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HIGH STABILITY TELEVISION SYNCHRONIZATION GENERATOR

Francis T, Thompson

Westinghouse Research laboratories
Pittsburgh 35, Pennsylvania

Abgtract

A method for obtaining a new order of phase
stability in frequency dividers is described.
The output of a high frequency crystal oscillator
is sampled in order to obtain an output corres-
ponding to a half cycle of a high frequency
reference., The application of this method to
television results in accurately phased horizon-
tal and vertical synchronization pulses. This
method is particularly applicable to television
systems which utilize dot interlace.

Problem

The function of a television synchroniza-
tion generator is to provide timing pulses which
assure that the picture information will be
displayed in the correct location. The timing
accuracy that is required depends upon the
particular television system that is being used.
The greater the number of picture subdivisions
employed, the higher the required timing
accuracy.

In conventional monochrome television, two
timing signals are required: the horizontal
synchronizing pulse vhich controls the starting
of each line and the vertical synchronizing
pulse which controls the starting of each field.
The NTSC monochrome television standards specify
that the time interval between the leading edges
of successive horizontal pulses shall vary less
than 0.5 percent of the average interval.l The
tolerance of the vertical synchronization repe-
tition frequency, nominally 60 cycles, is wide
enough to allow the 60 cycle power frequency to
be used as a reference for the system. In
order to achieve good interlace it is desirable
that the time between successive vertical pulses
vary less than 10 microseconds or 0.06 percent
of the average vertical interval vhich is 262.5
times the average horizontal interval. This
relationship may be alternately expressed as a
phase relationship between the vertical and
horizontal synchronizing signals.

The introduction of the color subcarrier in
compatible color television necessitated more
accurate control of the timing signals. The
frequency specification of the color subcarrier
3.579545Mcr 0.0003%, is necessary to assure
proper operation of color reference oscillators
in color receivers.2 This frequency forms the
reference for the timing pulses in compatible
color, thereby precluding the possibility of

synchronization with the 60 cycle power fre-
quency. In order to obtain interlacing of
luminance and chrominance information, the color
subcarrier frequency was chosen to be an odd
multiple of one-half the horizontal line fre-
quency (455/2). This relationship reduces the
degradation of the luminance signal caused by the
chrominance signal because a 180 degree phase
shift of the chrominance signal occurs between
successive scans of identical areas. The can-
cellation of the dot pattern caused by the
chrominance signal occurs at a 30 cycle rate if
the phase relationship between the color sub-
carrier and the horizontal synchronizing pulse is
accurately maintained. A phase shift of 0.8
degrees at 15734 cps in the horizontal synchron-
1zing pulge during this 1/30 sec. will cause the
dot pattern to be reinforced, rather than can-
celled.

The requirement for proper phasing between
the horizontal gnd vertical synchromnizing pulse
to achieve good vertical interlacing remains the
same as in monochrome television.

Television systems vhich use a higher order
of interlace to achieve high definition require
an even greater timing accuracy. A high defini-
tion system which provides 1016 horizontal
picture elements and 1050 vertical picture
elements> samples’ the video presented on a single
line during a single field into 254 dots. The
other 762 dots are placed in between these 25L
dots during subsequent fields. In order to
achieve good interlace of these dots, it is
desirable that the phase of the horizontal
synchronizing pulse vary less than 0.12 degrees
at 15.7 ke with respect to the phase of every
254th dot. This requires that the interval
between horizontal pulses be maintained to with-
in .02 microseconds. The timing of the vertical
synchronizing pulse must be twice as accurate as
in conventional television, since a vertical
interlace ratio of four is used.

The synchronization generator, which is
described in this paper, was developed in con-
Junction with the dot interlaced television
system described above. The principles are
applicable to synchronization generators in
general.

Timing inaccuracies in a television system
are caused by inaccuracies in the transmitter
and the receiver. It is economically desirable
to provide more accuracy in the transmitter so
that most of the allowable tolerance may-be



employed at the receiver.

Stability

The timing accuracy required in dot inter-
lacing television systems dictates the uge of a
highly stable frequency reference, A tempera-
ture-controlled crystal oscillator provides a
very satisfactory reference. It will be assumed
in the discussion that follows that this refer-
ence frequency remains perfectly constant during
the period of time required to complete ‘an inter-
laced picture.

Stability of the timing signals produced by
the synchronizing generator will be divided into
the following two classes: frequency stabllity
and phase stability. Although they are related
by a time derivative, they will be defined for
the purpose of this paper as follows:

Prequency Stability - The ability to main-
Tain the period between consecutive timing
pulses accurately enough so that the
desired number of crystal oscillator
reference pulses occurs during each of
these periods.

Phase Stability - The ability to maintain
the phase of E%e timing pulses with respect
to the crystal oscillator reference pulses
within the desired limits.

A loss of frequency stability results in
counting down by the wrong number of pulses.
This type of instability is associated with
tearing or rolling of the picture. Frequency
stability is necessary before phase stability
can be considered. Phase instability is
associated with pairing of interlaced lines or
dots in the picture.

Present-day commercial synchronization
generators provide excellent frequency stabllity.
It is the purpose of this paper to investigate
methods of improving the phase stability of
existing synchronization generators.

8inusoidal Divider Chein

The sinusoidal divider chain illustrated in
Figure 1 divides from a crystal reference
frequency f by integral factors n and m to a
frequency £/mn. Let us assume that each dividirg
stage counts down by the proper integer and that
the phase of the output of each stage is related
to the input of that stage as follows:

Divider m input phase g output phase g+ dm
Divider n input phase 9 output phase A+ “n

Input and output phase angles of each stage are
referred to the input frequency of that stage.

The + ¢ terms represent the limits of the
phase jitfer in each divider. The phase Jitter

in a cascaded divider of this type is cunulative.
The phase Jjitter of the output of the divider
chain referred to the input frequency f is dm
+m g .
n
It can be seen that small amounts of phase
jitter in the low frequency divider, n, cause a
large jitter of the output phase with respect to
the phase measured at the reference frequency f.

Sinmusoidal Divider Chain With -Sampling

The sinusoidal divider chain illustrated in
Figure 2 is identical with that of Figure 1.
Equal amplitudes of the reference frequency f
and the outputs of dividers m and n are added
in a divider network. The addition of three
sinusoids of frequencies £, £/L, and £/16 is
i1lustrated in Pigure 3. These three sinusoids
add together periodically to produce a small peak
which {:as a higher amplitude than the other
peaks.* The repetition rate of this small peak
corresponds to the repetition rate of the lowest
frequency sinusoid. The phase of this peak is
jdentical with one of the peaks of the reference
sinusoid to a first approximation.

This peak may be selected by a clipper to
obtain a synchronizing pulse at a frequency of
f/mn cps. The phase jitter of this pulse is much
jower than that of the £/mn cps sinusoid because
of the sampling process of adding the various
sinusoids and selecting the desired pulse.

Amount of Reduction of Phase Jitter

The sampled pulse does not remain exactly in
phase with the reference sinusoid frequency f.
Fhase shifts in the various divider output
sinusoids, which are added to the reference
sinusoid, cause a slight shift in the location
of the peak of the sampled output pulse. The
amount of the shift of the sampled output pulse
is equal to the sum of the shifts caused by each
of the divider sinusoids.

The shift of the peak of the sampled pulse
is plotted in Figure b as a function of the
ghift of a divider output sinusoid for several
values of r, the ratio of the reference frequency
to the divider output frequency. All angles are
referred to the reference frequency f. It is
assumed that the amplitude of the sinusoids f
and f/r are equal and that their peaks are
initially in phase.

It can be seen that the phase shift caused
by the divider output decreases as the ratio r
ig increased. The importance of this fact can
be understood by considering the previously
described sinusoidal divider chain. The phase
jitter of the lowest frequency output sinusoid
with respect to the reference sinusoid is "m +



m a‘n. This jitter is large because it represents
the cumilative jitter of both dividers. The
ratio, r, of the reference frequency f to the
frequency of the divider sinusoid f/mn is equal
to mn. This large ratio results in a small jtter
in the sampled output pulse even though the
Jitter of the f/mn sinusoid is large.

The phase shift of the leading edge of the
sampled pulse has been found to be even smaller
than the phase sghift of the peak. This is to be
expected because of the steep slope of the front
edge of the sampled pulse.

Low Frequency Pulse Sampling

A highly stable pulse can be obtained from
a vulse dividing chain by adding the outputs of
the various divider stages and using them to
sample the input pulse as illustrated in Figure 5.
Astable multivibrator dividers were used in this
particular chain, although the principle is
applicable to bistable multivibrators and
phantastron dividers. Figure 6 illustrates how
the positive pulse duration of each divider was
selected so as to select one of the p pulses that
it divides by. The relative phase of these
square pulses was chosen to insure that the
output pulse is sampled by the flat portion of
the square wave top. The peak square pulse
allows one of the imput pulses to pass through
the gate insuring that the output is in phage
with the input. Jitter in the firing time of
the chain multivibrators has no effect on the
phase of the output pulse as long as the
counting ratio remains constant and the pulse
is sampled by the flat portion of the square
pulse peaks.

Experimental Equipment

Bigh Prequency Divider

This divider was built as a part of a dot
interlacing bandwidth reduction television
system. Block and circuit diagrams are shown
in Figures 7 and 8. Regenerative dividers were
used in the sinusoidal dividing chain which
divided from 2.47 Mc to 58.8 kc in steps of 6
and 7. Figure 9 is a photograph of the waveform
obtained at the cathode of V10, The peak of
this waveform causes pulses of cathode current to
flow in V11, The outputs from the 14.7 kc and
7.35 ke multivibrators are added and applied to
the suppressor of V1l. Every eighth pulse of
cathode current is drawn from the plate, while
the other seven draw screen current. The narrow
plate pulse, which has a 7350 cps rate, is
amplified and inverted in V12 and applied to
cathode follower V13. The 100 uuf condenser is
rapidly charged by this pulse through the 1N48
diode. The condenser discharges exponentially
through the 270 K resistor. This pulse widening
circuit provides the output pulse shown in
Figure 10.

Low Frequency Divider

This divider shown in Figure 11 divides
from 14700 cps to 60 cps using multivibrator
dividers. Block and circuit diagrams are shown
in Figures 12 and 13. The synchronizing pulse
to the first multivibrator is delayed by 1h
microseconds to assure that a portion of the
pulse triggering the multivibrator is not sampled
by it. The phase relationships of synchronizing
and sampling are illustrated in Figure 6. The
sampling waveform which is applied to the
suppressor of V12 is shown in Figure 14, The
sampled output pulse is widened as explained
previously.

Experimental Results

A simple experiment was performed to
illustrate the improvement in phase stability
obtained by sampling. The B* voltage of the
low frequency divider was slowly varied from
200 to 300 volts. Time exposures of the 1L4.7 ke
input pulse, Figures 15 and 16, were taken
wvhile this voltage was varied. In Figure 15,
the time sweep was synchronized by the 60 cps
sampled output pulse. In Figure 16, the time
sweep was synchronized by a pulse obtained from
the 60 cps multivibrator. The pulse from the 60
cps multivibrator represents the output of a
conventional divider chain, The relative phase
stability of the input and output pulses using
sampling and conventional techniques is clearly
illustrated.

Conclusion

The methods of sampling described in this
paper provide a significant improvement in the
phase stability of synchronization generators.
These methods are applicable to most divider
chains and should prove particularly valuable in
color television. A color television synchroni-
zation generator which uses these sampling
methods is being built in our laboratories.
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PEDESTAL PROCESSING AMPLIFIER
FOR TELEVISION

Ralph C Kennedy
National Broadcasting Company
New York, N.Y.

Swmary

The Pedestal Processing Amplifier is
intended to provide the essential signals for
& color genlock system. Since a unique method
of sync cancellation is used, it is felt that
the term stabdlizing amplifier, as commonly
known for monochrome, should not be used to
describe this equipment. Additionally, an
improved sync separator is described which
provides constant output sync amplitude for
input signal level variations of + 14 db.

I ctio

Television has presented many interesting
challenges to the engineer. This i3 true not
only in the area of transmission where many new
problems have arisen but also in the areas of
various special effects where ocontinuing
attempts have been made to try to accomplish
the same results as the motion picture producer
realizes on film,

With the advent of color television, a
whole new transmission system has had to be
designed. Manifestly the range of color
special effects has been consideratly greater
than for monochrome and it has generally been
more difficult to find satisfactory solutions.

Special Effects Require Genlock Operation

One of the procedures used in monochrome
television to facilitate various special effects
is to lock the sync generators together which
provide the pulses for the various signals,
This is known as genlocking and is used to
create various video effects which require the
simul taneous eppearance on the screen of sig-
nals from two different locations. Such sig-
nals are used to produce.split screen, video
inset, lap dissolve and other types of effects.
The introduction of commercials, which gener-
ally are on film and originate in the film
studlo, into the live program sequence origin-
ating in another location requires genlocking.
In fact, without genlocking television would be
at a very distinct disadvantage.

S ers

Genlock operation has been successful due
primarily to the availability of stabilizing
amplifiers, These are capable of recovering
the sync signal from the composite monochrome

10

video signal and of clipping the sync signal
from the incoming composite so as to reduce it
to a simple video signal. The sync recovered
from the signal has been used to lock the sync
generators together while the video signal
free of sync has permitted it to be introduced
into the studio switching system in the same
manner as a normal camera signal.

Such stabilizing amplifiers, however, are
not usable on a color signal. The recovery
of the sync signal permits the burst and
chroma components, which extend below the
blanking level, also to be present. Further,
the clipping of sync from the signal to pro-
duce a simple video waveform simultanecusly
results in burst and many chroma components
being clipped.

ne ock Operatio

To circumvent the lack of a suitahle
stabilizing emplifier, color gemlocking has
heretofore been accomplished by using two
wideband circuits. Ome has carried the sync
and burst to lock the generators, The simple
video signal free of sync to be introduced
into the switching system has been carried on
the other circuit., Clamper amplifiers in the
Telco circuits, since they clamp on the tip
of sync, have clamped on the blanking signal
and operated satisfactorily. Further genlock
operation has been attempted only on film
camera signals. Pedestal has been easily con-
trolled and no chroma camponents nor turst
have been allowed to extend far enough below
blanking to cause confusion in the clamper
amplifiers,

However, when 1ive pickups have been
attempted the pedestal has not been so easily
controllable and burst and chroma components
have extended so far below the blanking level
that the clampers have stopped functioning
properly.

e P ocessing Amplif

This equipment has been designed and built
with the main objectives being to recover the
sync signal from an incoming composite video
signal, either monochrome or color, and to pro-
duce a simple video signal as well. This
elirinates the need for two circuits when gen-
locking and restores genlock operation to the
same procedures as are used on monochrome



television. Needless to say, the saving in
line costs is substantial.

The operation of the unit may be described
btriefly in the following manner. A composite
monochrome or color signal is introduced at
the input terminals where it branches in two
paths, In one the sync is recovered. Further
a circuit permits adjusting the location of
the back edge of sync so as to produce sync
having adjustable width, Clamp pulses are
also developed from this sync,

The second path has an adjustable video
dalay line for delaying the composite video
signal, This delayed signal is fed to a
clamped adder tube which 1s also fed the sync
signal. The sync is added in the same polarity
as that in the composite video. Enough is
added to cause the sync in the resultant output
to extend well below the negative peaks of
burst. The sync is clipped so as to produce
a clean tip but it is not clipped enough to
distort the bturst, This signal is fed to
another clamped adder tube which 1s likewise
fed the sync signal, The polarity of the sync
in the composite signal is opposite to that of
the sync being added. This causes the sync in
the output signal to be reduced to gero, i.e.,
blanking level by proper adjustment of the
amount of the sync introduced.

The proper timing of the front edges of
the sync in the composite signal and the added
sync is realized by adjusting the video delay
line. The timing of the back edges of the two
syncs is adjusted with the pulse width control.

Three cutputs are available from the unit.
One is processed sync whose output remains
constant for inmput level variations of + 14 db
from a standard one volt peak-to-peak signal.
A second output is a composite signal having
processed sync. The third output is a simple
video signal having a processed pedestal,

The evolution of these three signals from
the original composite signal may be under-~
stood by referring to Figure 1. The 417-A-1
is a high gain amplifier., It is coupled
through an L-C circuit anti-resonant at a
frequency 3.579 mc/s to the grid of 6BN6-2,
The tuned circuit removes the chroma components
and burst from the signal. About 10 wolts of
sync is present in the signal at the grid of
6BN6-2, This is sufficient to produce very
positive gating action for imput signal level
variations of + 14 db. This circuit is essen-
tially the key to the success of the whole
unit since variations in input are removed.

As a result constant amplitude sync and clamp
pulses are assured which eliminates many of
the usual stabilizing emplifier problems.

The output of 6BN6-2 is awplified in
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12AT7-3 and 18 again gated in 6BN6-4. The
accelerator output of this tube is amplified
in 5687-5 to produce a sync cutput of between
4 and 5 volts into 75 ohms,

The plate output of 6BN6-4 is fed to
12AU7-6. The first half has a mumber of open
circuited delay lines of varying lengths in
its plate circuit which is used to control the
location of the back edge of sync. A base
clipper is used to couple the pulse to the
second half of 124U7-6. A tip clipper couples
the plate to 12aT7-7.

This tube acts as a cathode follower
having one fixed output and two adjustable
outputs, The two adjustable outputs are the
sync addition and subtraction controls. Since
processed sync is first introduced into the
signal to drive the original impure sync below
clipping level and thereby removing it, it is
necessary to have the identical sync for can-
cellation, This is realized by feeding the
syncs to the two adder tubes from the same
source,

The fized sync output from the cathode
follower is amplified and differentiated in
12AX7-8 to form clamp pulses. The base is
clipped and the pulse is coupled to 5687-9.
This tube amplifies the pulse and splits its
phase to drive the clamp tubes 6AL5-13 and
6AL5-17.

As mentioned earlier, the input signal to
the unit split in two paths. The second is to
a 12AU7-10, This tube is a cathode follower
gain control which allows adjustment of the
overall video gain of the unit,

The second tube in the video circuit is
417A=11 which has a 75 ohm adjustable delay
line in its plate circuit, The delay of this
line is 0.3 usec. The last 0.1 usec is tapped
at each 0,01 usec. This line has response
variations of about 5% at most to 5 mc/s.

The line output feeds 12AT7-12 which is a
straight emplifier feeding clamped amplifier
6U8-14. The triode section of this tube 1s a
sync amplifier which injects the sync on the
cathode of the pentcde section. The polarity
of the sync adds to that of the composite sig-
nal in the adder tube, The 6U8-1/ has a
clipper 64L5-15 in its plate to clip aync.

Precise clipping is realized by regulating
both the screen and plate voltages of the pen-
tode section of 6U8-14. The 6BQ7-19 acts as
theregulator for these two voltages.

At the output of 6ALS5-15 the signal is
composite video having processed sync. The
timing of the front edge of the inserted symc
is made to coincide with that of the original



signal by adjustment of the delay line in the
video path. The back edge of these same pulses
coincides by adjusting the pulse width in the
pulse path,

The signal out of 6AL5-15 divides into two
paths, One is through 124U7-16 which is a
straight video amplifier into a 2:1 gain line
amplifier. This signal is composite video with
processed sync.

The second output is fed to the clamped
grid of adder tube 12AU7-18, Processed sync is
fed to the second grid of this tube. The
inserted sync is out of phase with the composite
signal sync so that, by adjusting the amplitude
of the inserted sync, cancellation of aync
results. The signal ocut of 12AU7-18 i3 a simple
video signal including burst and chroma. This
is fed through a second line amplifier having a
gein of 2 to 1, This signal having a processed
pedestal is now in condition to enter a conven-
tional switching system.

s atu

As previously mentioned, the primary pur-
pose for the Pedestal Processing Amplifier is
to provide a video signal from a composite color
signal. This objective is kept in mind when
adjusting the apparatus., The power requirement
is 115 volts ac for heater power and 585 ma at
+285 volts dc for plate and screen power.

The apparatus should have a few minutes to
stabilize after applying power. Referring to
Figure 1 it is seen that test point A may be
used to monitor the input signal. This signal
should be 1 volt peak-to-peak composite, A
color bar signal appears at this point as shown
in Figure 2.

Test point B shows the signal after ampli-
fication and chroma filtering. The traep cir-
cuit ordinarily requires no adjustment except
during the initial installation. Figure 3 shows
the signal when the trap is properly adjusted.
If chroma is present, readjust the chroma trap
condenser to eliminate the chroma.,

Test point C shows in Figure 4 a correctly
recovered sync signal at the single terminated
sync output,

Test point D and Figure 5 shows the signal
at the cathode follower video gain control out-
paut. This signal should be the same as that at
test point A except at a lower level.

Teat points E and F permit monitoring
several adjustments. They allow the two pulse
shaping clippers associated with 124U7-6 to be
properly adjusted and also they indicate the
level of addition and cancellation syncs. The
controls #6 and #7 should be rotated clockwise
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as should also the pulse width control. Control
#1 should be adjusted so that the base of the
pulse is just clipped clean as viewed at points
E or F. Control #2 is adjusted so that the tip
of the pulse is also clipped clean. When the
clippers are properly adjusted the sync signal
at points E or F appears as shown in Figure 6.

Test point G permits monitoring the clamp
pulse and is shown in Figure 7, The clamp
pulse should begin just after the back edge of
sync and last throughout the duration of burst.
The variable coupling condenser between the
two halves of 124X7-8 controls the location of
the back edge of the clamp pulse.

At this point controls #6 and #7 should be
returned to gero so that no signal is present
at points E and F. Rotate controls #5, #8, end
#9 clockwise to attain maximum output.

