phase , the output of the EXCLUSIVE-OR would be a zero at all times , reducing the fre quency and
retarding the phase until  the two were 90 degrees apart in phase on the input frequency, where the output
of the RC filter would be half the power supply voltage. The opposite effect occurs when the inputs are
exactly out of phase. Note also that  if two 50% duty cycle signals are fed to an EXCLUSIVE-OR gate , the
output of the gate is a 50% duty cycle signal of twice the frequency, so a frequency doubler is produced. if
the line from the output of the VCO fed back to the phase comparator were broken and digi tal dividers
inserted , the output of the VCO would have to rise to cause the comparator to null out. Thus the VCO is
forced to produce a multi ple of the input frequency. Since VCOs can be produced with multio ctave ranges.
such a multiplier can handle either a wide range of input frequencies or programmable dividers so that the
multip lier can be programmed. While the system shown is restricted to dividers and inputs that produce
50% duty cycles , phase comparators can be designed to handle asymmetrical input signals and divider
output s. triggering on risin g or falling edges of the two signals rather than on levels.

INPUT >- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ < OUTPUT

FIGURE A-I .  Phase-Lock Oscillator Circuit.
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