Controls #8 and #9 are intended to adjust
the level of the ocomposite and video signals
into the two line amplifiers. The usual pro-
cedure is to set each for maximum ocutput
observing the level of the video at the input
to each line amplifier. Next reduce the ampli-
tude of whichever signal is greater so that
the video level in each signal is the same,

Now adjust control #5 for the desired output
level from the line amplifiers.

By adhering to this procedure the level
through the whole equipment is operated at the
lowest value possible, thereby cemsing the
differential phase distortion to be kept to a
minimum,

Adjust control #3 so that the tip of sync
is barely clipped as it appears at the test
point of the input to the video signal line
amplifier, Adjust control #6 so that sync is
driven back up to the pedestal. Adjust the
video delay line so as to minimize the tran-
sient at the previous location of the front
edge of sync., Adjust the pulse width control
to minimize the transient where the back edge
of sync previously occurred. Further reduction
of the magnitudes of the transients may be
affected by adjusting control #7.

The realization of the optimum cancellation
condition is more of an art than a science.
Sequential adjustments of controls #3, #6, and
#7 will produce a pedestal having less than
+ 3.5% of peak transient ripple in the processed
pedestal region., Figures 8 and 9 show the
signal at the inputs to the two line amplifiers.
It should be emphasized that no attempt is made
to cause the composite output signal to have the
correct sync to video ratio. Only the optimum
video pedestal adjustment is important. The
sync in the composite output is always great
enough to extend beyond the blacker than black
tips of burst so that it can be used wherever a



composite signal is acceptable. Control #, is
the clamp balance of the sync cancellation cir-
cuit. This should be set so that 124U7-18 grid
#7 is about -0.1 volts with respect to the
chassis as ground.

Test Results

Three of these equipments have been built
and used commercially. The first time this
method of genlocking was attempted commercially
was during the 1955 World's Series where in 6
days a total of 21 hours time genlocking was
maintained. The ®Great Weltz" and "Producer's
Showcase" have also used this method of gen-
locking. In the latter case, Brooklyn was
locked to Radio City, which in turn was locked
to Burbank, Split screen and numerous fast
switches between the East and West Coast were
made with no loss of genlock.

Another test included genlocking a film
studio whose output was a continuous loop of
£ilm leader which causes extreme signal varia-
tions., This signal was fed for half an hour
with no interruptions in genlocking.

Pe ce Da

As has been mentioned earlier the dc power
requirements are 285 volts at 585 ma, Addi-
tionally, the response is dependent upon the
video delay line which has been covered pre-
viously. The differential gain is less than
2% while the differential phase is + 1°.

nclus

The Pedestal Processing Amplifier is a
device which makes color genlock operation a
practical procedure. The unit may be used
either on color or monochrome signals. With
such a device it is now possible to begin work
on a "fail safe® type of genlock system, having
automatic relocking facilities upon restoration
of the signal. Large yearly savings in line
costs are possible since only one line 1s
required instead of two, Further, coast to coast
genlock heretofore was impossible, since there
are only two color circuits. On the old two
line system no spares were avallable.
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APPENDIX

It is well to consider the transient con-
ditions during the sync cancellation period.
The situation may be better understood by
referring to Figure A, The sync pulse is
shown having two different rise times, T; and
2?2 . T, is the rise time of the leading edge
of sync and is shorter than Z"z . This is the
sync in the incoming composite signal after
it has been clipped to smooth the tip but
prior to the insertion of the inphase processed
sync. The values for ¢, and Z3will vary depend-
ing upon the sync generator output, transmission
path, etc; however, for an average Z; = 0.2
usec and 23 = 0.3 usec.

Figure B shows the inphase sync to be
added to Figure A sync. The rise time is about
0.1 usec for both 2% and Zg

The result of the inphase addition is
shown in Figure C where the front edge has a
rise time of 0,2236 usec while that of the back
edge is 0,3162 usec.

In Figure D is shown the result when sync
cancellation occurs, Theoretically the condi-
tion of minimum ripple occurs when two pulses
having identical rise times are added exactly
180° out of phsse, Since the recovery of sync
without changing the pulse rise times and
width is next to impossible it then becomes a
matter of compromise. Further, alteration of
the pulse is minimized by making the rise time
of the recovered sync as short as possible,
However, here again a practical limit on circuit
complexity dictates something of the order of
0.1 usec.

Finelly, since we know that the minimum
amount of overshoot and optimum phase linearity
occurs for a transition aspproaching a unit
doublet reaponse, the video delay line is
adjusted to realize that objective where the
leading edge of sync occured. The pulse width
control is adjusted to try to improve matters
in the region of the back edge of sync.

The resultant signal after it has passed
through switching and has had new sync added,
has resulted in a signal having no observable
ripple on the edges of sync. This fact serves
to justify the rather loose approach used to
solve the transient probleam.
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Circuit diagram of pedestal processing amplifier
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Fig. 2
Color bar signal
waveforms at
test point A

Fig. 3
Colorbar signal
waveforms at
test point B

Fig. 4
Sync waveforms at
test point C

Fig. 5
Color bar signal
waveforms at
test point D



Fig. 8
Color bar signal
waveforms of com-
posite output signal

Fig. 6
Sync waveforms at
test points E or F

Fig. 9
Color bar signal
waveforms of video
output signal

Fig. 7
Clamp pulse wave -
forms at test point G
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A NEW ELECTRONIC MASKER FOR COLOR TELEVISION

Jesse H. Haines

Allen B, Du Mont Laboratories, Inc.
Circuit Research Lesboratories
Passaic, New Jersey

Summary

A new color masker is described
having improved performence, operational
convenience, and efficiency. The color-
difference mask signal 1s formed by a
speclally designed video mixing trans-
former, thus permitting major circuit
simplification and greatly improved
neutral balance stability. Use of the
naerrow-band mask principle substantially
reduces luminance noise crosstalk into
the encoded chroma signal. The philoso-
phy of masking controls is discussed.
Trilinear colorimetric plots illustrate
the color shifts produced by incremental
changes in the masking controls of vari-
ous proposals,

Introduction

Early in 1954, electronic color
masking was just emerging from the
laboratory into practical broadcasting
use. The first ploneering papers on the
subject, from Burr of Hazeltine, and
Brewer, Ladd, and Pinney of Kodak, had
just appeared in the literature.l,2

Two years ago at this convention,
we presented a paper concerning the use
of e%ectronie masking in color broadcast-
ing. Mentioned in the paper was & mask-
er we had developed and which scon went
into production under the name of the
Du Mont Electronic Masker, Type 900S5B.
This is pictured in Figure 1,

Since the introduction of the 9005B
masker, our efforts have been directed
at developing an improved masker, In
general, the aim was to achieve major
circuit simplifications, improved relia-
bility end stability, and certain perfor-
mance improvements. One specific im-
provement was to incorporste narrow-band
masking, which was first proposed in the
previous paper. Another aim was to in-
vestigate the proper function of the
various masking controls to be made
avalleble to the operator,

At last year's IRE Convention,
Brewer, Ladd, and Pinney presented the
papert, "Proposed Controls for Electron-
ic Masking in Color Television." These
proposed controls were fundamentelly
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different from the controls used by Burr
and also used in our masker, A masker
employing these different controls was
subsequently built and tested.

This peper 1s thus divided into two
major parts. First, the results of the
new masker circult development are
described. Secondly, a detailed compari-
son 1s made of the various control philoso-
phies lesding to the final cholce,

Before proceeding, however, it may
be in order to give a very brief defini-
tion of color masking. A mask operates
on a color picture to change the relative
luminance and saturation of some colors,
or to shift the hue of some colors., This
is often necessary, when televising color
film, to compensate for improper taking
emulsion sensitivities and improper dyes
having overlapping and unwanted absorp-
tions., The table below points out the
more ramiligr shortcomings of a typical
color film,

Original Reproduction

Gray scale Higher contrast

All colors Degsaturated

Red Only slightly desaturated

Green Much darker, hue shifted
slightly toward blue

Blue Darker, hue shifted slightly
toward green

Yellow Hue shifted toward red

Magenta Grestly desaturated, hue
shifted toward red

Cyan Much darker

Depending on the exact color process
involved, certain variations in the above
table will occur. Indeed, colorimetric
differences between reversal and negative-
positive processes, such as Anscochrome
and Eastmencolor. occur specifically be-
cause it 1s feasible photographicelly to
incorporate color masking in the negative-
positive processes, but not in the re-
versal processes., Nevertheless, with all



color films, due chiefly to the dye
deficiencies, it is characteristic that
luminance and saturation of all saturated
mr imaries are reduced. There are also
minor shifts in the hue of some colors.

It should also be clearly understood
that the statements above apply strictly
to the objectively measured aspects of
color film reproduction. On the other
hend, 1t is not at all uncommon for the
photographer to purposely predistort the
colors and luminances in the original
scene so as to produce the desired result
on the film. In such a case, 1t 1s quite
possible that no masking would be required,
Thus, in the final analysis, the specific
masking selected is a subjective matter
and hence the importance of the proper
controls becomes obvious.

As now used in color TV, maskers
perform a linear transformation on R,
G, B input voltages prior to encoding
to produce the corrected R!, G B' outputs.
In a mathematical sense, a color masker
18 simply & linear 3 x 3 matrix, repre-
sented by the equation:

R' = allﬁ + alzG + al3B
G! = a21R + 3220 + 3238

B' = a
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However, practicel broadcnst opera-
tional tachniques dictate that control of
the coefficients be suitebly linked to-
gether, rather than having a gain control
for each of the nine coefficients. The
first and most important operational re-
quirement is that en input neutral scale
of equal R, G, B signals remain perfectly
neutral in the output. This is satisfied
when the sum of the coefficients in each
equation elways equal unity. Thils condi-
tion reduces the number of independent
variables from nine to six, as seen below.

R + 3326 + a33B

R' = (1-8),-3,4)R t a0 + ay3B
G' = &213 4 (1-&21-&23)0 1 6233
B! = 8.31R 4 8.320 + (1-8.32—333) B

Because of the necessity for in-
creased seturation, it is also character-
istic of color TV maskers that all of the
off-diagonal coefficients are negative.
Typicel coefficients found in mask equa-
tions are shown below.
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R' 1010R -OOSG -.OSB
G* -,30R + 1.60G -.30B
B' - .ZOR - QZOG + l.L;OB

Note that the off-dlagonal terms are
small and negative while the diagonal
terms are large and positive. With no
masking, the off-diagonal terms would be
zero, the diagonal terms unity. In the
example shown, the Green channel could
thus be said to have a .5 mask amplitude.

Basic Circuit Design

Figure 2 shows the block dlagram of
the Mask Amplitude-Mask Makeup control
scheme used in the 9005B masker. As can
be seen, the Mask Makeup selects the
amount of the off-diagonal terms relative
to each other. The Neutral Balance adjust-
ment insures that when the input is neu-
tral, complete signal cancellation occurs
so that no mask signal is produced.The Msek
Amplitude determines the total amount of
masking. With these two operating con-
trols in each channel, any desired mask
equation can be produced. Thus two con-
trols in each channel, six in all, pro-
vide complete control of the six indepan-
dent coefficients in the masking equation.

In translating the block diagram
above into actual circultry, the adding
and subtracting circuits cause the most
difficulty. The problem is completely
analogous to that found in many other
kinds of color TV broadcast equipment.
That 1s, there should be no color-
difference output for equal R, G, B
inputs.

In the very simplified single-chan-
nel schematic of the 9005B masker,
Figure 3, it 1s apparent that three tube
sections are required to form the mask.
One tube simply inverts the signal polar-
i1ty and the other two, with plates tied
together, add the negative and posttive
signals to form the mask, This color-
difference signal, which may be either
positive or negative depending on picture
content, is then added to the direct sig-
nal in the plates of the output tubes,
Obviously, if the gain of any one tube
drifts in the mask mixer, an unwanted
color-difference signal will appear on
white., Actually, the above circuit 1s
not at all unstable. Nevertheless, tubes
inevitably age and this drift must be
checked occasionally. Fortunately, this
1s quickly and easily done. But it is
much better to eliminate the probelm com-
Pletely.



As also seen in Figure 3, the
approach taken with the new masker to
eliminate the Neutral Balance drift
problem was to employ completely passive
circuit elements to form the mask signal.
This was accomplished by employing a
specially designed video mixing trans-
former. As before, the resistive sig-
nal addition of the Mask Makeup selects
the ratio of subtracting coefficlents,
although the signals are still actually
positive at this point. By feeding
voltages of the same polarity at elther
end of the center-tapped transformer
primary, a difference signal 1s asuto-
matically formed, without the need for
an inverter stage. Thus, the color-
difference mask signal is produced with
passive circultry and the tube drift
problem is completely avoilded. The
Neutral Balance control 1is set once and
lockedat time of manufacture of the unit.
Over a test period of several months, no
readjustment of the prototype unit was
necessary, indicating that the resis-
tances in the divider did not change. A
possible disadvantage of the transformer
type of mixing circuit is that to avold
crosstalk, resistive isolation must be
provided, thus giving a certain loss in
gain, In the circuit above, there was
no problem in restoring the gain.

The specially designed video trans-
former is toroidal wound on an extremely
high permeability core of Arnold Super-
malloy. Fortunately, experience with a
wide variety of pictures has shown that
the mask signal contains no significant
low=-frequency components, the black level
base line being absent, and thus a
primary inductance of several henrys,
giving a few percent tilt at 1000 cycles,
is quite adequate. Due to the stray
capacity and leakage inductance of the
transformer, the high-frequency response
falls off at about 2 mc and this, in con-
bination with the peaking in the next
stage, provides the desired low-pass
response for the mask channel, The fre-
quency response specifications of the
narrow-band mask are + 4 db to 1 mc, less
than 3 db down at 1.3 mc, and greater
than 20 db down at 3.6 mec. Rise time 1s
.3 us with less than 2% overshoot. Becaus
of ‘the delay caused by the narrow-band
mask, & +25,ms delay line is employed in
the direct channel.

The narrow-band mask 1s used to in-
sure that the masking process does not
add noise to the luminance signal which
would be demodulated into the chroma
channel of the receiver, It is inherent
with masking that any noise existing in
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the input signals is increased. Tnis is
because even though the mask signael 1is
cancelled out on a gray scale, the added
noise coming from the cancelling signals
will remain., If this nolse occurs near
3.6 me, it will be demodulated at the
recelvers to low frequencies and will
form coarse bluish noise, since the B-Y
gain 1s the highest. By rejecting the
mask signal above 3 mc, where it is not
needed anyway, this added noise 1s elim-
inated,

The direct and mask channel are
added in the plates of two pentodes and
a high-efficiency double-cathode follower
provides the output. By incorporating
video mixing transformers, not only does
the new C masker exhibit improved per-
formance over the B masker, but 6 less
tubes are employed. Although not shown
in the schematic, the C unit has dual
output stages, compared to the single
outputs of the B masker. Wwhile the new
unit provides twice the number of out-
puts, it draws only one-half the power
and occuples only one-half the space,
Quite obviously in this particular
application, the use of video transform-
oers permits an impressive improvement in
the overall circuit design, It is to be
hoped that a fresh evaluation of tuis
long-neglected circuit component for
video design will be made by other work-
ers in this field. 1here appear to be
many possible applications for the im-
pedance matching and mixing properties
of video transformers.

In pessing, the basic circuit re-
quired by the Hue Shift, discussed later,
is considerebly more complex than the
Mask Makeup control since it involves
cross linkages between all three channels.
Fortunately, by using video mixing trans-
formers, no tubes were required amnd such
a circuit was rather easily constructed.
Without the transformers, perhaps 12 tube
sections would have been required.
Actually, it was substituted directly
into the C masker, the chief cost being
3 more treansformers, 3 dual pots and &
few resistors.

Manual Controls

In sctual TV operstion over the past
few years, good results have been obteined
with the Mask Amplitude-Mask Makeup con-
trols provided in the 9005B masker. How-
ever, before completing the Y005C design,
it was decided to conduct a rigorous
investigation of the philosophy of manual
controls for maskers, particularly in
reference to the proposals for Saturstim-
Hue 5hift controls,



In evaluating the various control
schemes, two considerstions were upper-
most:

1. The masker control knobs should
directly correct for the known deficien-
cies of color film reproduction.

2. The masker control knobs should
be related as directly as possible to
resultent visual effects.

The investigation of masker control
philosophy was divided into two parts,
First, a theoretical analysis, involving
colorimetric calculations, was made up of
the various candidestes for masker con-
trols. Secondly, on the basis of the
theoretical analysis, two different
maskers were built and tested, incorpor-
ating the most promising control schemes.
Side~by-side operational comparisons were
made with a wide variety of color slides
over a complete color TV system. For the
theoretical analysis, a number of rela-
tively desaturated colors were selected
for masking. Then, an arbitrary mask
equation was epplied. From this referemxe
point, differential changes were made
with the four proposed controls. in the
calculations, a square-lsw reproducer
was assumed. White luminance, which does
not change with masking, was set at 100,
the luminance of other colors was
specified relative to white,

The unmasked starting colors, and
the changes when the reference mask is
applied, are shown in Figure 4. Although
the CIE plot is perhaps more familiar, a
simple trilinear plot eliminates consider-
able computational labor and will be used
in all subsequent plots. Figure 5 shows
exactly the seme data on a trilinear plot.

Since the colors to be masked were
chosen quite arbitrarily, the computing
time was further reduced by choosing the
rather regular set of starting voltages
shown, actually desaturated color bars,
The reference mask was likewise chosen
for the same reasons of symmetry,

With the reference mask initially
set, differential changes were then made
in the mask equations by turning the
various knobs that are candidates for
the attention of the operastor. Follow-
ing the terminology of the previous
proposals, the following controls were
considered: Mask Amplitude, Mask Makeup,
Hue Shift, and Saturation. In all cases,
the coefficient differentisls are of the
seme size,
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Figures 6, 7, 8 show the changes
produced by each of the four proposals
by the knobs labelled, respectively, Red,
Green and Blue,

The changes mroduced in the Green
controls will be considered in detail.
The actual equation coefficient changes
for the Green controls are summarized
below,

Green Control Knob Changes
Mask Amplitude - A8y and Aa23 are equal
Saturation - Aalz and Aa32 are equal
Mask Makeup - A a5 and Aa23 are equal
and opposite
Hue Shifrt - A 8), and Aa32 are equal
and opposite

The really basic differences between
the Mask Amplitude and the Mask Makeup
controls on the one hand, and the Hue
Shift and Saturation controis on the
other, a1® very simple. In the Mask
Ampli%ude and Mask Makeup, the changes
affect only the one chanel labelled by
the knob, but with the Hue Shift and
Saturation, the other two channels are
the ones affected. Thus, in the former
cases, only the Green signal is affected.
In the latter cases, the Red and Blue
signals are affected, but not the Green.

Referring to Figure 7, the Green
Mask Amplitude control is considered first.
Increased masking, indiceted by the s olid
arrows, 1s applied. Note here the increase
in Green saturation, but especlally the
ma jor increase in Green luminance due to
the increase in the Green signel. Yellow
and Cyan, the other colors containing
considerable Green, have a smaller increase
in the green signal, thus give a smaller
hue shift towards Green. +he other colors
show practically no change because of the
very small changes in luminance. In
simple terms, it suffices to say that in-
creasing the Green Mask Amplitude will
increase Green color differences.,

The Green Saturation control is next
considered, The amount of saturation in=-
crease 1is slightly more than with the
Mask Amplitude, However, the luminance
remalns relatively constant, in fact, de-
creases slightly. Magenta saturation is
not affected. “The other colors apparently
suffer small changes,



The Green Mask Makeup control is
seen next. Interestingly enough, Green
Mask Makeup has no effect on colors
lying along the Green-Magenta axis, In
general, hues are shifted but in small,
nearly equal amounts in all the colors
except Green and Magenta.

Next is seen the Green Hue Shift
control. Here, as desired, the hue shift
rotates the Green-Magenta axis. The off-
axls colors are affected very little, It
is immediately obvious that considerably
more shift 1s given to Magenta than to
Green. Virtually no changes occur in
Yellow and Cyan, but luminance changes
occur in Hed and Blue. As proposed, the
Hue Shift appears theoretically to per-
form its purpose,

As described previously, the next
step in evaluatlion was to compare the
operation of masking units incorporating
different control philosophies. At this
point, it was decided to limit the possi-
ble control schemes to only two. Further
consideration of the "Saturation" control
was disocontinued. The reasons for elim-
inating the Saturation control from con-
sideration is simply that in all coler
films, the nature of the dyes are
such that a decrease in saturation of
either Red, Green or Blue is always
accompanied by a decrease in luminance
relative to white, It should be kept in
mind that the dye errors are substantially
greater than errors contributed by the
color reproduction capabilities o the TV
system, Thus, it is most loglcal to
provide a single control in each channel
which simultaneously increases both
saturation and luminance. Hence, the
Mask Amplitude control 1s to be clearly
preferred over the Saturation control.
The remaining question is thus whether
the remaining controls should be Hue
Shift or Mask Makeup.

A new masker was then built of the
"Mask Amplitude-Hue Shift" variety and
compared critically with the "Mask Ampli-
tude-Mask Makeup,”

The evaluation of the two control
schemes employed 2" x 2" slides displayed
on high-quality color monitors and re-
ceivers. The signal originated from a
flying-spot scanner and obeyed a half-
power transfer characteristic. Twenty
slides were utilized, 5 original Koda-
chromes, S Kodachrome duplicates selec-~
ted from the old NTSC set, 5 Eastman-
color and 5 Anscochrome from the new
SMPTE set.
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Before comparing the maskers, a
determination was made of the required
Mask Amplitude settings. In evaluating
the results obtained, the amount of
gamma correction employed is important.
The half-power gemma correction used
corrected only for the TV system but
not for the high gamma reproduction of
the color film, If additional gamma
correction had been used, even more mask
amplitude would have been required. For
this test, Hue Shift and Mask Makeup
were put in the center of the range and
thus both maskers yielded exactly the
same equations initiallye.

Although the amount of masking
varied somewhat, depending on the type
of color film, several observations
stood out clearly.

First - all slides required con-
siderable Ureen Mask Amplitude. Amounts
ranged from ,5 to 1,0,

Second - all slides required very
little Red Mask Amplitude. A figure of
«1 gave good results with all slides.

Third - &ll slides gave acceptable
pictures, improved by masking, in regard
to hue.

Fourth - all slides gave excellent

gue b gioauction with the Hue Shift or
ask eup in the normel position in

the middle of the range.

It thus became apparent that the
need for a Hue Shift control was not
urgent compared to the need for the Mask
Amplitude control, The Mask Amplitude
controls aslone were extremely effective
and positive in action. In looking at
the pictures, "Bpilliance” suggested
itself as a more descriptive name for
the Mask Amplitude control.

Actually, even without changing Hue
Shift or Mask Makeup, one specific hue
shift did occur due to the fact that the
Mask Amplitudes were not equal. Since
the Green mask emplitude was always con-
siderably greater than the Ked, a very
definite shift toward Green occurred in
Yellows. However, this appeared to com-
pensate very well tor the opposite hue
shift deficiency found in all color films.
Figure 9 shows the color changes caused
by the typical mask equeation, previously

given, which gave good results in the
prece&ing tests,



The Hue Shift control was next
tested. To simulate the calculations,
desatureted color bars were used. As
predicted by the trilinear plots, the
complementary color shifts were quite
marked. However, with relatively
satureted primaries, no hue shift was
visually detecteble, aslthough the
proper shift voltages were seen on the
waveform monitors. This result was
appsrently caused by the display devices
having greaster than a square-lsw trans-
fer characteristic. Unfortunately, a
very serious defect of the Hue Shift
control wes noted in that the luminance
changes of color colors off the hue
shift axls were visualiy quite sannoying.
Apparently, the luminance changes were

greater than predicted by the calculations.

On the slide materiel, the same con-
clusions were reached. Since saturations
were somewhet less, hue shift in primery
colors was seen. lt was most apparent
in Keds, consideresbly less in Blues and
practicalliy indistinguishable in Greens.
In &1l slides, the unwented lumina ce
changes in other colors were noted,
Another annoying feature wes that with
the ried and Blue Hue Shift knobs at
certesin ends of their range, it was im-
possible to obtain Green mask amplitude.
Tnis could happen with other combinations,
for example, but not simultaneously. In
general, however, out-of-channel Hue
Shift settings determine the smount of
Mask Amplitude obteinable. In short,
the operation of the Hue Shif't controls
left a great deal to be desired,

Attention next turned to the Mask
Makeup control. Here the pictorial
changes were actually more predictable
than with the Hue Shift., Furthermore,
the bad side effects were not present,

As compared to the Hue Shift control,
no matter where the Mask Makeup 1s set,
full Mask Amplitude is always obtainable.

Changes in Mask Makeup in any
channel will shift the hue in ssturated
colors containing that primary coior.
Thus, the Gpreen Mask Makeup will effect
the hue of saturatea Yellows and Cyans,
although only seturated Yellows will
actualiy be found in nature. wnile
theoretically the Red !akeup will also
affect the hue of satursted Yellows, it
willi have little effect because of the
normally low mesk ampliitude of Red.
Magentas, found much less frequently in
natuvre, will have their hues affected
chiefly by the Blue rather than Red Mask
Makeup. Thus, as a practical matter,
Green Mask Makeup will control Yellow hue
and Blue Mask Makeup will control Magen-
ta hue,
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Before making a final evaluation of
the two proposed control schemes, it 1s
in order to tske & quick loock at some of
the other problems confronting the color
film video operstor. Aside from other
auxiliary controls required in certain
types of television reproducing equip-
ment afflicted with spurious shading
signals, the operator will have up to
eight video controls. Yhese might be
master gain and black level control plus
individual R, G, B gain and black level
controls. Very often, it is possible to
preset the R, G, B black levels and
operate satistractorily with only the
master black level control. However, it
is still truve that the video modulation
in most color films varies enough = that
the operator 1s often quite busy adjust-
ing the master gain control so as to
maintain a reasonably constant level of
modulation at the TV transmitter, He
probably will also be adjusting indiviau-
al R, G or B gain controls in order to
compensate tor shifts in white balance
in the film. These variations are not
only quite frequent in the tilm but they
become much more bothersome in the home
than in the theatre because of the closer
tolerances, both electrical anda visual,
under which the system operates, it
should be clearly understood that the
above adjustments must be proper at all
times tor the mask to be most effective.
The masker controls simply camnnot be
used to correct tor errors in the gain
and black levels of the R, G, B channels,

It is clear then why there is a
certain resistance to using any masking
at all, purely from the standpoint of

video operator fatigue. Certainly we
wish to keep the mask controls as'simple

as possible, preferably using 3, not 6.
Fortunately, Mask Amplitude meets these
requirements admirably for two reasons.
First, it directly compensates for the
chief colorimetric failing in the film -
simultaneous loss of seturation and
fuminmce of saturated colors, relative
to neutrals. Secondly, the results
produced are straightforward - an increase
in any Mesk Amplitude knob will always
increase the brilliance of that color.

Experience has shown that the need
for the shifting of hues is reletively
unimportant., Neither Hue Shift nor Mask
Makeup need be an operational control.
Un the basis of simplicity, Mask Makeup
is favored, Thus, the new 9005C masker
employs Mask Amplitude-Mask Makeup
controls,




References

1., W. L, Brewer, J, H. Ladd, J. E, Pinney,
"Brightness Modification Proposals
for Televising Color Film", PROC IRE,

Vol. 42, PP 174-191, January, 1954.

R. P, Burr, "The Use of Electronic
Masking in Color Television,” PROC IKE,
Vol. 42, PP 192-200, January, 1 B

b.

2.
5.

J. H, Haines, "Color Characteristics
of & Television Film Scanner,” IRE 1954

3.

Nationsl Convention Record, fart 7,
Broadcast&;g and Telecasting,

PP 100-10 ? 195“-.

W, L, Brewer, J. H. Ladd, J. E, Pinney,
"Proposed Controls for slectronic Masking
in Color Television,”™ IRE 1 National

Convention Record, Part Transmitters
eceivers, and Audio, PP 63-60, 1955,

R, M. Evans, W. T. Hanson, W, L, Brewer,
"Principles of Color Photograply,"

John Wiley snd Sons, Inc., New York, 1953.

Fig. 1
Type 9005B electronic color masker
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Fig. 3
Simplified schematics, 9005B and 9005C
maskers (red channel)
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Starting colors and reference mask
(CIE diagram)
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Fig. 5
Starting colors and reference mask
(trilinear plot)
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Fig. 6
Red knob control differential changes
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Green knob control differential changes
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REWORKING THE NETWORK

OR REMOTE VIDEO SIGNAL

Ray R. Embree
Engineering Department, KING-TV
320 Aurora Avenue, Seattle, Washington

Summary

The network or remote picture signal can
be improved locally to a varying extent, depend-
ing on the nature of its discrepancies. These
improvements will be in the regions of synchro-
nization and gamma. The defective signal is also
shown to further deteriorate in passing through
amplifiers employing keyed clamps. Pictures
included show clearly the results for some defi-
ciencies. Reasons for the inadequacy of present-
ly available gear are discussed. The methods of
circumventing many of the overlooked problems
are incorporated in the circuitry and external
hookup of the sync generator locking device called
"Betterlok.' This device, that will work under
more adverse video signal conditions, is fully
described.

The Problem of Airing a Defective Video Signal

Various attempts have been made to im-
prove the video signal at points too far along the
path of transmission to permit corrections of the
original fault. It would be preferable to correct
the trouble at the point of origin, but since this
so often is not known, it is expedient to do what
can be done locally.

Attempts to locate the origin of such troub-
les are not only time consuming, but often futile.
In the interim, one is faced with having to broad-
cast the signal the best way one can. While it is
impossible to restore lost resolution, or to en-
tirely remove noise or snow from the picture, it
is possible to restore good synchronizing infor-
mation and to improve gamma on many signals.
The most difficult problem with which we must
deal in broadcasting a defective video signal is
one on which the sync is erratic, or far enough
removed from standards in one or more respects
that the keyed clamps (driven) fail to function
properly. Such a signal will often show up better
if displayed on a picture monitor before going
through a stabilizing amplifier.

The above observation led the author to de-
velop a circuit called "Betterlok.' The explana-
tion of the necessity to design a new piece of
gear and the method of its incorporation with
associated equipment will be attempted in the
following paragraphs.
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The main variances from the standards
that we encounter and correct by the use of the
described circuits are listed below:

1. Insufficient back porch width

2. Too narrow sync pulse width

(horizontal)

3. Extreme tilt of porches

4. Too narrow equalizing pulse width on

one or both fields

5. Video spikes in the sync pulse region

6. Erratic replacement of some of the

first in the group of leading equalizing
pulses with the equivalent of vertical
block pulses

7. Amplitude offset in front and back

porches

Obviously, if a stabilizing amplifier, due
to its poor clamping action, renders a less pre-
sentable picture than a plain video amplifier, the
signal should not be run through it unless it is
absolutely necessary. However, in sorae cases
it will be necessary, or highly desirable, to have
separate control of video and sync which a stabi-
lizing amplifier provides. In cases where a
separate amplitude linearity corrective amplifier
is used in a compatible color system keyed
clamps are also employed. Here too poor clamp-
ing action leads to the desire to get around this
piece of gear as well. The one unit which usual-
ly employs keyed clamps and around which the
video signal may not be shunted is the video
modulator. Without going further, even theleast
experienced can see the desirability of having
good sync on the video signal. A snowy or low
resolution picture can be broadcast, but a picture
that is streaking, tearing, jumping and rolling
might better remain unaired.

If the defective sync could be replaced with
clean, locally generated sync before having to
pass through any amplifiers having keyed clamps,
the signal could then pass through all normal
channels in good order. Of course, in order to
replace the defective sync with good sync, it is
necessary to lock a local sync generator to the
remote signal.

Why Available Equipment Has Fallen Short

Sync generator locking devices comercial-
ly available require that standard, reasonably
clean sync, stripped from the network or remote



composite video, be fed to them. The usual
method is to obtain this network sync from a
stabilizing amplifier that employs keyed clamps.
This number one step in locking a local sync
generator to the network signal has already run
into a snag if the network signal will not properly
operate the keyed clamps in the stabilizing amp-
lifier performing the stripping action.

Therefore, stripped sync is not obtained
from a stabilizing amplifier to feed the "Better-
lok." No criticism is intended to the engineers
or manufacturers who recommend such hook-ups.
They expected a normal signal from the network
(or remote), and desired only to allow the local
studio to treat the network signal as a local pic-
ture signal. Provided with such a normal signal
this hook-up permitted superimposition and cross
fades, etc., with other studio originated signals,
with certain limitations. We are primarily con-
cerned with reworking the network signal so that
it will make a better picture.

The manner in which the aforementioned
signal discrepancies cause further picture deg-
radation in passing through amplifiers employing
keyed clamp circuits must be explained on an in-
dividual fault basis. In the case where the back
porch is too short in duration, the back porch
clamping pulse that is applied to the clamping
diodes occurs on or later than the trailing edge of
blanking. When this happens, the clamping action
is erratic, and changes as the picture content
changes. This shows up as streaking, tearing,
or black bars at various points along the raster,
and changing in character as the picture content
changes. Too narrow horizontal sync pulses can
cause trouble in various manners, depending on
the extent of its narrowness and the exact type of
keyed clamp being used. An extreme case of sync
narrowness will develop insufficient amplitude and
jagged shapes in the clamp keying pulses. If peak
of sync clamping is used, and the clamp keying
pulse is formed from the leading edge of sync,
the clamping pulse may occur wholly or partly on
the trailing edge of sync. Anytime a clamp key-
ing pulse is applied during an interval of fast sig-
nal voltage change, such as on the edge of a pulse
or a video voltage excursion, erratic clamping
takes place. The clamping action is intended to,
among other things, remove low frequency dis-
crepancies from the video signal. High frequency
discrepancies are not only not removed, but if
their amplitude is very high and they occur during
the clamping pulse, the signal is imparied by
passing through the clamping amplifier.

The first attempts at adding on locally
generated sync to the stripped network signal
were done with commercially available sync
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generator locking devices. The problem already
described plus others were evident. The other
most disconcerting problem was the loss of
vertical in phase condition at random times.
Then, too, was the time involved in regaining
the vertical in phase condition each time it was
lost. The reason the vertical in phase condition
was so often lost is quite easily shown to be due
to random long period noise bursts on the net-
work signal. These noise bursts would get
through the integrator in the locking device, and
thus to the sync generator counters.

Betterlok Circuitry and Features

Reference to the block diagram and schema-
tic sheuld be made as often as necessary to aid
in understanding the following explanations.

The network (or remote) video signal is
looped by the video input, and thence to the
GE TV16B stabilizing amplifier. The inter-
stage coupling between V1 and V3 has a fast
time constant with a section of V2-a 6AL5 diode
connected as d.c. restorer to remove any hum
or low frequency discrepancies at the grid of the
sync separator V3. An a.f.c. voltage for the
sync generator master oscillator is developed by
the bridge circuit of V6 by comparing the output
of the horizontal blocking oscillator synchronized
by the network signal to a pulse developed at V8
locked to the local sync generator horizontal
drive. To control the GE PG2 sync generator, a
positive voltage is applied in series with this
bridge. The stripped network and local vertical
sync are treated almost identically to develop 30V
positive pulses representing the trailing edges of
the last vertical block pulse at V10B and V20A.
The trailing edge of vertical sync was chosen to
avoid the aforementioned occasional problem with
leading group of equalizing pulses changing erra-
tically to vertical block pulses.

In order to speed up the vertical lock-in time,
the pulse width of the vertical phase correction
pulse fed to the sync generator is increased to a
maximum value of about 6000 microseconds. This
is accomplished by phanastron pulse generators
for the network and local vertical sync separate-
ly. The phanastrons put out a pulse for each
trigger pulse they receive from their respective
vertical sync sources. The duration of a phanas-
tron pulse is linear with the controlling d. c.
voltage. Since this controlling voltage is common
to both network and local phanastrons, their pulse
durations have a fixed relation one to another. A
vertical lock-in time of about one-quarter second
is easily obtained from a maximum out-of-phase
condition. This figure is about one eighth of the
time necessary for other locking devices, and is



barely discernible to the average eye. The
squared-up phanastron pulses are oppositely
polarized in the mixer V28. When the local sync
generator is in vertical phase with the network,
no correction pulse is present at V27 output.
Since the positive vertical phase correction pulse
is coincident with, and resting in the notch of the
wider and higher amplitude negative notch pulse,
no pulse at all gets by the dual clippers of 1N48's
and V27. When the above condition exists, the
input to the vertical error output V26B is auto-
matically disconnected by the open relay contacts
of K2. If a vertical phase error does exist or oc-
curs for any reason, it is basic that it will per-
sist until K2 relay contacts close and pass the
correction pulse to the local sync generator. On
this premise the '"door knocking'' circuit of V17B,
V29 and K2 was incorporated. This repetitious
error pulse being rectified by V17B biases V29
and gains entrance to the sync generator. Ina
matter of a few correction pulses, the vertical
in-phase condition will again exist, and K2 dis-
connects. This "door knocking'' action to gain
connection to the sync generator prevents long
duration noise or other extraneous pulses from
disrupting the vertical in-phase condition once
gained.

An automatic drop-back for the local sync
generator to power line control of the master os-
cillator and vertical phasing is provided by V24,
V15B, V30, K1 and K4. This gives a positive
control of the local sync generator at all times,
and automatically provides for normal studio
operation, even though the network signal drops
out. The GE TV16B stabilizing amplifier was
chosen to opergte with this unit because it per-
mitted, without modification, the passage of a
composite video signal, or the addition of local
sync and blanking within the one unit by merely
operating the existing relay. This realy is auto-
matically controlled by the network signal if
switch S4 is in the automatic position.

Remote control is also provided for opera-
tional adjustments to the "Betterlok.'" These in-
clude a switch for selecting either local power-
line or automatic network (or remote) control of
the local sync generator.

Should the circuit be duplicated, there is
the matter of reversal of the action of GE TV16B
relay. This was done to make this unit inter-
changeable in this respect with RCA TA5C and
D, that were being used elsewhere in the station.
The addition of local blanking besides sync in the
GE TV16B provides a means of regaining lost
setup, as well as straightening out a signal with
porches at different amplitude levels. Grass or
noise at black level will also be removed com-
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pletely by the addition of blanking and properly
setting the black clip-balance control. (Note
that in a locked condition, local sync is used to
key the clamps in the stabilizing amplifier!)

Hook-Up Requirements

Power
1. 115V a.c., 60 cycles -- 2 amps.
2. 300V d.c., regulated -- 325 mils.

Signal Inputs

1. Network or remote composite video --
1.4V, P.P. sync negative

2. Local horizontal drive - Negative 3.5V
P.P.

3. Local R.T.M. A. sync -- Negative 3.5V
P.P.

4. D.C. locking voltage from the local sync

generator power line lock discriminator.

Signal Outputs
1. AFC voltage for sync generator master
oscillator external control.
2. Vertical phase correction pulses.

Remote Control and Connections

1. Switch permits the selection of local 60
cycle power line, or automatic locking
of sync generator master oscillator to
network signal.

2. Horizontal fine phase control.
3. Black clip balance control.
4. Connection from stabilizing amplifier

relay to '""Betterlok'' relay, to provide
automatic operation of stabilizing amp-
lifier relay.

Initial Adjustments

1. Connect all voltages, signal inputs and
outputs in accordance with the diagrams and
tabulated information.

2. Set R2 in mid range.

3. Set S4 to "local 60 cycles. "'

4. Remove V1 and V5.

5. Adjust R4 to operate the horizontal

blocking oscillator at its highest frequency as
viewed at J2.

6. Set Sl to * 0 Ref.

7. Connect a zero center V.T. V.M. from
J4 to chassis, using a 3 volt scale. The Voltoh-
mist is very satisfactory.



8. Adjust R5 to obtain zero reading on the
V.T.V.M. This balances the bridge of V6.

9. (If a positive reference voltage is requir-
ed, carry out this step, if not, pass on to #10.)
Set S1 to Pos. Ref. Adjust R7 to obtain the re-
quired positive reference for the sync generator,
as indicated by a V. T. V.M. at J5 to chassis.

10. Replace V1 and V5 and set S4 to ''auto
lock. "

11. Adjust R11 to a point slightly beyond the
complete removal of all video from the sync as
viewed with a scope at J1. R3 is then adjusted to
clean up the sync peaks.

12. Lock the blocking oscillator of V4B to
the remote sync by adjusting R4. This may be
done by feeding a signal from J2 to the positive
external sync input on an oscilloscope, while dis-
playing a few horizontal pulses of the network
stripped sync from J1. R4 is adjusted to the
center of its locking range which causes the
scope pattern to remain stationery. A double
check is to be made on the setting of R4 by re-
setting the scope to positive internal sync, but
not changing the sweep timing. Then display the
pulse at J2. The time interval or spacing between
pulses should be the same as that between hori-
zontal sync pulse in the initial adjustment.

13. The master oscillator in the sync gene-
rator should be locked now to the network signal.
This may be checked by viewing the mixture of
the network and local sync at J3. The signal at
J3 will be much distorted, but all components
should be locked together.

14. Remove V18 and observe the signal at
J7 with the oscilloscope set to view vertical in-
formation. Adjust R8 to a point where the obser-
ved negative pulse is reduced to a minimum.
Replace V18.

15. With the scope still set to display verti-
cal information, observe the pulses at J6. If the
positive lower amplitude pulse is not resting in
the notch of the wider negative pulse, R9 should
be adjusted slowly to increase the width of the
negative notch pulse until the positive pulse comes
to rest in negative notch pulse. When this condi-
tion exists the local sync generator is in vertical
phase with the network signal. If it is desired to
view the vertical correction pulse at J8, it will
be necessary to disconnect the vertical output
cable and interrupt the network signal.

16. Now the horizontal phase may need
some fine adjustment. This may best be done at
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the remote control, which for convenience, is
located close to the network stabilizing amplifier
remote controls. Therefore, switch 5S4 is set to
remote position and the remote control switch to
auto-lock position. Adjust the horizontal phase
control to line up the leading edges of local blank-
ing with that of the network signal.

17. Adjust the stabilizing amplifier remote
black clip for desired setup. The remote black-
clip balance should then be adjusted to give the
best black level appearance when the remote
switch is in the "local 60 cycle' position. The
one meg. black-clip balance control is paralleled
with the regular remote black clip control.

18. If the blanking is too short or long in
duration, correction may be made at the sync
generator to match the network signal.

19. Switching the remote control to 'local
60 cycle" position will allow composite operation
of the network stabilizing amplifier and "power
line" control of the local sync generator. This
enables the operator to see just how much im-
provement is being made in the signal by this
reworking and permits an easy method of getting
in and out of locked operation.

Using the Unit in Normal Station Operation

It is the primary function of this locking de-
vice to permit the reworking of a defective video
signal. However, it will permit cross fades and
superimposition of network, or remote, and any
locally originated picture signal, except from
film or video tape. The latter two video sources
may also be included, providing the film driving
motors are powered by an A. C. that is locked to
the remotely controlled sync generator and pul-
sed light is used with film. Itis understood that
the vidicon is not subject to this exclusion when
used in a film chain, as it has a very long image
retentivity.

There is an advantage in being able to devote
one staibilizing amplifier and one sync generator
to normally operate with the '""Betterlok.' The
advantages are that the operation of the unit can
be checked at any time without any regard to in -
terference with locally scanned film, etc. Then,
too, maintenance and adjustments may be made
to any of the units just before airing the reworked
signal. After any pre-adjustments have been
made, the sync generator changeover switch may
be operated, placing the network controlled sync
generator in general studio use, if such a hook-
up is desirable. The operator must keep in mind
the above mentioned limitations in connection
with film chains. In case it is impossible to



devote a separate sync generator to this use, it Tabulation of Pictures & Diagrams
is possible to switch the remote control of the

"Betterlok' to auto lock coincidentally with air-
ing the network or remote. The lock-in time is

Defective Signals to be Reworked - Figures No.

so fast that the layman will not notice it, but it 1. Signal with 60 cycle hum and spiking

will be necessary to have the equipment previous- (horizontal display)

ly adjusted. Usually the equipment will stay in

adjustment over long periods of time, so that 2. Signal with 60 cycle hum (vertical display)
only minor adjustments need be made, and very

successful operation with one sync generator may 3. Signal with too short a back porch.

be had most of the time.

Poor Clamping - Figures No.

Since we have been primarily concerned with
reworking the network signal, the equipment is
located at our studios. This permits us to re-
work the signal immediately upon receiving it,
and then sending it through all normal channels
of switching and control. Others might find this
piece of gear valuable at a transmitter site to
rework all signals that are to be transmitted.

4. Output of stabilizing amplifier with signal
of Figure No. 3 at input. (C.R.O. vertical
display)

5. Picture monitor displaying the signal of
Figure No. 4 showing resultant tearing and
pulling.

Any station that receives a video signal over

Sync Separation Capabilities - Figure No.
which it does not have full control as to its per-

fection, will undoubtedly find at times a very good 6. Vertical sync at J1 of the schematic with
use for this type of reworking equipment. A the signal of Figure No. 1 at the input.
system that will provide a solid lock of studio
sync generator to a remote is also a very useful Reworked Video Signal - Figure No.
adjunct to a television station's programming
facilities. 7. Horizontal display
Credit must go to the station's management Better-lok Front View - Figure No.
whose policies allow such developments, and to
our Director of Engineering, James L. Middle- 8.
brooks, and to our Chief Engineer, Robert A.
Ferguson. Also we recognize the aid of many Diagrams - Figures No.
others of the KING-TV engineering staff, es-
pecially Lee Mudgett, Mique Talcott and Kenneth 9. Better-lok hookup for video signal rework-
Hermanson. ing.
Credit must also go to the Edison Technical 10. Block diagram of Better-lok.

School in Seattle and particularly to Nick Foster,
head of the Radio and Television Department, and 11. Schematic diagram of Better-lok.
to Mardo De Jaen.

Fig. 1 Fig. 2
Signal with 60 cy. hum and spiking Signal with 60 cy. hum
(horizontal display) (vertical display)
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Fig. 3
Signal with too short a back porch

Fig. 7
Fig. 5 Horizontal display

Picture monitor displaying the sig-
nal of Figure 4 showing resultant
tearing and pulling.

©
o
. Fig. 8
. Fig. 6 Betterlok front view
Fig. 4 Vertical sync at J1 of the schematic
Output of stabilizing amplifier with signal of with the signal of Figure 1 at the input.

Figure 3 at input (C. R. O. vertical display).
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A 3-VIDICON COLOR TELEVISION CAMERA
FOR LIVE PICKUP

Lannes E, Anderson
Studio Systems Supervisor
Broadcast Studio Engineering
Radio Corporation of America
Camden, New Jersey

In the development and production of color
television cameras, RCA has followed a schedule
which was dictated by the needs of the industry
and the availability of suitable pickup tubes,
Thus, the first color camera produced was the
3-image orthicon live pickup camera which was
introduced commercially early in 19SL. A sub-
sequent version was introduced la ter having
many improvements, both in the camera itself
and in the associated control equipment.

At the same time, an intensive develop-
ment and design program was undertaken looking
toward the production of a color film camera,
as it was expected that color films would play
as important a part in color programming as in
monochrome., This program resulted in a product
similar in principle to the studio camera but
employing vidicon pickup tubes., Although con-
siderably less sensitive than the image orthicon,
the vidicon tube is more satisfactory in several
respects for film reproduction because, under
conditions of high illumination, it can achieve
better signal-to=noise ratio and can be made to
provide excellent gray~scale reproduction. Its
storage characteristics are well suited to such
an application. Since standard television film
projectors provide adequate light, the limited
sensitivity of the vidicon is not a handicap.

Shortly thereafter it became apparent that
the requirements imposed by certain application
of live pickup color cameras could be better
met by a camera employing vidicon tubes than
by one employing image othicons., A vidicon
camera is smaller, lighter, and somewhat more
inexpensive to marmfacture and operate, On the
other hand, the lower sensitivity leads to a
requirement of a much higher level of scene
illumination for satisfactory performance.
vidicon camera is useful, therefore, where
sufficient light is or could be made available
and where considerations of size, weight, and
operating cost are of special importance, To
meet this need, RCA engineers have designed a
3=-vidicon color camerafor live pickup which
will be described in this paper. A camera of
this type has been used in a number of closed
circuit demonstrations of medical television
and has been field tested by the National Broad-
casting Company., Production units, including
many additional features and refinements, are
scheduled for delivery shortly with the first
ones allocated for installation at the Walter
Reed Army Medical Center in Washington, D. C,

The
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Many applications where the 3-vidicon live
camera will be useful will be determined by its
sensitivity. Electrically, the vidicon tube
may be considered to be a generator having
high internal impedance which, for a fixed set
of electrical operating conditions, emits a
signal current approximately proportional to the
0.65 power of the illumination of the photo-
cathode, By increasing the d-c signal electrode
voltage, this signal current can be made to
increase very rapidly without increasing the
11lumination. Thus the sensitivity of the tube
is a function of the signal electrode voltage.
As the sensitivity is increased by raising the
signal electrode voltage, however, the amount
of time reqnired to scan "off" the picture in-
formation is increased. This time lag may re-
sult in a smear behind moving objects. The
adjusted sensitivity of the tube, therefore,
is determined by the amount of lag which can be
tolerated for a given application.

The voltage gain which may be employed in
the video amplifier following the vidicon is
limited by the permissible signal-to-noise
ratio. AltHough the signal from the vidicon is
virtually noise free and a very low-noise pre-
amplifier is used, there is a practical limit
to useful amplifier gain imposed by noise
generated in the first stage.

The overall sensitivity of the camera is
determined, therefore, (1) by the permissible
lag which places a lower limit on the photo-
cathode illumination and (2) by the permissible
signal-to-noise ratio which limits the useful
gain of the video amplifier. In the 3-vidicon
color film camera it is possible to illuminate
the photocathode intensely with the consequence
that the camera signal has no noticeable lag
and an excellent signal-to-noise ratio. With
the 3-vidicon live camera, there will be certain
practical operating limits with the available
light; this will necessitate a mode of operation
which involves a moderate compromise in lag and
signal-to-noise ratioc., The performance of the
three color cameras with respect to sensitivity
is summarized in Table I,

It is of interest to compare the light re-
quirements of this new camera with light levels
existing under other conditions., These are
summarized in Table IT.
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3=Vidicon
£ilm camera

TABLE I

COLOR CAMERA PERFORMANCE CHARACTERISTICS

Typical Scene
Dlunination

15,000 foot candles

(£:1.5 lens system)

Photocathode Highlight
INumination (Nominal)

100 foot candles

Remarks on
Performance

No lag; excellent signal-
to=-noise ratio; free of
"halos."

3-Vidicon
live pickup
camera

1200 = 1400 foot candles

(£:2.1 lens systems)#*

3 = 6 foot candles

Some lag on moving objects;
good signal-to-noise ratio;
free of "halos."

3-Image orthicon

250 foot candles

Negligible lag; good signal-

live pickup to=noise ratio; image
camera (£:5.6 lens system)* orthicon subject to "halos"
and other edge effects
under certain conditions
#Vidicon camera with f£:2.1 lens system has depth of focus approximately
equivalent to image orthicon camera operated at £15.6
sTUOIO CONTROL POSITION
CAMERA REMOTE ™EC
CONTROL CONTROL
VIEW FINDER PANEL PANEL MOMTOR
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Fig. 1

o=

3V STUDIO CAMERA SYSTEM
BLOCK DIAG.

Block diagram of 3-V studio camera chain
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TABLE II
TYPICAL ILLUMINATION LEVELS

Direct sunlight 7500 - 10,000 ft. candles
Cloudy day 300 - 3000 ft. candles
Surgical operations 1500 = 3000 ft. candles
Department store show

windows 1000 ft, candles
Indoor color

photography 500 ~ 1000 ft. candles
Indoor monochrome

photography 100 - 500 ft. candles
Monochrome television 50 - 100 ft. candles

Studie

A desirable objective in the design of all
electronic equipment and a primary objective in
this camera design is to make it as small and
light in weight as possible, consistent with
good performance, reliability, and ease of main-
tenance. This objective has been achieved in
this new camera., Its approximate dimensions,
not including the viewfinder, are 26 inches long
(less the lenses), 1l inches high, and 15 inches
wide; the weight is about 100 pounds. Thus the
camera is only slightly longer and heavier than
the present RCA monochrome image orthicon camera.
The standards of quality established in the image
orthicon color camera have been maintained, and
the signal processing and control equipment are
identical. Because of the low cost and long life
of the vidicon tubes, the operating cost will be
low. On the basis of present field experience
it is estimated that pickup tube replacement
costs will be only about 60¢ per hour.

Although the lighting requirements of this
camera are high, there are numerous applications
in closed circuit and broadcast television where
adequate illumination is avajlable for satisfac-
tory operation. It should be particularly use-
ful where the subject matter consists primarily
of inanimate objects. A representative, al-
though by no means complete list of applications,
is given in Table III.

TABLE III

TYPICAL APPLICATIONS
OF 3-VIDICON LIVE PICKUP CAMERAS

Broadcast commercials involving product displays
or opaques.

Outdoor pickups on spring, summer, and bright
fall days.
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Medical and surgical instruction
Operations
Autopsies

Microscopy

Military instruction
Yleapon operation and maintenance
Aircraft operation and maintenance

Electronic equipment operation and
maintenance

Target discrimination

Camouflage detection

Industrial instruction
Manufaecturing proceses

Mechanic training

Industrial and military remote monitoring
Hazardous operations
Remote operations
Purnace observation
Jet engine observation

A block diagram of a complete camera chain
is shown in Fig. 1. As stated previously, the
control and signal processing equipment is
essentially identical to that used in the image
orthicon color camera., The major elements are:
the processing amplifier which amplifies, in-
serts pedestal and garma correction, generates
shading signals, and provides electronic switch~
ing facilities for monitoring signals; the
modulation shading amplifier, the gain of which
is varied in accordance with shading signals to
compensate for residual variations in sensitivity
in different areas of the photocathode in the
vidicon tubes; the colorplexer which converts
the simultaneous red, blue, and green signal
into the standard color signal as specified in
FCC Rules; a master monitor and a color monitor.

The camera head is shown in Fig. 2. An op-
tional electronic view finder is available which
can be used or removed depending on the applica-
tion, In effect, the camera case contains three
individual monochrome vidicon cameras, all

identical and therefore, interchangeable, Each



receives a spectrally separated optical image,
which is converted into a television signal and
amplified to approximately 0.3 volts before
leaving the camera., The three vidicon tubes
are mounted in a vertical line on the left side
of the camera with the taking lens directly in
front of the center or red tube. Ease of ser-
vicing, plus better ventilation result from this
arrangement, with more efficient use of the space
for the lenses, mirrors, preamplifiers, deflec-
tion circuits, and wiring.

The unit has been provided with a knob and
crank located at the lower right side rear of
the camera for optical focusing control, A link
drive to a shaft extending through the center
of the camera moves the lens turret forward and
backward in the focusing operation. This is
similar to the focusing operation in the mono-
chrome image orthicon camera which has proven
to be very popular. when used in applications
where the camera must be contrelled remotely,
optical focusing is controlled by a knob at the
control console which in turn operates a driv-
ing motor that is attached to the camera.

A four lens turret similar to that used on
image orthicon cameras is provided. This may be
operated either remotely or by means of a handle
at the back of the camera.

The same lenses may be used as are previded
for the monochrome image orthicon cameras, thus
allowing a wide variety of field sizes; for
example,

Field Dimensions

Focal Length at Approx. 8 ft,

135 mm or 5% inches 15 x 20 inches
8% inches 9 x 12 inches
15 inches Lk x S inches
18 inches 2% x 3 inches

For larger field coverage, wider angle lenses
of 50 and 90 mm focal length are available,
Tgese permit coverage of any reasonable field
81%Z6,

In addition to the camera units and optical
system, the camera case contains the necessary
deflection circuitry. It has been possible to
make a significant reduction in the size of the
deflecting yoke and focus assemblies by employ-
ing a new vidicon in which the side tip is
eliminated. This makes it possible to fit the
coil assembly snugly around the tube,

A unique feature of this camera is a plug-
in control panel which may be used at the camera
position for setup purposes and then transferred
to a remote control location. An interlock re-
lay for controlling power to the camera chain
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will remove dangerous voltages when the camera
control panel is removed from any of its contrel
points. This will protect personnel as well as
the equipment,

A drawing of the camera fitted with a view-
finder and mounted on a standard tilt head is
shown in Fig. 3.

Since the use of this camera for surgical
instruction will be one of the most important,
it is of interest to describe the mounting
equipment designed for this application. This
equipment with the camera mounted in place is
shown in Fig. L.

The light from the scene on the operating
table passes through a ten inch circular open-
ing in the center of a special surgical lamp
and strikes the mirror which reflects the light
into the horizontally mounted camera. The lamp
may be tilted freely in any direction by the
surgeon within wide angular limits. A gear
reduction system automatically moves the mirrer
through one-half of the angular movement of the
lamp when the lamp position is changed mamally,
thus maintaining the camera optical path in
line with the light path. In addition, a clutch
device allows the remote control operator to
over-ride the local mechanical light adjustment.
A joystick control can be provided in the camera
control console for contrelling the mirrer angle.

The remote control features described above
permit all necessary optical, mechanical and
electrical adjustments to be made from a single
control position. A locking device is available
to permit the easy removal of the camera from
the operating lamp, Access to the camera fer
servicing, while in its eperating position, is
possible because the locking device is located
at a point that allows the side doors to be
opened. Due care has been exercised in the de-
sign of the camera mount to prevent the camera
from falling out of its cradle even though the
locking device has not been properly secured,

The control position for the camera chain
is shown in Fig. 5. All control and processing
equipment is located here with the exception of
the colorplexer and power supplies. These are
normally mounted in a rack at another location.
An alternative arrangement is shown in Fig. 6
in which all equipment is rack mounted. This
systen is particularly useful when space is at
a premium since considerably less floor space
is required.

In summary, it can be said that this camera,
because of its small size and low operating cost,
will extend the uses of color television te a
large number of new applications in education,
industry, and broadcasting. Under conditions of
adequate light it will produce a compatible
color signal of broadcast quality.



Fig. 2
Color camera on cradle mounting

Fig. 4
Color camera without viewfinder mounted with
hospital operating lamp

Fig. 3
Color camera with viewfinder on cradle
mounting



Fig. 5
Color camera control console and color
monitor

Fig. 6
Color camera control mounted in
cabinet racks.




A SIMPLIFIED PROCEDURE FOR THE DESIGN OF TRANSISTOR
AUDIO AMPLIFIERS

Albert E. Hayes, Jr., and William W. Wells
AUTONETICS
A Division of North American Aviation, Inc.,
Downey, California

Summary

A simplified procedure for the design of
transistor audio-frequency amplifiers has been
developed. This procedure involves the use of a
set of approximate formulas which have been de-
rived from the classical matrix form, in conjunc-
tion with special characteristic curves setting
forth the variation of transistor parameters over
a wide range of operating currents. The formulas
used have been derived for practical circuits
which incorporate external resistances in the
emitter, base, and collector leads of the trans-
istor. The effect of changes in circuit con-
stants can be visualized directly from the for-
mulas and characteristic curves, without the
necessity of resorting to extensive computation,
as has been the case heretofore.

This paper is divided into two portions.
The first part is concerned with the derivation
of the exact formulas of transistor circuits, in-
corporating the h-matrix parameters, while the
second part presents approximate forms of these
formulas which are shown to be of adequate
accuracy for general use. A method of plotting
transistor characteristic curves in a form
particularly suitable for the requirements of the
circuit designer, and particularly compatable
with the simplified formulas, is described.
Some examples of actual circuit designs in accord-
ance with this paper are presented to show the
generality of the method.

Characterizing The Transistor

A brief review of the origin of the so-
called "h parameters” will be in order for those
who may not be familiar with four-pole network
theory. It is recommended that the reader who
wishes ‘to attain proficiency in matrix circuit
methods study the referencesin the order set
forth.

It must be pointed out, however, that matrix
aleebra, as such, is not used in the circuit
design method set forth in this paper. The only
mathematical operations required are those of
simple arithmetic, applied to a set of symbols
which have their origin in matrix circuit theory.
As a matter of fact, the symbols used in the
appended tables have been set forth in a form
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which eliminates even the appearance of matrix
notation.

The General Network

Figure 1 illustrates a "black box" with a
pair of terminals at each side. Those on the
left side are numbered 1,1 and those on the right
side are rumbered 2,2. A voltage across the 1,1
terminals is designated v}, and a similar voltage
across the 2,2 terminals is designated v2. A
current flowing into the box through the upper 1
lead is designated ij, and a current flowing into
the box through the upper 2 is designated i2.
Polarities are standardized by convention in such
a manner that currents flowing in the directions
indicated by the arrows are positive, and voltages
are positive when the upper terminal of a pair is
at a higher potential than the lower terminal.

It is obvious that, no matter what is in the
box, its performance can be described precisely
if the interrelations among the two currents and
two voltages are stated. Any two of these
variables may be selected as the independent
variables, with the remaining two selected as the
dependent variables. Assuming that the circuit
within the box is linear over the range of in-
terest, the various combinations will lead to the
six equations set forth below (equations (1)
through (6}). It is to be noted at this point
that the subscript 11 designates a coefficient
associated with the 1,1 terminal pair, 22
designates a coefficient associated with the 2,2
pair, 12 denotes a coefficient associated with an
effect at the 1,1 terminals produced by a cause
at the 2,2 terminals, while the subscript 21
denotes a coefficient associated with an effect
at the 2,2 terminals produced by a cause at the
1,1 terminals. In general, the letter designa-
tions used are arbitrarily selected, the excep-
tions being that the z terms are impedances, and
the y terms are admittances. The dimensions of
the other coefficients are readily apparent from
a consideration of the voltage and current
relationships, that is, they must be either im-
pedance, admittance, voltare ratio, or current
ratio.
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L) Sanvy - ey, g
2= b4
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1 =bxv = byody

Each of these six sets of equations is a complete
characterization of the performance of the black
box, and no decision can be made as to which is
the most suitable set without knowing some of the
limitations of the content of the box. If, for
example, the box contained a grounded-cathode
vacuum tube, the y set would have the following
coefficients when translated into the familiar
vacuum tube terminology:

i = 0, N2 = o, Txn = Gpy T2p =1/Rp

(As a comment on the universality of this system,
note that p= g2,)

Transistor Applications

In a transistor, if we wish to assume that
to be the content of the box, we will generally
have a low input impedance (perhaps across the 1,1
terminals) and a high output impedance. It de-
velops that the h-set lends itself most readily to
practical circuil measurements with such terminal
conditions., The practical definition of the four
h-parameters is, then:

hll = Input impedance with the output

terminals shorted.

hys = Reverse-transfer (feedback) voltage
ratio, with the input terminals open.

h2] = Forward-transfer current ratio, with
the output terminals shorted.

hps = Qutput admittance with the input
terminals open.

In each case it will be seen that an open circuit
is called for across a low-impedance circuit, and
a short circult is called for across a high-
impedance circuit. The fact that a "short" can
never be a true zero-resistance connection, and
an "open" can never be a true zero-admittance
connection, in practical test circuit arrange-
ments, does not invalidate the terminal conditions
of the h-parameter set of equations as applied to
practical transistors. Each of the other sets
contains at least one terminating condition which
is difficult to approach with transistors.

In the preceding discussion it has been
assumed that the 1,1 terminals comprise the
"input” terminals, while 2,2 comprise the "output"
terminals. Since transistors are used in common-
emitter, common-tase, and common-collector con-
figurations, and since the several h-parameters
differ with differing configurations, a convention
must be established to enable transistors to be
comparable regardless of their end use. In
vacuum tubes, for example, the characteristic Gy
has an ancillary connotation "in a grounded-
cathode configuration." The characteristics of a
tube could be set forth just as accurately in the
cathode-follower or grounded-grid configurations,
but the convention has become well established.

It can be demonstrated, and it will become
apparent after reference to the formulas which
are presented later, that closer control of the
circuit characteristics of a transistor, in all
configurations, will be attained if measurements
are performed in the common-base configuration,
rather than in either of the other possible con-
figurations. The convention has therefore been
adopted that all h-parameters are measured in the
common-base configuration.

Notation

As has been pointed out earlier, the several
h-parameters specify the performance of a general-
ized circuit, rather than the performance of a
specific item, in this case a transistor. Further,
transistors frequently appear as a portion of a
circuit the h-parameters of which are desired.

If, for example, a cormon-emitter transistor
circuit is the subject of circuit analysis, two
values of hl) must appear in the computation. One
of these is the common-base hjy of the transistor
itself, and the other is the ﬁll of the entire
circuit incorporating the transistor. This can
become confusing, and we have in the following
pages incorporated the recommended notation of the
Jjoint IRE/AIEE Task Force 7.7.2 on semiconductor
symbols, wherein the circuit equation becomes:

v =hi) +hyv,
i, =h +hv )
2 fil o 2| common base

from which it can be seen that:



hy = Transistor input impedance with the out-
put terminals shorted, in the common-
base configuration.

h, = Transistor reverse transfer voltage

ratio, input terminals open, in the

common-base configuration.

Transistor forward-transfer current
ratio, output terminals shorted, in the
common-base configuration.

Transistor output admittance, with the
input terminals open, in common-base
configuration.

These are the symbols which are used through-
out the remainder of this paper.

Circuit Design Formulas

Figures 2, 3, and 4 are the exact formulas
for the performance of transistors connected in
the three possible circuit configurations. The
h-parameters used are, as stated previously, those
measured in the common-base configuration. It is
believed that these figures constitute the first
publication of exact circuit formulas including
resistors external to the transistor, in each of
the three legs of the circuit. No approximations
have been used in the derivation of these formulas,
since it is our belief that each user must tailor
the degree of approximation in accordance with the
limitations of the problem at hand.

The formulas are intended for use in the low-
frequency region where the parameters are sub-
stantially independent of frequency. With most
conventional transistors this range extends from
DC up to one percent or more of the alpha=-cutoff
frequency. These formulas may be used at any
frequency provided that (1) the parameters are
measured at the frequency of operation, (2) the
complex value of each parameter is measured, and
(3) impedances and admittances are used in place
of resistances and conductances.

The set of formulas in the bottom rows of
Figures 2, 3, and L comprise expressions for the
h-matrix parameters of the entire circuit includ-
ing the transistor in the configuration shown,
together with the associated resistances in the
external leads. These formulas are presented for
those accustomed to the use of matrix methods in
computation.

A table of approximste formulas, useful under
most circumstances, appears as Figure 5. These
approximations are based on the assumption that
Rp, is much less than l/hy, that Ry is larger than
hi, that hp is of the same order of magnitude as
hihg, and the hp is at least three orders of
magnitude below unitye.

Design Curves
It is a rare coincidence when a circuit uses
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a transistor at the particular values of bias

set forth by the manufacturer as "standard test
conditions." Taking the case of the USAF 2NL3A,
for example, the test conditions under which the
common-base h-parameters are measured are V, =

-5 v., and I = 1 ma, The USAF 2NL3A finds wide
usage at collector voltages from 1.5 to 30 v.,
and at emitter currents from 50 uA to more than
10 mA. It is well known that all four h-
parameters vary greatly with emitter current, and
many manufacturers supply graphs showing the
variation of each parameter, on a relative basis,
with variation of emitter current. These graphs
are not completely satisfactory, since it is
necessary to enter the plot with the "standard
test conditions" value, and perform an indicated
multiplication or division in order to arrive at
the correct value at the particular level of
current at which it is desired to operate. Such
a normalized plot, which expresses variations on
are ve basis, suffers from the disadvantage
that the variations in magnitude of the several
parameters are not presented in a manner which
enables the engineer to select optimum conditions
directly from the plot.

In the reverse case, for example, when the
engineer requires that a transistor have a value
of hy equal to 250 ohms, where the 1-ma Ie value
of hy is 30 ohms, it requires computation to
determine that a current of 0.1 ma would provide
the 250-ohm value. At the same time the problem
of determinine the magnitude of hg at this latter
value of blas current presents the requirement of
another computation.

Practical Curve Presentation

A more convenient plot, more applicable to
the day-to-day requirements of the design engineer,
is introduced in Figure 6, which is a graph of the
several h-parameters of the 2N43A transistor,
plotted against collector current as the indepen-
dent variable. In making use of this presentation
it is necessary only to select the desired
value of operating collector current, and then to
read the value of the several h-parameters
directly from the curve. Conversely, it is a
simple task to select a point on one of the curves
at which a desired value of an h-parameter appears,
and then to read directly the value of collector
current which would cause this value of the
h-parameter to be presented to the circuit.

It was the single aim, in the preparation of
this format, to enable the design engineer to
obtain pertinent information as directly as
possible, with the greatest practical accuracy,
and with the minimum possibility of misinterpre-
tation.

The collector current was selected as the
independent variable since it is generally of more
direct interest to the design engineer than is the
emitter current. Collector current is plotted on
a four-cycle logaritlmic scale in order to maintain



the same accuracy throughout the useful operating
range of the transistor.

Since the variation of parameters with
collector voltage is generally less significant
than with variation of current, plots are
presented at a limited number of voltages, and
those only when the value of the parameter is
significantly affected. The values of the para-
meters at other voltages will be obtained with
sufficient accuracy by interpolation or extra-
polation of the plotted values.

Figures 7 through 10 are similar plots of
the characteristics of several of the more
popular transistors.

The parameters hj, hy, and hy are plotted
on the four-cycle ordinate scale in the obvious
manner. Decade multiplying factors are indicated,
as applicable, to normalize the values of the
parameters to a cormmon scale. On Figure 7, for
example, the multiplier for the hy curve is 108,
This indicates that the value of the parameter is
10-8 times the plotted value. Since a logarith-
mic scale is used the percentage error is
constant over the entire range of plotted values,

The forward-transfer current ratio (he),
or "alpha"™ as it has been called, presented an
interesting problem, since the value of hf, by
itself rarely appears in circuit computations.
In fact, where hg does appear alone the value,
whether it be -.991 or -.992, has only an in-
significant effect on the result.

The value of he is important, however, in
the two forms in which it generally appears in
transistor circuit computations: 1 + hf, and

he R It becomes apparent from a consideration
I_#-Ef_ of the foregoing expressions that a

small change of hf will produce a large

change in the value of the functions, particularly
for values of hf approaching unity. Both of those
functions are tabulated, together with the
tabulation of hy itself, on separate ordinate
scales which cooperate with the curve labeled hg.
The quantity he is approximately the

T+he
comuon-emitter short-circuit current gain, and is

labeled hfe. It is also known as "beta" in some
circles.

The plot is laid in such a manner that the
value of hye can be read to an accuracy of 10%,
while the other parameters may be read o 20%.

Examples

Several examples will now be presented to
demonstrate how the formlas and curves may be
used to design audio amplifiers.

A _One-Stage Amplifier

A very simple common-emitter single-stage

amplifier is illustrated in Figure 11. The
voltage gain of this amplifier may be computed
by using the exact and approximate design
formulas set forth on Figures 2 and 5, repec-
tively. The numerical values of the h para-
meters used are those taken from the 243 curve
family of Figure 6, for a collector supply of
3maand S v,

The values of the h parameter are:

h1 =12

= 4
hr =4.8X10
hr = 'ogm
ho =14 X .'I.O-6

- = 4
andD—hiho-hrhf—lo.‘?XlO

If the load resistor Ry is selected to be
1,000 ohms, the values of voltage gain computed
from the exact and approximate formulas are:

o hiho - hrhf

=(12)(140) (10) ™ + (.98) (4.8) (10) %
= .68 X10™% + 4.7 x 107
= 4.9 X107

M=D-hl_-l-1~‘l>hf

4.9%1074 - 4.8 x107% + .02
A X107+ .02 = L0200

s = (4.9x107 - .98)(10)3

Yo 1244.9%x10™% 110
= 979,5 = 78.5
12.49 (8)

A ¥.98X 10% = m.6
v 12 (%)
Thus it can be seen that the approximate

formula is less than L% in error. This error
will increase with higher values of Rj. Table I
is the result of computations with both the
exact and approximate formulas, together with
the actual measurements made on the amplifier
under consideration.

TABLE 1

Celculated Voltage Gain | Measured Voltage

R [Approximte Exact |Gain - 5 Samples
e Formula Fromula
100 8.16 8.12 7.9
x| a&.6 78.5 £1.0
1K| €6.0 5800 524,..0
100K | 8160.0 1600.0 1560.0




The Un-Bypassed Emitter Resistor

An unbypassed or partially bypassed emitter
resistor is frequently added to a common-emitter
amplifier to provide degeneration. This degener-
ation produces almost the same results we are
accustomed to in vacuum tube circuits when the
cathode resistor is left unbypassed -- the input
impedancze is increased, and the voltage gain is
to a lesser extent a function of circuit variables.
The circuit illustrated in Figure 12 is typical of
this type of amplifier, and will be considered
next.

The value of load resistor, 1K, selected for
this example, is chosen to simulate to some extent
the impedance the circuit would be working into if
it were driving another common-emitter stage. The
values of the h-parameters selected for this
design are: (These values for 1 ma and 5 volts are
slightly different from the published values
because of the small sample used when plotting
the curve.)

h, = 28

h. = 3.7 X107

l:xf = -,98

b, = .55 X 107
then D = 3.8 X 107
and M = ,02

It will be observed that in almost every
computation encountered in small-signal design
the assumption that M = 1 + hy will not materially
diminish the accuracy of the result. “

The load resistance into which the transistor
is working is the parallel combination of Ry,
(1,000 ohms) and the 5K collector supply resistor.
The parallel combination comes to 832 ohms.

The series combination of all impedances
between the emitter and ground yields the value
of Rg to be used in the formulas. If the re-
actance of C is much smaller than 100 ohms it may
be ignored and we can consider Rg to be equal to
100 ohms. In the event that the reactance of C
is appreciatle with respect to 100 ohms, the
parallel combination of 1900 + jXc would be noted
as RE. In this case we will assume that the 1900-
ohm resistor is adequately bypassed, and thus Rg =
100 ohms,

The formula for voltage gain, from Figure
3, is:

(D + hf + hoBE)RL
Wb PR TR ¥ B TRy + B)T ¥ RO ¥ BR)
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and thus the computed exact voltage gain is
hiho - hfhr

2.8 X .55X10

(-]
n

%

+.98 X 3.7X107%
3.8 X 107%

4o (38X 107 -.98 + 0.55 x 106 107832
Y 28+ 3.8 X 15 X 832 + 10°(1 + .55 X 10~x832)

832 X .98

= T928.,32 =6.35 (11)

Using the approximate formula of Figure S,
the computed voltage gain is:

A ¥ s581X 832

v - %6 + 100 = 636 12)

where the two results are close to identical. If
the emitter degeneration were removed, as would
be the case if the emitter were effectively by-
passed, the gain would be:

) 2eSBLER . o

v

(13)

The inpuf impedance is, by the exact formula:

%

g =(2:8Xx101832+ 28+ 1107 x 832
i .55 X 10701 102 + 02

=12832 - g30n (14)
while,the approximate formula:
v 28 +100 _
=T - 00~ (15)

Once again the error is of the order of 2%.

If the emitter were effectively bypassed to grourd
the input resistance would be.

2 = hj_

. = 28 =1400.

1+ hf «02

It is interesting to note that the gain and
the input impedance are both changed by L.S8
times when the emitter impedance is varied
between gzero and 100 ohms.



APPENDIX

The transistor may be regarded, most
generally, as a six-terminal network, of the form
indicated in Figure 13.

This may at first appear surprising, since
the transistor as we know it today has but three
leads. However, let us assume that the primed
leads are the emitter, base, and collector leads
of the transistor, and that the unprimed leads
are a y-connected common lead, with no connection
whatever to the transistor itself. Figure 14
11lustrates one such possible arrangement of the
transistor,

For the sake of generality, however, we will
not assume that the primed terminals are
necessarily connected to the transistor elements
in any particular order at this time.

We can define currents and voltages according
to the following conventions: OCurrents are
positive when a primed lead is at a higher
potential than its unprimed associate. In the
11lustration of Figure 15 all currents and
voltages indicated are positive.

llt can be shown, by the method of Knight et
al.,” that the interrelationship among these six
voltages and currents may be expressed in the
following forme

LEmw YNt t 7 (17a)
157" * T20%2 * V23" (17v)
13577 * Y3272 * V3373 (17c)

The preceding equation family may be express-~
ed in matrix notation as:

L mnMs| |
Ll = |7a%22923 ] [ V2 (18)
1, 0732733 |3

If the unprimed terminals are assumed to be
a common ground-lead, and if we choose to 'ground!
one of the transistor elements to that lead, the
following sets of equations will result from those
connections.

Shorted Pair Circult Equations
1, = ¥,5%, + ¥,V
2! 2o y22'2 . y:23"3 29)
3 232 333
' HhE=mm tnsm
2 2 1, =57, 4+ ¥..v (20)
3 11 33°3
' = FiVa t oV
3, 3 11 11122 (a)

272" Y V02

If ve assume that the pair 3: 3 represents
the base terminal of the transistor and the common
lead, the last of the preceding three equations is
the complete circuit equation of the common-bese
transistor circuit, expressed in the terms of
admittances. The general *black box' equivalent
of this type of equation is a two-terminal pair
(or four-terminal network) as illustrated in
FPigure 16. The polarity conventions for voltege
and currents are as set forth for the six-terminal
network of Figure 15.

It will be noted that equation (21) expresses
the operation of the two-terminal pair in terms
of the independent variahbles v, and v,. It will
be obvious that five other set% of equations are
possible, selecting other currents and voltages
as the independent variables. The complete set,
together with their matrix-notation equivalents,
are set forth below. The notation is that of

Shea.
M T T P ["1] [*2%2)|h )
v, + 32111 + :2212 va‘ L) 12‘
HL=mn * nom 4] _Fumiz) ] (23)
125 7a% * 720%2 12| vz 2
KRt BT Y CECP | Y B
12 =bpd + vy | 12} P2ab22| |72
- r "
Leegm * g2t 41 CTCR (A (25)
V2= B 8l V2] 8282212
v, T8V, -8l [v.] (e T b 1
1° %% " M2 1=‘11‘12l2 (26)
L =env -l L) a2z
N - -~ G a
V2 Thhm b v, [rundm o
15077 =Y 12] {PaP2 1 |

A fine table setting forth the interrelations
among the several sets of matrix parameters has
been published.? By the use of such a table any
of the coefficients may be expressed in terms of
the coefficients may be expressed in terms of
the coefficients of any of the other matrices.



It will be recalled at this point that the
assumption has been made that the 3} 3 pair of
the six-~terminal network represented the base-
common pair, and that the resultant four-terminal
network comprosed a common-base configuration,

In view of this, the convention has been adopted
that the coefficient associated with a particular
comon-element configuration will have a third
subscript indicating the common element. Thus
the coefficients set forth in the preceding set
of equations should, strictly speaking, be
written as follows: z1lb, €12b, etce ﬁuring the
remainder of this discussion the common-base
subscript will be assumed, and the complete forms
will be reserved for the common-emitter and
common-collector coefficients.

The Indefinite Y-Matrix

At this proint a singular property of the y-
matrix (equation 18) should be pointed out: The
sum of the coefficients in each row is zero, and
the sum of the coefficients in each column is
zero. Thus, the entire 3 x 3 y-matrix, called
the Indefinite Y-Matrix3 can be written by
inspection from the common-base y-matrix set forth
above (23) as follows: (Equation 28)

h -(ny*72

i,

711 N2 "1

ya yzz =( yaﬂzz) '2

i 3 :(Yn*’a) ‘(’1 2*722) ’u"”zzﬂaﬂl 73

Since the 3, 3 pair has been defined as
representing the base-common pair of the six
terminal network described above, and if we assume
the 1) 1 pair to represent the emitter-common
pair, and the 2; 2 pair to represent the collector-
cormon pair, the common-emitter y-matrix may be
expressed in terms of the common-base y-matrix by
cancelling the 1 row and 1 column of the above
matrix, and rearranging the terms in accordance
with the customary input/output relationships
where 1: 1 represents the input pair, and the
2} 2 represents the output pair. The result, the
common-emitter y-matrix, in terms of the common-
base y-matrix parameters becomes:

1 * oz * Tap iy "am * Yoz
(’m) (29)

Yoy + Yoz

yielding the conversion tables

e =T * Y22p Y Tap t i
T12¢ = (12p * Yoz

Y26 = T2p * T22)

T22¢ = Y221
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Thus the indefinite y-matrix provides an
avenue of translation between one circuit con-
figuration and another. This was the method used
in the derivation of the exact circuit formulas
presented as Figures 2, 3, and L.

By converting the h~parameters to their
y-matrix equivalents, entering the result in the
indefinite y-matrix, cancelling the appropriate
row and column, and translating the resultant
2 x 2 y-matrix parameters back to h-matrix
parameters, the following table of equivalents
among the several sets of h-parameters is
obtained:

TABLE (II)

Tabulation of the h-matrix parameters of the
transistor connected in the three possible
configurations expressed in terms of the common-
base matrix parameters.

Configuration Symbol Equivalent
P11e Bp
M
B 2e D-hoy
M
bae | lgptD)
M
Common
Emitter
Bo2e bo2p
M
D )]
e M
h11<: h_l_l_b
M
By 2¢ 14 by
M
Common
Collector
Bre byl
M
b2 ho
M
D 1
e M
Where D = hibhob - hf‘bhrb
Dy = byghg = Bogbre (ete)
h, +1

aniH=D-hrb+ y




In this table the symbol D represents the
value of the matrix, evaluated as a determinant,
as follows: D = h11h22 = hl12h21. The symbol
M represents: D + hf = hp + 1

Transistor Notation

While the preceding table of h-parameters
rerresents a consistent set of parameters, the
necessity to select one of these sets as the
appropriate one to characterize a transistor,
leads to a confusing situation when a confiesura-
tion other than the "standard" is used in a
circuit. The following example serves to
illustrate this point:

Let us assume, as is the case, that the
common-base set of h-parameters is defined as the
set whereby the performance of a transistor is to
be characterized. Let us assume further that the
transistor in question is to be operated in a
cormon~emitter circuit,

The following conditions will then prevail:

Input impedance of the transistor, with its
output terminals shorted (measured in the common
base connection) = hyjp.

Input impedance of the transistor circuit,
with the output terminals shorted = hjje.

Since, as is shown in Table (II), h1ib ¥ bjle
the subject of notation begins to become cloudy.
For this reason, the following notation has been
recommended by the Joint AIEE/IRE Task Force on
Semiconductor Notations:

hyp = Transistor small-siemal, short-circuit,
nput resistance, measured in the
common-base configuration.

hpp = Transistor small-signal, open-circuit,
reverse-transfer voltare ratio,
measured in the common-base configura-
tion,

h¢p = Transistor small-signal,short-circuit,
Torward-transfer, current ratio,
measured in the common-base configura-
tion.

hgy = Transistor small-signal, open-circuit,
output conductance, measured in the
common-base configuration.

These symbols have been reduced to the
practical symbols shown in Table III by invoking
the rule that all transistor h-parameters are
measured in the common-base configuration, re-
gardless of the end use of the transistor.
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TABLE ITI

OLD STMBOL NEW SYMBOL

EXACT PRACTICAL EXACT  PRACTICAL
Bpie B By by
h12b b12 hrb hr
hay B2 hey Be
by B2 Bob B

An Example

As an example of the use of matrix methods
in the handling of complex transistor circuitry,
the derivation of the formula for the'voltage
gain of a common-emitter transistor amplifier
containing an external emitter resistor, as
illustrated in Figure 17, will be carried through
from the original common-base h-parameters.

This circuit may be redrawn, for the sake of
analysis, as shown in Figure 18, This latter
arrangement is seen to comprise two indivicual
"black boxes" with their input terminals in
series relationship, and with their output
terminals gimilarly connected. According to
Guilleman,4 the z matrix of svch a combination is
equal to the sum of the z matrices of the in-
dividual boxes.

The h-matrix of the upper box containing the
common-emitter-connected transistor is, from
Figure 2.

Ei ’ D-hr

M M (30)
-(h, + D h

(b, )’_2

L M

By using a table of matrix interrelations,
the z matrix of the transistor "box" is found
to be:

D , D-h
B, B,
Bp+D

ho h, (31)

The z matrix of the lower "box", containing
the resistor is, by inspection:

Ry Rg
Ry Ry

(32)



The z matrix of the combined circuit is the
sum of these two matrices:

B D-h ]
D 4R, —F +7g
ho ? ho

(33)
h, + D
H R L 4R
+ +
ho 2 ho

L. -t

The voltage gain of a circuit, expressed in
terms of the z matrix is

A =2t
v "D +7Z, R (34)

Substituting, from equation (33),

h
( f; > . Ry Ry
) (35)

P4+—RE +(-h£+RE)RL
[]

A'=

B

h
AU Y Y

h
[e]
h, +
= T
[] [«]

_ RL(D + hf) + hORERL

T by + Ry + Doy +hRR
(D+h +hR.E) R.L
‘v=hi+n;+:;'ﬁ+ bR ) (36)

Which is the desired formula
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Fig. 1

The “classical” two-terminal pair, or
four-terminal network, indicating the
numerical designation of the terminals.



TRANSISTOR DESIGN FORMULAS IN THE SEVERAL COMMON-EMITTER ARRANGEMENTS

lin—

O

The exact formulas for some of the properties of the common-emitter transistor amplifier,
expressed in terms of the common-base h-matrix parameters. The resistors shown are

all external to the transistor.

NOTE: lin — :
THE h-PARA- -- ~3)'out oy tout i out
o =
IN THE Rg Ry Rg ut Ry Re  vip Vout A
COMMON-BASE Yin Re
CONFIGURATION ~ I IJ.
-—0- o - - l—o--- === ==
VOLTAGE
GAIN D+h.)R
Fa" (D+h IR, (D+hg+hgReIR, (D+hy+hoRe)R,
(vm ) hi¢DR hi*+DR *Reg(1+hoRy) hi&DRLfRE[I*ho(Rg’RL)]*R.(M*hoRL)
CURRENT
ls:::« D+h, D+he*hoR, D+hg+hoRe
(| , ) hg RL+M ho{Rg + R )+M holRg +R )+M
n
INPUT
RESISTANCE DR *h DR +h;+Re(1+hgR,) e DR R *Re Ut hoR, )
(R,,,) hoR_+M ho (Rg + R )M B holRg+R.)+M
OUTPUT
RESISTANCE h; + MR, hi + MRg+Rg (1 +hg Rg) hﬁM(R.*Rg)*RE[I +h°(RB¢R5)]
(Rouf) D"hoRc D"ho (RE’RG) D‘ho(R' "‘RE" RG)
hi D'h' hi+ RE D-h +h RE h: +R D-h,+h,R
h, =— h = h, £ hs—2r 0 & |ph =R, ¢+ __E hpo—oh 0 €
EQUIVALENT TIr™ et "™ +h R, 2 "Men, R 78 M+ hoRe 2 "M+h R
h~MATRIX L)) b= o AD*he+hg Re) _ M b oDt hoRe) hos Mo
2" Ty 22 M 2 Meh, R 827 M+hoRg | B! M+hoRg 22 Me+hoRe
Dzh{hg=heh, M=D=h,+1+ hg
Fig. 2
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TRANSISTOR DESIGN FORMULAS IN THE SEVERAL COMMON-COLLECTOR ARRANGEMENTS

ms"°1§fu !in R — vaﬁ
he - - — =) i e =)
LS = Re P =ot
u
IN THE Re  vin Re Vin
COMMON-BASE vout SR Vout Re
CONFIGURATION | | I |
VOLTAGE
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The exact formulas for some of the properties of the common-collector transistor amplifier,
expressed in terms of the common-base h-matrix parameters.
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The exact formulas for some of the properties of the common-base transistor amplifier,

expressed in terms of the common-base h-parameters.

external to the transistor.

The resistors shown are all
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Approximate formulas form some of the properties of transistor amplifiers, in the three basic
circuit configurations, expressed in terms of the common-base h-matrix parameters. The
resistors shown are external to the transistor.




g8
g
[~}

IOKk 003 = n<
I
1
H Ho
-8 VerB g I -%a Bl S
i | Ve L 3o
e ds T Ry VeS| = I - 180 .
|| v-a3 | 115
\ 1L} . \& - o _‘I—.u
i o B E 990 .
| 00—
K — 4 | 010 4
s EEEEEES — T { B = eo—H
N ! VerdS 1+ L 1 B [ [ 60— |
- N /:_. Vs 7 1 | i H
s HIS BB D a:im - o
5 —_ t 4 1 E < m
° P | \ pdl | E + 30]®
< 100 1 AW v 1a - & Mo
- H= vV £ o
- ' 1IN LA l 95 20— |9
- ] T3¢ / [ T o5 Emls]
¥S T Ve 43 ¥ | < 7 11 A s
y - -
l B 0 0 R 7t e I - 5 3
«Enn 144 - 80 to—
at . | J€Ver18 [ 10 B
10 - - p—
o e T / < E 8 _::
= 4 .85 66—
=T L h,xlo‘—l //J t =k _’_m
1 B
% — - . N
—~ — ___,JM = 4
Al Y - - - - s
'—ﬁ. 3— JU
i - >
0.01 0.1 [} 10 100
COLLECTOR CURRENT - MA
Fig. 6
The h-matrix parameters of the 2N43A transistor, illustrating
the variation of each parameter with changes of collector
current.
10K 27 360—
E T: .003 B <
ERE]
l - -1 []
3 I Y | 388 200 |u
| B R D o — ve-9 = i EN
! /i/).l‘ A”"-‘—M ey Ver-3 7 - 180 s
mEEP; (B o . 1B
: - Soms MBI (NN (990
ST w1 o]
= 1 ] = i 00—
i // =] ‘ : -“‘U
4 ,/ | 1] S8 o 1 o | 1 98 60—1‘_‘3
. ! ! N } Ve-20 ! ﬁ .02 Hoe
< ke ‘ N o i E 40— 0
| 4/ // | '_— = N
- T | =L | * = f 30——
© 100 1 1 * - _— e :-!5
ol 5555 S RERIBE TEY 218
. | (i § Fas 20— 0
Z =g P ] J T 08 3
= | .=d B 48 \<H oy [0 NS (10 g ) S Y i s
=11 hoxi0® hi Ves-3 Lt Wil =
ek L At 20 + — ) T}
1 NC — ]
Ver-3 +{ 90 101
10 ] N —'° s
@ = = e me f -
— ”:.« = hpx10¢ //// \N\ - Cos e
—t a8 - - - .- 4 -l 1-X 86—
] . *_L_PA—I_“- " "//’r vf o =] __%
= : Vor-20 = ‘-—1'—'m
=] = = mu i £ I (O 14 E ©
‘f - 3——§
' a_l_u LLm._ ©
0.01 0.1 ] 10 100
COLLECTOR CURRENT - MA
Fig. 7
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The h-matrix parameters of the 904 transistor, illustrating the
variation of each parameter with changes of collector current.
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The h-matrix parameters of the 952 transistor,
illustrating the variation of each parameter with
changes of collector current.
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Fig. 11
The basic common-emitter amplifier.

Fig. 12
Common-emitter amplifier with emitter
circuit degeneration.
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Fig. 16
The four-terminal network derived from the
six-terminal network of Fig. 13 by shorting
the 3', 3 terminal pair.

2’ 2
Fig. 13
The fundamental six-terminal network.
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Fig. 17
o, (<] A common emitter amplifier with an unbypassed
2 2 resistor in the emitter lead.
Fig. 14
The transistor as a six-terminal network.
Note that the unprimed leads comprise a y-con-
nection independent of the transistor leads.
I R 3
L 'OU'
2:' Ve 2 Fig. 18
The circuit of Fig. 17 redrawn to illustrate that
Fig. 15 it comprises two simple boxes in series. The
Polarity conventions of the six-terminal network. z-matrix of the combination is equal to the sum
The polarities indicated are all “positive." of the z-matrices of the individual boxes.
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AN AUDIO FLUTTER WEIGHTING NETWORK

Frank A. Comerci and Eliseo Oliveros
U. S. Naval Material Laboratory
Brooklyn, New York

Summary

Listener preference ranking of selected
samples of programs containing many types of
flutter are compared to measurements of the same
flutter using a meter weighted with respect to
flutter rate in accordance with the threshold of
perceptibility. It is shown that the correct
weighting curve varies with the level of flutter
and modification should be made to the flutter
meter in order to obtain objective rankings of
various types of flutter which will agree with
subjective rankings of program containing the
same type of flutter.

Introduction
In a recent publi.catd.on1 1t was shown that
the effect of flutter on music program was
similar to its effect on a 1000 cps tone and it
was proposed that a flutter meter, incorporating
a flutter rate weighting network based on flutter
perceptibllity thresholds for tone and music
program, coupled with a well damped root-mean-
square indicating meter could be used to provide
a realistic measurement of flutter or "flutter
index". In the experiments reported herein,
such a meter was built and flutter index measure-
ments of many varieties of flutter were compared
with subjective quality rankings of three types
of program containing the same flutter.

Flutter Index Meter

An available flutter meter was selected
which contained a low impedance output section
for operating an oscillographic recorder. A
filter and a standard "VU" meter were connected
to this output. The "VU" meter was selected as
an indicating instrument in order to have a
standard damping characteristic. Differences
between "VU" meter readings (rectified average
over a standard time period) and thermocouple
meter readings (rootemean-square over a non
standard time period) on complex flutter wave-
‘shapeg were found to be small enough to be
neglected. The sensitivity of the flutter index
meter was as shown in Figure 1 and was adjusted
80 that the meter gave a reading of 100 percent
for a flutter amplitude of 2% peak at a flutter
rate of 3 cps. For the low flutter rates where
the meter tended to follow the instantaneous
flutter amplitude rather than indicate an average,
the average peak swing was used as the reading
since it was felt at these low flutter rates a
Peak measurement was more realistic than an rms
measurement,
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Subjective Rankings

The ranking technique employed was the
Listener Preference test described in the
previous paper. This test consisted of
paired comparisons by a group of judges on
program samples containing many variations
of flutter. One flutter variation represent-
ing that least perceived was used as a
standard to which each of the other variations
was compared and judged as being "much worse"=-
"worse"-"same"-"better*-or "much better*, The
Judgements for each program were then quan-
tified for each judge, assigning a number of
rank to each judgement category for each
Judge. The average number of rank assigned
by the group of judges for each flutter
variation was then taken as the "ranking
score”.

Flutter Generation

The flutter was introduced into the
program material by means of the Material
Laboratory Flutter Generator described in
the previous article which used a mag-
netic head mounted to a loudspeaker cone
to generate the flutter and also by means
of a tape recorder which had a low flutter
content when operating without a fly wheel,
introducing the desired flutter by varying
the frequency of the power source used to
power the synchronous driving motor. The
former was found to be wanting for flutter
rates below 5 cps but ideal for the high
flutter rates whereas the latter was ideal
for the low flutter rates but wanting at
the high rates. The latter system also
made it possible to duplicate the type of
flutter found in equipment by driving the
motor by means of the amplified signal
from a 60 cps recording as played back
on the particular equipment. Since two
different flutter generatars were used, the
experiments were divided into two parts for
any differences other than flutter between
the two generators might have influenced
comparisons. In the first experiment,
approximately 10 second passages of piano,
military band, and speech program were selected
from recordings of live local F.M. broadcasts.
Piano and band were selected as being more
susceptible to the effects of flutter. These
selections together with a 20 second sample of
a 3000 cps tone, which was recorded on the same
recorder used to record the program, were
spliced together at the center of a 1200 ft



resl of tave. The selections were then played
back on the flutter generator, adding the
flutter as required and rerecording on another
recorder to obtain samples of fluttered program
for use in the subjective tests and samples of
tone for use in obtaining flutter measurements.
Since the 3000 cps samples of tone had under-
gone the same operations as did the program,
the flutter on these samples was the equival-
ent of that introduced in the program. Flutter
oscillograms obtained from the tone samdles are
shown in Figure 2 to indicate the complexity
and range of flutter variations used in this
experiment. The program samples were spliced
together to permit A=B comparisons between
each flutter variation and the standard varia-
tion for each program. Program randomization
vas not employed in this experiment and for
each comparison the standard was presented
first. In the second experiment approximately
10 second passages of piano, band, and speech
program were used. The method of introducing
flutter was similar to experiment one except
that the special recorder was used. In the
first experiment,” the particular flutter
variations used were selected to give a
representative sampling of flutter rates froa
L to 100 cps and amplitudes which were judged
to provide a range from non=perceptible to
maximum perceptibility. In this second
experiment 20 single rate flutter variations
were chosen with amplitudes randomly chosen
to provide equal increments of perceptibility.
Ten additional variations were randomly selected
t0 contain a combination of high and low flutter
rates with amplitudes judged to provide equal
increments of perceptibility. Ten additimmal
variations were representative of actual pro-
jecton disc playback, and taps recording equip-
nent. Representative oscillograms are shown
in Pigure 3. The samples of fluttered program
when spliced for the subjective comparisons were
arranged in a statistically random fashiom with
respect to type program, flutter variation and
presentation of standard.

Listener Preference Tests

For the Listener Preference tests 18
judges all male ranging in ege from 23 to LO
years were located in an acoustically soft
listening room. The program comparison tapes
were played back through a triaxial loudspeaker
system to the group which was located about 20
feet from the speaker along the length of the
room. The response of the overall system from
initial program recording to final presentation
to the judges was essentially that of the loud-
speaker which ranged from approximately 4O to
15000 cps with only minor peaks and dips in
response. The harmonic distortion for sims-
oidal signals from 100 to 10000 cps representing
the amplitude of the program peaks was less than
12 percent while the signal to noise ratio was
about 4S db. Inherent flutter in the overall
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system was about 0.3% peak at a flutter rate
of 6 cps. Amplitude variations in the order
of seven percent peak were random in nature
and introduced by the magnetic tape recording
processes. Any amplitude variation which
might have been caused by the flutter gen-
erators could not be detected in the electrical
signal. Listener preference ranking scores
were computed for each of the three programs
for each experiment. Results were expressed
in percent of the maximum score obtained.
Finally, the listener preference tests of

the second experiment were concncted for the
following dfferent room conditicns, freocuency
response ranges, and sound levels and compared
to ascertain any significant effect of these
conditions on the listener preference rankings.

Condition A (Used for Listener Preference
es and 2)

An acoustically soft listening room about
100 ft. long, 20 feet wide and 10 feet high.
The walls and ceiling were polycylindrical and
covered with acoustic tile. The flocar was
Tug covered concrete.

Candition B

A diffuse reverberation chamber with
polycylindrical walls and ceiling of poured
concrete. The floor was poured concrete but
flat. The chamber was about 20 feet long, 20
feet wids and 10 feet high. The reverberation
time in the absence of the judges was about
S seconds at 1000 cps.

Conditian C

A room about 20 feet long, 15 feet wide
and 12 feet high having flat brick surfaces on
which were lung removable panels of acoustic
tile randomly spaced over the wall surface. The
floor was rug covered. The reverberation time
of this room was about 0.5 seconds at 1000 cpse

Condition D

Same acoustic conditions as C but the
frequency response of the system was restricted
to the range 300 to 3000 cps.

Condition E

Same acoustic conditions as C tut peak
program level was reduced by about 10 db to
80 db.

Condition F

The judges were presented the program at a
level of 60 db (program peaks) through high
quality earphones having a range from about
40 to 8000 cps.



RESULTS

The flutter index measurements and listener
preference ranking scores for the thirty flutter
variations used in Listener Preference Test 1
are shown in Table 1 along with peak to peak
flutter readings which were determined from
flntter oscillograms for each flutter variation.
Camparison of the ranking scores with the peak
to peak flutter measurements, as expected, shows
that 1ittle relationship existe between them,

An appreciable relationship between the listener
preference ranking scores and the flutter index
measurements did exist.

The flutter index measurements and listener
preference ranking scores for the forty flutter
variations used in Listener Preference Test 2
are shoun in Table 2 along with peak to peak
flutter readings which were determined from the
flutter oscillograms. Again, little relation-
ship existe between the ranking scores and peak
to peak flutter but an appreciable relationship
exists between these scores and the flutter
index measurements. When the average preference
scores for piano and band were plotted against
flutter index readings for each test, it was
noted that the points seemed to indicate two
straight line relationships, one for low flutter
rates and another for high flutter rates, shown
as A and B respectively in Figure 4. When the
listener preference ranking scores for speech
were plotted against flutter index, the same two
straight line relationships were indicated.
However, in the case of speech there was a
scattering of points on that side of the lines
vwhich signified good quality but an excessive
flutter index. This wae expected, for it was
known that large amounts of flutter at flutter
rates below 5 cps could not be detected in
speech. The weighting curve used in the flutter
meter was considered applicable to music anly
but it was felt that it could also be applied
to speech since any resulting flutter index
measurements would always be on the safe side.

On examining the two straight line relation-
ships it was noted that practically all of the
points indicating the line B on Figure l were
assoclated with a flutter rate between approx-
imately 10 and 25 cps and amplitudes greater
than 1% peak. This was thought to be due to
either the particular room acoustics under which
the listener preference tests were performed or
a non linearity in the relationship between the
effect of flutter and its amplitude for this
flutter rate range. Further experiments showed
that the room acoustics, at least for the
recorded program used, had only a minor effect
on the results of the listener preference tests.
Therefore, the discrepancy was attributed to
non linearity. It is conceivable, that in
detecting flutter at flutter rates above 10 cps,
human factors differing from those used at
flutter rates below 7 cps come into play.

To correct for the above would require a
new extended experiment to determine the exact

relationshin existing between the flutter
perception and amplitude for various listen-
ing conditions. However, as an immediate
means for obtaining a realistic measurement
of flutter, a simple expedient was considered.
As mentioned, the excessive ranking scores or
more accurately stated, the low flutter index
readings, occurred only when the flutter
exceeded 1 percent. It would then only be
necessary to measure the average unweighted
flutter for flutter rates above about 10 cps.
If the 1f peak level (0.7% r.m.s. level) were
not exceeded then the flutter index meter having
the weighting curve of Figure 1 would be sat=-
isfactory. If the 1% level were exceeded then
the weighting curve would have to be modified.
Fortunately in Listener Preference Test 2
enough sinusoidal flutters of known amplitude
were included to permit an adequate estimate
of the proper modification to the weighting
curve,

A flutter index meter was subsequently
designed which incorporated the two weighting
networks with an automatic electronically
operated switch. The two weighting curves
employed are shown in Figure 5. Curve A
represents the active weighting characteristic
for the switch open position. Curve B represents
the active weighting characteristic for the
switch closed position., The operation of the
automatic switch was controlled by the un-
weighted flutter signal as shown by its operating
characteristics in Figure 6. The switch
actuating circuit operated on a rise time-
constant of 0,1 sec and a decay time-constant
of 0,25 sec.

Flutter index readings obtained with this
modified flutter index meter for the flutter
variations of both listener preference tests are
compared with the average listener preference
ranking scares for piano and band in Figure 7.
The flutter index measurements are tabulated in
Table 3. The relationship is considerably
improved. The relationship for speech was
similarly improved.

The piano and band ranking scores of the
flutter variatians used in Listener Preference
Test 2 for the six types of listening conditions
are listed in Table 4 and show that the differ-
ences in listening conditions had small effect
on the subjective ranking,.

Conclusion

A flutter index meter having the character-
istics of the modified flutter meter used in
these experiments will provide a reading that
will adequately predict the subjective ranking
score which would be obtained were that flutter
introduced in program samples and included in a
Listener Preference test similar to that employed
herein. Thus, such a meter will provide a
realistic measure of flutter in program material,



The various types of flutter employed in
this experiment were representative of all the
amplitudes and waveforms encowntered in actual
recording equipment over flutter rates from
0.5 to 100 cps. It might be expected that
flutter rates above 100 cps might be encoun-
tered. Recently, flutter rates as high as
3000 cps are being observed in magnetic tape
recorders. In view of this, it would have
been interesting to extend the experiments to
these flutter rates. Unfortunately, the
flutter generators available could not produce
adequate flutter amplitudes above flutter rates
of 100 cps., Besides, previous observations
indicated that judgements of flutter per-
coptibility in program for this range were
erratice It has been shown by H. Schecter?
that in the range above flutter rates of 100
cps flutter perceptibility thresholds for tone
can be used to predict the masking curves for
the ear. It therefore would appsar that per-
ceptibllity of flutter for such rates would be
alien to the perceptibility of noise and could
be included in a noise measuremeat (noise behind
the signal).

It should be noted that in a few of ths
flutter variations the peak flutter amplitude
varied periodically with time, for example
observe types 9 and 16 in Pigure 2, For this
type of variation, the effect on the listener
seemed to be connected with the average amplitude
of the flutter over about a two-second time
periode It also seemed to be a functiom of how
the large amplitude periods coincided with the
program peaks. Since, in obtaining flutter
index readings, the average peak swing of the
indicating instrument was used to indicate the
flutter index, the flutter index readings
tended to be too high relative to the correspond-
ing listener preference score. Such a reading
applies a margin of safety for that tyve flutter,.

In a recent British publication” a flutter
meter with a peak indicator and a flutter weight~
ing network which peaks at flutter rates between
S and 10 cps was proposed for obtaining real-
istic flutter measuremsnts., This contradicts
the results of the experiments reported herein.
Another flutter meter was built using the above
proposed weighting network. An oscillographic
recorder was used as an indicator from which the
peak weighted amplitudes for all of the flutter
variations of Listener Preference Test 2 were
obtained. The corresponding ranking scores were
compared with these readings tut little correla-
tion was obtained. Most of the variation
appeared to be due to the different weighting
network but it was felt that some also resulted
from the use of a peak indicator. A concrete
explanation for the contradiction can not be
advanced at this time.

In order to compare the resulte of the
present experiments with those of the previous
experiments the listener preference ranking
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scores of the latter for flutter rates from
0.5 to 5 cps and amplitudes up to 5 percent
peak were replotted in the form of equal
ranking score contours as shown by the solid
lines of Figure 8. On this curve were plotted
43 of the 70 flutter variations employed in the
present experiments, indicating in circles the
appropriate ranking scores obtained. The
remainder of the 70 flutter variations were not
included since they either duplicate observatims
that are shown or their amplitudes and rates
could not be determined adequately., The rank-
ing scores, indicated at the plotted observa-
tions, are related to the contour lines. It
should be noted that most of the ranking scores
between 25 and 30 percent fall on or below the
threshold curve, all the ranking scores of about
33 percent fall near the LP=30 line etc, until
all ranking scores between 80 and 100 percent
fall above the LP-80 contour line. This shows
agreement between the previous and present
experiments. The dotted lines on this figure
renresent an extension of the equal ranking
score contours to flutter rates above S cps

as estimated from the results of the present
experiments. These extended contours, by
their squeezing together above 10 cps, suggest
the non-linearity experienced for the flutter
rates between 10 and 25 cycles per second. It
is obvious that further experiments are required
to obtain an adequate measure of this non
linearity.
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Table 1

Flutter Index Measurements and Listener Preference
Ranking Scares for Listener Preference Test I

Flutter Measurements Listener Preference Ranking Scores
Flutter Peak to Peak Flutter (% of Max, Score)
Variation No. Flutter % Index Piano Band Speech Aver-Piano & Band
1 L0 55 59 i 20 50
2 2.5 55 61 59 38 60
3 6.2 67 100 97 89 98
4 3.5 L9 75 83 70 79
S 3.0 ) 62 mn 66 70
6 2.7 57 sl 56 60 sh
7 5.6 84 82 97 89 90
8 2.k 52 S1 55 59 53
9 SeT L3 63 57 kS 60
10 5.0 ss 86 88 8L 87
11 2.5 k18 Lo Ll 50 L7
12 4.0 52 Lk 59 3u 52
13 S0 61 66 86 60 76
1l 4.0 39 32 L8 k ko
15 1.5 25 28 22 25 25
16 8.5 55 8s 76 60 81
17 Lok 58 62 74 87 68
18 8.0 58 65 [£8 82 68
19 1.2 23 25 19 25 22
20 1.8 L1 12 9 22 11
21 3.5 sk 33 h2 ¥ 38
22 3.6 L7 L8 59 59 54
23 545 61 93 97 100 95
2h 2.7 B 29 27 30 28
25 2.7 25 53 ko 57 L7
26 3.7 L3 50 69 L6
27 1.0 26 20 1 15 17
28 3.3 sh 69 85 8L 7
29 3.5 26 3 23 26 29
30 75 58 91 100 87 96




Table 2

Flutter Index Measurements and Listener Preference
Ranking Scores for Listener Preference Test IT

Flutter Measurements Listener Preference Ranking Scares
Flutter Peak to Peak Flutter Flutter (% Max, Score)
Variation No. Flutter (¥) Rate (ecps) Index Piano Band Speech Aver-Band & Piano
1 6.6 0.5 90 93 93 39 93
2 7.6 0.5 97.5 89 ok L7 92
3 2.0 0475 n 65 19 k) L2
N 3.0 1 ss L3 L7 L7 ks
s 7.6 1 100 97 100 48 99
6 k.6 1.5 97 93 88 33 91
7 2.6 2 (1] k) sy L7 Ls
8 3.0 3 60 L3 bk Lo Lk
9 Lo 3 8s 87 86 53 87
10 6.0 h 87 91 100 52 96
11 1.6 6 20 » 3y n 37
12 5.l 6 ss 98 98 Ly 98
13 0.8 8 10 26 23 Lk i
1l 1.5 10 18 3 28 B 32
15 2.4 [1 » n Lo
16 56 10 us 88 92 8k 90
17 7.0 15 L8 100 100 100 100
18 36 20 32 64 83 69 7
19 5.6 20 40 77 99 86 88
20 5¢3 25 36.5 93 90 87 92
a3 8.5 0.5 95 100 100 92 100
12
22 g.g 0.75 96 87 98 73 93
23 1,0 1 20 32 27 35 30
0.2 12
24 3.6 2 90 57 78 ko 68
2,0 9
25 2.6 2 7 (! A Lk 59
0.3 2l
26 4.0 3 88 86 89 Sk 88
2,0 2
27 1.0 L 20 34 33 32 34
0.5 21
28 Lok k 68 oL 95 62 95
3.0 18
29 3.4 S L3 7 73 S8 (!
1.k 18
2 48 6 56 98 83 65 91
2.0 15
3 - - 10 35 32 43 3
32 - - 55 90 ol 84 92
33 - - 3® kY sy L6 L7
kN - - 25 25 ¥ L6 32
» - - 60 53 59 L6 56
36 - - ks L6 h3 N} ks
k14 - - 25 21 27 L7 2l
38 - = 28 37 Ly 3 v
39 - - 25 30 25 Lo 28
ho - - Lo k1 25 a 28
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Table 3

Flutter Index Measurements Obtained with Modified
Flutter Index Meter for Listener Preference Tests I and IT

Experiment Flutter Type Flutter Index Flutter Type Flutter Index
I 1 - 16 70
2 - 17 95
3 120 18 85
N 77 19 23
5 70 20 35
6 58 21 65
7 98 22 63
8 59 23 115
9 55 2l 35
10 95 25 65
11 50 26 60
12 55 27 25
13 85 28 80
V) 65 29 25
15 33 30 115
II 1 80 21 130+
2 95 22 120
3 35 23 25
L LS 2k 87
5 120 25 80
6 100 26 100
7 55 27 25
8 é5 28 98
9 95 29 70
10 102 30 9l
1 30 k18 15
12 98 32 95
13 12 33 L8
I 30 3 35
15 L2 35 LS
16 93 36 LS
17 116 E1d 25
18 75 3 35
19 95 39 25
20 83 Lo Lo
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Table L

Comparison of Listener Preference
Ranking Scores for Various Listening Conditions

Flutter
Variation
Yoo

[
’:O\O D=y B

SVBYRRELREY

A1l

Listening Condition List.

A B c D E F Cond,
Piano Band Piano Band Piano Band Piano Band Pilano Band Piano Band Aver.
93 93 95 97 92 100 100 100 92 89 ok 100 95.4
89 ol 9k 9k 96 97 100 97 100 98 96 99  96.2
65 19 &5 28 Lo 19 L3 19 52 21 k6 2k %.0
L3 k7 sS sy s7 50 73 L 56 56 64 59  55.2
97 100 83 94y 100 100 100 100 100 100 100 100 97.8
93 88 100 97 100 100 96 100 100 97 93 95 96,
36 sk 5k ke 28 L6 3 57 4o S0 3% ko  kk.2
L3 by 48 il b 38 L7 k2 61 k3 30 b Lhe?
87 86 96 81 8¢9 86 100 o 96 85 90 82 88.5
91 100 91 93 100 100 100 100 98 100 88 100 96.8
39 34 39 25 29 25 39 32 4o 25 3 0 32.3
98 9% 100 100 100 100 100 100 100 100 92 100 99,0
26 23 28 23 29 27 30 26 2 2l 3 26 260
35 28 29 26 18 26 29 3 33 kS 33 30 29.3
39 B 62 55 Lk 51 Ll ¥ 43 57T k2 39 Léa
88 92 98 84 100 100 100 97 100 100 85 97 95.1
100 100 96 93 100 100 100 100 96 100 100 100 98,8
6l 83 71 79 82 81 98 95 92 89 L2 68 78.7
7 99 87 96 100 97 100 100 94 100 68 91  92.4
93 90 96 77 98 9l 9% 93 9% 93 79 8 9062
100 100 100 100 100 100 100 100 100 100 100 100 100,0
87 98 92 87 o4 100 100 100 100 97 80 97 9.2
32 27 27 30 22 2l 29 27 19 30 AN N 279
57 78 78 76 66 83 69 90 91 83 69 83 7649
7h by 92 63 84 52 100 60 91 Bl 80 39 68,3
86 89 88 92 97 96 100 100 100 100 74 95 934
3L 33 35 33 32 k11 k] 31 3 25 38 31  32.3
94 95 100 90 100 100 100 100 100 100 90 96  97.1
75 73 9% m 83 82 100 83 87 83 s 73  80.5
98 83 100 BL 92 91 100 89 100 92 79 86 9069
3 32 28 1 L3 2y 37 2k B 20 L8 2k 32.0
90 oL 100 86 96 100 95 100 92 100 95 90 9L.8
k) sy 36 L8 33 56 35 52 39 ) 29 b L2.8
25 39 26 36 28 36 17 30 21 26 27 30 28,2
53 59 b6 63 59 56 59 55 & 54 65 55.8
hé 43 84 k3 5o 39 56 b2 o2 o 63 Lo  L9.8
2 27 25 i 25 32 17 31 22 2k 30 0 26.3
37 by L) 39 28 26 32 32 33 38 28 31 3k.3
30 25 29 27 Ll 29 26 28 27 26 34 26 29,3
3l 25 L1 32 30 18 3y » 25 24 33 26 29,1

69



(174

Sensitivity vs.

m T |
EELl i S
100|— l—" | T (//N\ i 1 lT 7
8 L7 T N
g.-.c b -7Lr> JI HH—
A RS B\ | | -
T TN malil
g et AN | l
s ] l" [ M .
;‘00» 1 L — 1 1 oS { —
A, + il B8 e ———
20 .L } ﬁl—i 4 .‘: —
%z l lol-s I ll C- ) bﬁLmun‘—ﬁo
FLUTTER RATE FREQUENCY IN CYCLES PER SECOND
Fig. 1

flutter rate for material

laboratory flutter index meter
Input flutter 2.0% (Peak)

measured sensitivity
design objective

Fig. 2
Oscillograms for flutter variations used in
listener preference test I (Photo L16711-1)

AV

Iype 1

dhants " sddes e
i ‘.r,i"-'_.ff--?:"'v‘l?fmil‘i-f%.‘i;m"ﬁ{:‘?

Te e

ARLALA g{.ﬂ.fi‘f'.'.lf.
“‘ A“WA \”‘ ‘."; f‘\’.l 3 : i“l
. Ryse

7
s

FRETErTYYY

Type 13 .

SPIARAA LA A A W
‘ Tyve 24

' g=fey | ;

B 55 ol e e i

. Type 2




1L

World Radio Histor

AVERAGE LISTENER PREFERENCE RANKING SCORE
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Fig. 4
Average listener preference ranking scores
for piano and band progran{s vs flutter index.
Includes data from Listener Preference Tests I
and II. X listener experiment 1 O experiment 2.

Fig. 3
Oscillograms for more complex flutter variations

used in listener Preference Test II.
(Photo L16711-2)
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Sensitivity vs flutter rate for material laboratory
modified flutter index meter. Input flutter 2.0%
(Peak). Curve A - Sensitivity for switch open
position. Curve B - Sensitivity for switch
closed position.
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Fig. 7
Average listener preference ranking scores for
piano and band program vs. modified flutter index.
Includes data from Listener Preference Tests I and II
X Experiment 1 O Experiment 2.

Fig. 6
Operating characteristic for automatic electronic
switch of material laboratory modified flutter
index meter.
Switch actuating circuit rise time constant 0.1 sec.
Switch actuating circuit decay time constant 0.25 sec.
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Comparison of listener preference ranking scores
with results of previous experiments.
a - Flutter threshold for recorded piano program
(Material lab) b - Contour lines for equal listener
Preference ranking scores ¢ - Flutter threshold
for 1000 cps tone in reverberant auditorium (Bell
telephone labs) d - Stott and Axon flutter threshold
for piano. Encircled numbers represent ranking
scores obtained in experiments 1 and 2.
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A FLUTTER METER INCORPORATING SUBJECTIVE WEIGHTINGS
M. A. Cotter

Consumers Union of the U.S., Inc.
Mount Vernon, N. Y.

ABSTRACT

An instrument is described which incorporates  well as direct frequency (or medium) speed indica-
flutter rate weighting networks and utilizes a true tion. The rms indicating meter incorporates a

rms indicating meter. Another feature is an control response damping characteristic. The in-
aperiodic fm detector utilizing a pulse counting strument shows little aging drift and good stability
technique, which permits using a wide variety of to calibration. The unit can be readily constructed
carrier frequencies for flutter measurement, as from standard components.
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A SIMPLIFIED METHOD FOR THE PERFORMANCE
MEASUREMENT OF MAGNETIC TAPE RECORDERS

J. B, Hull
Ampex Corporation
Redwood City, California

Introduction

Magnetic recording has become one of the
most useful and versatile tools in the audio
field, Recording studios almost universally
use tape for recording material to be processed
onto discs, Broadcast stations utilize tape for
delayed program operation, split program -
ming, on-the-spot recording, and as a con-
venience facility for storing material to be
released either in modified sequence or at
some later time, Although widespread use is
made of tape machines in other fields such as
computer networks and instrumentation, the
primary emphasis in this paper is in the audio
field,

Advances in engineering design and in mame-
facturing processes have made possible ma-
chines of greatly improved characteristics over
those made a few years ago, They are reliable,
relatively simple and inexpensive to operate,
and a large amount of recorded material can be
stored in a relatively small space, Generally,
the performance which can be obtained from a
professional tape recorder exceeds that re~
quired in actual service,

In essence, the operator of a tape machine
desires three qualities in the performance of
his recorder: consistency of performance,
equivalence of input and output, and inter-
changeability of tapes among his recorders
and others like it,

In order to maintain this operational utility,
careful performance checks must be made
periodically on the machines in question, There
are several approaches to the problem of per-
formance checking, and two will be examined
here: first, a method such as might be em-
ployed in the engineering laboratory, and
second, a simplified technique derived from
these laboratory procedures which minimizes
the time and equipment requirements for the
task,
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Problem Statement

A tape recorder may be considered as a
variable delay transmission network having both
electrical and mechanical elements, The design
of these elements is directed toward achieving
a linear input versus output characteristic. The
electrical characteristics should be such that
frequency response from record amplifier input
to the output of the playback amplifier through
the tape should be uniform, Further, tapes re-
corded on one machine should be reproduced on
other similar machines within the recorder per-
formance specifications, To accomplish these
objectives it is necessary to provide record and
playback amplifiers having suitable equalization,

Although the mechanical elements are largely
fixed by the design and manufacturing operations,
the quality of the mechanical performance is re-
flected in the quality of the electrical output. For
example, velocity variations in the transporta-
tion of the tape over the record and playback
head appears in the output of the machine as
flutter in the case of the relatively higher fre-
quency variations or as a timing error in the
case of the very slow variations,

To examine some of the characteristics of
the network over which surveillance must be
exercised, let us consider the case of record
and playback amplifier equalization,

Figure 1 shows a typical record amplifier
equalization curve with pre-emphasis at the
higher frequencies to take advantage, first, of
the decreased average program energy distri-
bution in this frequency range, and, second, to
compensate for head losses. The NARTB
standard playback amplifier equalization curve
is represented in Fig. 2. The 6 db per octave
negative slope through the mid audio range,
necessitated by the converse positive slope in
playback head voltage versus frequency char-
acteristic, is modified at the higher frequencies
to compensate for decreasing head output voltage



due to gap effect and head losses, and to give a
flat overall frequency response in conjunction
with the record equalization,

The importance of the playback amplifier
standard equalization curve should be empha-
sized here, If the record amplifier equalization
is adjusted to produce a flat overall frequency
response in conjunction with a particular play-
back equalization, then it is clear that the ulti-
mate flux versus frequency pattern which is then
recorded on the tape depends primarily upon
this particular playback equalization, assuming
that heads of fixed electrical characteristics
are being used. Furthermore, the interchange-~
ability of tapes between machines depends upon
the flux pattern and hence demands we standard-
ize on the playback equalization,

Testing Techniques

A typical arrangement such as might be used
in the laboratory of the equipment required to
check recorder performance is shown in Fig., 3.
Provision is made for checking the playback and
record equalization by means of an oscillator,

a precision attenuator and a precision vacuum
tube voltmeter, The record amplifier output
level is set so that the magnitude of the distor-
tion in the recorded signal does not exceed the
selected specification value. Flutter is checked
with a conventional flutter measuring bridge.

The physical layout of the equipment in the
block diagram of Fig. 3 is shown in Fig, 4. The
input and output measuring vacuum tube volt-
meters, the input oscillator, and the precision
attenuators for adjusting amplifier input voltages
to those of the design center curves are shown
to the left, The oscilloscope is used for ob-
serving the character of the amplifier noise as
well as the input and output signal conditions,
The standard recording level is set to specifi-
cation limits with the distortion analyzer. Fur-
ther adjustments which may be checked include
overall frequency response curve of the re-
corder, the bias level setting for optimum re-
cord performance, the essential head position
adjustments, as well as final record amplifier
equalization setting so that, with the standard
playback amplifier equalization curve, the re-
corder will record and play back essentially
flat throughout the useful audio frequency range,

This approach requires a considerable amount
of equipment and time to examine the various
adjustments on a recorder as just outlined. The
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simplified method previously referred to eli-
minates the need for a large part of the equip-
ment shown and reduces quite considerably the
time required to test the recorder performance
satisfactorily,

This simpler method mades use of the
Standard Alignment tape, With this tape it is
possible to check the head alignment, the output
of the playback amplifier, the frequency re-
sponse and thus the equalization adjustment of
the playback amplifier, its signal-to-noise ratio,
as well as to make an audible check on flutter,
without the cumbersome equipment set up of
Figs. 3 and 4. In fact, the Standard Tape may
be looked on as a secondary measuring stand-
ard. Moreover, it eliminates the maintenance
required on the test equipment which it replaces.

The information program contained on a
typical Standard Alignment tape for recorders
is shown in Fig, 5. Following a voice announce-
ment identifying the tape and the speed at which
it is to be played, a signal of short wavelength
is provided for head azimuth adjustment. Head
azimuth adjustment is done at the beginning to
assure the accuracy of subsequent high frequency
response readings. The next section on the tape
is recorded at 250 cps at a reference level of
-10 on the VI, which is used throughout the fol-
lowing frequency response section. This refer-
ence level is 10 db below the normal program
level (zero on VI) in order to avoid the effects
of tape saturation which would occur at the
higher frequencies where the record equaliza-
tion takes effect. Following is a series of fre-
quencies covering the audio range for establishing
the frequency response of the playback amplifier.
These frequencies are recorded to include stand-
ard record amplifier equalization, so that the
output reading of the playback amplifier will be
constant with frequency, provided its equaliza-
tion is correct, It is important to note that the
performance of the record and playback heads
are also being checked, The final section on the
Standard Tape is recorded at the standard pro-
gram level of 1% distortion (zero on VI), Un-
usual deviations from the normal range of equali-
zation adjustment, head azimuth or settings are
sufficient evidence to warrant further investi-
gation,

Returning to Fig, 1, the contrast between
the laboratory set up and the simplified approach
using the Standard Alignment tape, one oscillator,
and one vacuum tube voltmeter (heavy outlines)
is emphasized. The simpler procedure is



essentially outlined in the program on the tape.
When this program has been accomplished, the
playback section of the recorder is properly
checked and the oscillator is then used to com-
plete the alignment by setting the record bias
level, record head azimuth, and record equali-
zation in that order for flat overall frequency
response,

The requirements for a machine on which
Standard Tapes can be produced are rather
stringent, As an example of the mechanical
problems involved, continuous certainty of ac-
curate tape guiding is essential to accurate azi-
muth control, In this respect, a constant tension
tape supply is also mandatory, The record am-
plifier must have extraordinarily stable gain
and equalization characteristics., In actual pro-
duction each tape is made individually, thus
giving the greatest practical quality control
over the azimuth, recorded level and frequency
response of the signals,

Conclusion

The increasing use of tape recorders in the
broadcast, studio, motion picture and profes-
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sional audio fields reflect the effectiveness of
these recording techniques, As such, it is im-
portant to maintain this equipment to secure the
quality of performance which is inherent in
today's professional machines. By using the
Standard Tape approach, the time and equipment
required to satisfactorily maintain magnetic re-
corders in the field; are simplified, The more
frequent checks which are consequently permis-
sible will then assure a greater possibility of
realizing the inherent excellent performance,
flexibility and usefulness of today's high quality
magnetic tape recorders,
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Fig. 1

Typical record equalization curve.
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Fig. 2
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Fig. 3
Equipment layout for
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A 3000 WATT AUDIO POWER AMPLIFIER

*

Alexander B. Bereskin
Professor of Electrical Engineering - University of Cincinnati
Consulting Engineer - The Baldwin Piano Co.

Introduction

A number of successful design variations
of the Bereskin Power Amplifieri have been
produced since the circuit was conceived.
These have included various powsr and fre-
quency ranges, in particulsr a 3000 watt unit
which presented a number of problems leading
to what are believed to be interesting solu-
tions. It is the purpose of this paper to
discuss these problems and their solutions
and to present experimental test data on the
completed unit.

Basic Circuit

Figure 1 shows the basic circuit of the
Bereskin Power Amplifier. In this circuit two
beam power tubes are connected in push-pull
with their cathodes at common ground poten-
tials. The screens are fed from any suitable
power supply which need not be derived from
the plate power supply. The screen and plate
supply voltages may therefore be chosen inde-
pendently to best suit the particular applica-
tion.

The dual triocde acts as a direct coupled
phase inverter and driver supplying enough
bias and drive for Class B, operation of the
beam power tubes. Class B operation of the
output tubes requires that the output trans-
former primaries be bifilarly wound in order
to avoid the conduction transfer notch. A
feedback winding, closely coupled to the
bifilar primary and to the secondary, and
statically shielded from them, is connected in
series with the input to the grid of the left
hand section of the dual triode. Good coupling
between the bifilar primary and the secondary
is assured by dividing the primary into two
sections and sandwiching the secondary between
these two sections.

This type of circuit has produced stable
operation with 4O db of feedback, but this
amount of feedback requires an excessive amount
of driving voltage so that a value closer to
25 db is generally used. Due to the large
anount of feedback used, the circuit is rela-
tively insensitive to scresn and plate supply
ripple and regulation. The input signal may
be either transformer or impedance coupled to
the phase inverter-driver. Resistance-capac-
itance coupled input has been found to be
relatively unsatisfactory due to the large dc
resistance introduced in the grid circuit of
the input triode. Grid current flow in this
resistance tends to produce dc bias unbalsnce
in the output tubes.
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An appreciasble amount of capacitance exists
between the bifiler wound primaries of the out-
put transformer. This capacitance tends to
limit the high frequency power delivering capac-
ity of the amplifier. This undesirable effect
of the primary interwinding capacitance is
reduced by operation at low plate signal voltage
and high plate signal current. The capacitance
itself can be reduced by approximately one third
by transposing the bifilar winding at each turn.

Design Problems and Solutions

The specifications for the power amplifier
proper required that it be capable of delivering
3000 watts in the frequency range between L0O
and 4000 cycles per second with a distortion not
to exceed 10%. The amplifier developed was sble
to deliver the required power with less than 2%
distortion.

Investigation and analysis of available
tubes showed that a pair of L=1000A tubes
operated Class B, Push-Pull would be capsble of
delivering slightly in excess of 3000 watts
within the rated plate snd screen dissipation if
operated with S kv plate supply voltage and 1.25
kv screen voltage.

Information of this type is not usually
available in the tube data supplied by the manu-
facturer. In order to develop the permissible
peak plate currents without positive griad
voltage drive it is necessary to operate the
tubes with screen voltages considerably in ex-
cess of the values specified for Class AB, and
B, operation. This is generally permissible if
the various insulation and power dissipation
limitations are not exceeded.

Insulation limitations must be determined
either from manufacturer's data or by test. For
this particular tube EIMAC specifies in amphlet
Number 3 "Pulse Service Notes" that the L-1000A
tube may be operated with 2.5 kv screen voltage
and 15-30 kv plate supply voltage in pulsed
operation. While the operation involved here is
not of the pulsed variety, the insulation avail-
able is believed to be entirely adequate for the
purpose,

The determination of plate and screen dis-
sipation requires transposition of the available
Plate and screen characteristics to values
corresponding to the desired value of screen
voltage. This can be done if it is remembered
that the voltage field pattern and the current
distribution will not be altered if all inter-
electrode voltages are either raised or lowered



by the same relative amount. The current values,
however, will take on new values in accordance
with the 3/2 power law?, (BIMAC suggests that
the use of the L/3 power provides more accurate
information.) If an adequate amount of feedback
is used then it can be assumed that a sinusoidal
input signal will result in sinusoidal plate
current and plate voltage variation.

The manner in which the deliverable power
can be computed is shown in Table I. In this
table the first two columns were obtained from
the e¢1 =0v, ‘ca = ] kv data supplied by the

mamufacturer. Columns 3 and L represent com-
puted data for e, = O v, ande, = 1.25 kv.
1 2

Column 3 was obtained by multiplying the values
in column 1 by 1.25. Column I was obtained by

mltiplying the values in columm 2 by 1.25“/3
1.347. Column 5 represents the maximum ac power
that can be developed in Class B, Push-Pull

= 1,25 kv when ®buin and 1p

operation for e
Ca

correspond to the values in columns 3 and L

respectively and a plate supply voltage of S kv
is used.

Maximim average plate dissipation, with
sine wave signal, will occur when the plate is
driven 2/3 of the way to zero volts, correspond-
ing to a peak ac signal voltage of 3333 volts.
For the condition of row 2 in TABLE I this re-
sults in a peak plate current of 1.27 amperes
and an average plate current, for the two tubes,
of .805 amperes. The dc input power is there-
fore 4025 watts while the ac plate power devel-
oped is 2115 watts. The maximum average plate
dissipation is therefore 1910 watts. The condi-
tion of row 1 would not supply the required
3000 watts of output power while the conditions
of rows 3 and L would have plate dissipation
conditions exceeding the rated value of the
tubes.

Maximum screen dissipation occurs at maxi-
mum drive, TABLE II shows the manner in which
the information can be set up to compute the

TABLE 1

Power Delivering Capacity Calculations
(B, = S kv, E_- 1.25 kv)
2

zc. a] kv ze’ = 1,25 kv
e¢1 s Qv ] e,y = Qv
e, (volts) i, (amp.) e, (volts) i, (emp.) Woax (Tatts)
600 «930 750 1.252 2660
800 1.130 1000 1.520 3040
1000 1.270 1250 1.710 3210
1200 1.340 1500 1.805 3160
TABLE II

Maximum Signal Performance Calculations
(kbb « 5 kv, !c, = 1,25 kv, iy " 1 kv, iy = 1.52 amp.)

At operating value At nearest avalilable curve At operating value
of B (125 kv) value of E_ (1.0 kv) of B. (1.25 kv)
Ca Ca Ca2

0 Composite | Tube "b e, Tube ib e¢:l 1ca ec‘ 1%
(degrees) | (volts) i, (smp.) | (amp.) (volts) (amp.) | (volts) | (smp.) (volts) | (amp.)
0° 1000 | 1.520 1.520 800 | 1.13 0 350 0 47
22.50 1310 | 1.ko5 1.05 | 1050 | 1.0L3 -17 .120 -21.2 161
h5.0 2150 10072 1.072 17h5 0798 -l-lh .OU) -5500 .05]4
67450 3470 581 .581 | 2780 432 -78 .015 -97.5 020

90.0 5000 0 .100 | LOOO «O7h =140 0 =175 0
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expected screen dissipation and other important
quantities assuming sufficient feedback is used
to force a cosine variation of plate current
and plate voltage.

The value of zero signal tube plate current
was arbitratily chosen at 100 ampere to produce
S0% of rated plate dissipation. This represents
a ressonable compromise between severity of
Class B biss and quiescent plate dissipation.

Fourier analysis applied to the data of
TABLE II yields the following information:

I‘b = ,980 ampere
I. = .118 ampere
Ca

Screen dissipation = 148 watts

Plate circuit input power = LS00 watts
AC power dsveloped = 3040 watts

Plate dissipation = 1860 watts

Plate efficiency = 62%

This last tsbulation indicates that the
operating conditions chosen will yield the re-
quired power output within the plate and screen
dissipation ratings of the tubes chosen. Of
course the correct operating conditions are .
rarely obtained on the first choice and a few
incorrect operating conditions may have to be
investigated before the correct one is deter-
mined.

There is no dc voltage between the two
rimaries but an instantaneous peak voltage of
EOOO volts appears between adjacent points of
these windings at full signal. Commercially
available polyvinyl chloride, Teflon, and Kel-F
insulated wires have been found to have adequate
insulation strength for this purpose. Polyvinyl
chloride insulated wire is not satisfactory be-
cause of its high dielectric constant (6.5),
which would produce a high primary interwinding
capacitance and thereby interfere with the high
frequency power delivering capacity, and its
high power factor (0.,10) which would produce
excessive insulation temperature rise. Both
Teflon and Kel~F had acceptable dielectric con-
stant and power factor. Kel-F insulation had
the advantage of higher dielectric strength,
listed as high as 2500 volts per mil, high
resistance to cold flow, and lower cost. At
the time of this development polystyrene foam
insulation was being discussed in the literature
but was not commercially available. This insule-
tion would have a marked adventage from the
point of view of dielectric constant which would
approach 1.00. Its other characteristics would
require further investigation.

The wire used for the bifilar primaries
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was 22 (7-30) wire with .Ol4" wall of Kel~F
insulation. Twisted samples of this wire were
tested with 20 kv peak 60 cycle power without
breaking down. The manufacturer specifies that
100% of wire of this type with .008" wall is
subjected to an Insulation Flaw ("Spark") Test
with an impressed voltage of 7500 volts rms.
Samples of the .008" wall wire must also pass the
marufacturer's test of a four hour immersion in
tep water, with the wire ends left out of the
water, with a subsequent application of 5000 volts
rms for one mimute between the conductor and the
tap water. All of these tests represent appre-
ciably greater dielectric stress than that en-
countered between the two adjacent wires of the
bifilar winding. No trouble has been experienced
due to the lack of insulation in the bifilar
winding.

Preliminary calculstions indicated that the
high frequency power delivering capacity would
begin to fall off at frequencies slightly below
L kc so it was decided to take advantage of the
reduction in primary interwinding capacitance
obtained by transposing the bifilar winding at
every turn. Subsequent performance tests showed
that the high frequency power delivering capacity
specifications would have just barely been met
without this refinement but were quite adequately
met with the refinement.

The cutput transformer was designed to be
used with two Moloney MA-306 grain oriented C
cores. The winding buildup for this transformer
is shown in Pigure 2 and the complete circuit
diagram is shown in Figure 3.

In order to supply the grid driving voltage
required by the L~1000A tubes without introducing
excessive grid circuit resistance, the double
triode was replsced with two 6AU6 tubes. This
provided the additional convenience of being sble
to provide dc balance by adjustment of the &AUG
screen voltages. The choke in the impedance
coupled input is s Thordarson T20CS51 choke modi-
fied by full interleaving of the laminations.

The voltage limits of the plate and screen supply
voltages are also shown in Figure 3.

Performance

The effect of various amounts of feedback
on the residual hum and on the full signal input
required is shown by the curves in Figure L.
Operation of this amplifier was stable with the
maximum possible feedback of 30 db corresponding
to the full seven turns in series. A single
feedback turn corresponding to 13 db provided an
adequate hum level 57 db below 3000 watts and
only required 8.7 volts input voltsge for 3000
watts output. The remaining tests were performed
using the single turn feedback winding.

The 1 kc Power Loss and Distortion Charac-
teristics are shown in Figure 5. The plate
dissipation curve in this figure was obtained by



subtracting the transformer losses from the total
plate circuit losses. The plate dissipation ex-
ceeds the rated value by 2% in the 1.4 kw output
region while the screen dissipation remeains be-
low the rated value up to full power output.
Residual Hum and Distortion remains at about
0.8% over most of the operating region rising
rapidly to 1.4% at 3000 watts output. Addi-
tional reduction in the residual hum and distor-
tion could have been obtained by using more
feedback but the performance was already much
better than that required by the specifications.

The Power Delivering Capacity of the ampli-
fieris shown in Pigure 6. At each of the fre-
quencies shown in this figure the input was ad-
justed to produce 2% distortion in the output.
The amplifier is capable of delivering in excess
of 3000 watts within the plate and screen dis-
sipation ratings of the tube over the required
frequency range of 40O to LOOO cycles per second.

The Frequency Response Characteristics are
shown in Figure 7. The upper curve in this
figure is the 2% distortion power delivering
capacity plotted to a db scals. The lower curve
is the Low Level Fresquency Response Character-
istic obtained by maintaining constant input
voltage while varying the frequency. This
characteristic deviates by less than 1 db from
the middle frequency response over a frequency
range of 100 to 38,000 cycles per second. The
low frequency peak in response is due to series
resonance between the input capacitor and the
modified T20C51 choke.

Figure 8 is a photograph of the completed
amplifier, exclusive of power supplies, showing
the chassis arrangement of the various compo-
nents and the blower used for forced draft
cooling of the tubes and transformer. The bot~
tom of the chassis was enclosed and the blower
provided positive air pressure inside the
chassis. The air was allowed to escape through
the air system sockets for cooling the L~1000A
tubes and through suitably located holes for
cooling the transformer.

A characteristic of this type of amplifier

is that the transition from very low power level .

to very high power level is made in a single
step. The relative size of the two 6AU6 tubes
used to drive the two L=1000A tubes is clearly
seen in Figure 8.

The transformer, complete with mounting
hardware, weighs 26,5 pounds while the complete
amplifier shown in Figure 8 weighs 54.5 pounds.
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Only one unit of the amplifier under dis-
cussion was required. If another unit had been
required certain minor modifications would have
been introduced in the transformer construction.
The primary and secondary turns would be in-
creased by approximately LOf and the primary
wire size would be changed to #2l (7-32) with
a 014" wall of Kel-F insulation., The secondary
wire sise would have been changed to Z£10 Heavy
Formvar. The changes indicated should reduce
the 1 kc - 2¢ distortion core loss from 204 watts
to 11k watts while increasing the copper loss
from 20 watts to LO watts. The increase in
copper loss is not serious and the decrease in
core loss is highly desirable. The increase in
turns should move the low frequency end of the
power delivering capacity curve to the left so
that this curve would cross the 3000 watt level
at about 280 cycles per second. The increase
in number of turns would tend to increase the
primary interwinding capacitance but this would
be overcome to & large extent by the reduction
in the wire sise so that the high frequency
power delivering capacity would not be expected
to change apprecisbly.

If the specifications had called for operas-
tion at considerably lower frequenciea than those
required, the trsnsformer would have been de-
signed with a much larger magnetic path cross-
section. Modifications in the number of turns
and wire sise would also have to be made.

The amplifier developed satisfied all of
the design specifications and showed very good
correlation between design data and final per-
formance.
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Output transformer coil buildup for 300 watt
audio power amplifier. (Note: Proper pro- .
portions on a vertical scale only.)

3



- vours
3

FULL SIGNAL INPUT YOLTAGE -VOLTS

»
°

RESIDUAL HUM

S8

RESIDUAL HUB AND DISTORTION - PERCENT

POWER LOSSES - kW

-
100 g
0 /000 wATT TWO 4.-1000A TUBES
(6/8/54 CRCUIT  7/8/34 TRANSFORNER) ol
oop-ss08 LXLEY feixe
70 I
3} ! \\
ol # A
1
. / RATED PLATE
RESIDUAL k= T T T T T T T T T T T T T T N\ OismFATION 7
3
. L] FULL $igMaL L /
INPUT VOLTAGE ; /
B 11 / PLATE DISSIPATION
oy /
0 /
10 )
\? o» b
jmwos 3008

) 2 3 « L] L] T
FEEDOACK TURNS

3000 wAT? TWO 4~1000A TUBES

18/8/94 CIRCUIT = 7/6/84 TRANSFORNER

[XTT VN R
DISTORTION2%

Fig. 4
Feedback analysis characteristics. @~ LA __ _ o e Tt S
L 7 scackn oisuieation . =50 _]

1000
FREQUENCY cveLEs /3EC.
Fig. 6
Two percent distortion power relations.

TOTAL PLATE CIRCUIT
Losses
AATEO PLATE
03000 WAT18)
save
DISSIPATION
L o
3
3000 wATY TWO 4-1000a TUBES §
6/0/34 CIRGUIT = 7/6/34 TRANSFORNER nf -0
»
ReBBA  Nype | TURN  FeLOKRC (J
3
.
RESIDVAL WUM ol - o~ o -3 Yol >
=
AND DISTORTION 2 INPUT WELD CONSTANT AT 0.30 VOLTS
s
[ 3
- =40
3000 war ¥ Two &-1600a TuRES
" _ _SGAEEN DiSSIPATION (6/0/56 CIRCUIT = 7/6/94 TRANSFORNER)
Oy s p——— v ————
.3 K] . ] “w e e (X} - t.0 (3 ] 4 e . L X ) 3.2 L .50 \."I’A n'.l I TURN
OUTPUT POWER - KW
RESIDUAL HUM » =57 DByo00u
Fig. 5
3 I3 s . ] 4
- TS —Tsis B
Power loss and distortion characteristics L) PAEOUENCY — CYCLES/SEC.

Fig. 7
Frequency response characteristics.

~



Fig. 8
A 3000 watt audio power amplifier,

'World Radio Histo



HIGH-GATN ANTENNA ARRAYS FOR TELEVISION BROADCAST TRANSWISSION USING A
SLOTTED RING ANTENNA

by

Andrew Alford and Harold H. leach
Alford Mamufacturing Company, Inc.

Summary.

The paper deals with high gain antenna ar-
rays, both directional and omnidirectional, which
utilize a slotted ring antenma. The theory of
operation of the slotted ring antenna and the
various parameters that can be used to control
the frequency range of operation as well as the
impedance characteristics are discussed.

Several applications of the slotted ring
antenna in commercial television broadcasting
including the use of high gain omnidirectiomal
_ slotted ring antenna arrays with low power trans-

mitters to achieve authorized ERP's are shown.

The variety of horizontal patterns obtain-
able by directionalizing the slotted ring anten-
na with relatively simple structures are dis-
cussed. Measured horizontal patterns are in-
cluded showing patterns which conform to the
10 db rule of the FCC for this country as well as
several special patterns with extremely high
gains and with considerably deeper mills.

The object of this paper is to describe a
type of antenna which has been found useful in
television broadcast transmission, both as an
omnidirectional and a directional radiator of
horigzontally polarized waves., Its particular
merit is that it allows one to obtain relatively
high gains with a relatively simple feeding ar-
rangement. For example, an array with an RMS
power gain of 20 requires only five feed points.

The antenna can best be understood by con-
sidering a balanced transmission line shunted by
a mumber of small loops or rings. It is possible
by arranging the separation and cross-sectional
area of the rings to substantially increase the
phase velocity at which a high frequency wave is
propagated along the transmission line. Figure 1
shows such a loaded transmission line which has
been short-circuited at one of its ends amd is
fed with a balanced signal generator at the
other. The standing waves which are set up
along the line have an apparent wavelength Aa
which is normally larger than the free space
wavelength. When the rumber of rings along the
balanced transmission line is of the order of
twelve per free space wavelsngth and the diame-
ter of each ring is of the order of 0.4 A
(where A 1is the free space wavelength) the
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apparent wavelength A g Will be approximately
twice the free space wavelength.l

If the arrangement shown in Figure 1 is fed
at the center through a length of transmission
line as shown in Figure 2 and short-circuited at
both ends, then a wave propagates from the center
feed point towards each of the two short cir-
cuits. The reflections from these short-circuited
ends set up a standing wave and the difference of
potential between the conductors of the balanced
transmission line is distributed approximately as
shown by the dotted line. The phase of this dif-

' ference of potential is substantially constant

over the entire length of the line for the spac-
ing from the center feed poimt to either short
circuit is only approximately O.L apparent wave-
lengths. It is possible then to feed cophasally
with one feeder a loaded transmission line of
this kind having a total span between short cir-
cuits of some 1.5 free space wavelengths. This
unit is known as a half bay.

The potential which exists between the bal-
anced conductors causes circumferential currents
to flow in the shunting rings. Since the poten-
tial, and hence the currents, are very nearly
cophasal, the overall behavior of the loaded line
is similar to that of an array of closely stacked
loops. This fact results in a substantial con-
centration of the power radiated by the rings in
the direction of a plane passing through the
halfway point along, and perpendicular to, the
balanced conductors. The current which flows in
each ring is a maximm at a point opposite to,
and equidistant from, the balanced conductors
while the minimum value of current occurs where
the ring is joined to these conductors. The
radiation pattern, then, of the rings in the
plane of the rings is not quite an exact circle,
but is rather an oval with slight maxima along
a diameter which passes through the point of
maximum current and with slight minima at ap-
proximately right angles to this diameter.

Since the potemntial on each ring at the
point of maximm current is essentially zero,
these points may all be joined to an electrically
conductive common member without distorting the
radiation pattern of the array. Further, since
the potential increases gradually from zero on
both sides of these neutral points, supporting
masts of adequate size may be used without sub-
stantially affecting the operation.of the an-
tenna.



Such an antenna has been made for tele-
vision broadcast transmission. As may be seen
from Figure 3, it consists of a series of slotted
rings mounted on a channel. Two rods are mounted
to the rings, parallel to each other, one along
each side of the open portion of the rings, to
form a slot and to act as the balanced transmis-
sion line. The rings are lenticular in cross-
section with the long axis in the plane of the
rings so that the wind resistance of the struc-
ture may be as low as possible.

A portion of a slotted ring antenna is
shown in Figure L, mounted on a supporting mast.
In order that a larger vertical aperture could be
excited with a single external transmission line
feeder, a feeding arrangement was developed which
utilizes a portion of the rods and channel as an
outer conductor to propagate an approximately co-
axial TEM mode to the center of the slot in con-
Junction with an exposed inner conductor. It was
then possible to mechanically join two half bays
together, which were fed in the center through a
coaxial tee. The overall length of a so-called
bay then was approximately 3.4 free space wave-
lengths with substantially the entire aperture
excited essentially cophasally with a single
external rigid coaxial transmission line feeder.

The exposed inner conductor is an extension,
through a large teflon coaxial end seal, of the
coaxial tee inner conductor. It passes through a
portion of the rings to the center ring of each
half bay and is there connected to one side of
the ring. Various inner conductor diameters are
possible but the relatively small inner conductor
presently used offers two distinct advantages.

It is sufficiently small not to alter the distri-
bution along that portion of the antenna through
which it extended as compared to the remaining
half which contained no inner conductor and yet,
in conjunction with the rods, channel and slotted
rings, it presented a characteristic impedance
which resulted in a substantial improvement of
the impedance versus frequency characteristic of
the antenna; i.e., made the antenna more broad
band.

If, at the center ring, the exposed inner
conductor were connected to the neutral point of
the ring (the point of attachment to the channel)
the impedance seen would be that of a few ohms,
If, instead, the exposed inner conductor were con-
nected to a point on the center ring just to one
side of but adjacent to the slotted portion, the
impedance seen then with the components and spac-
ings presently used would have a real component
of the order of magnitude of 70 ohms. The center
ring, therefore, in conjunction with the bar
which joins the exposed inner conductor to the
ring can be made to act as a transformer which is
capable of transforming the real component of the
slot impedance from approximately 70 ohms as an
upper limit to a few ohms, if desired, as a lower
limit,

A typical slot impedance when the point of
attachment has been properly chosen is shown in
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Figure 5. Through the use of a relatively high
impedance (approximately 160 ohm) line section
made up of the exposed imner conductor and its
effective outer conductor, and further by con-
trolling the length of this line section
(slightly over one apparent wavelength) this slot
impedance is transformed to the relatively small
circle of impedances shown on the same figure,

The frequency range of operation of the an-
tenna is controlled to some degree by adjusting
the spacing between, and the size of, the rods.
Since the phase velocity of propagation is equal
to MITCE , increasing the diameter of the rods
or decreasing the spacing between rods will de-
crease the phase velocity. To maintain a con-
stant apparent wavelength, the center of the
operating frequency range must also be decreased.
In this manner the same antenna may be tuned to
operate in several different television channels.
The change of rod spacing and/or diameter also
changes the slot impedance of courss, and this
must be compensated for by a slight movement of
the point of attachment, on the center ring, of the
exposed inner conductor.

The slotted ring antenna has several prop-
erties which are desirable for television broad-
cast transmitting antennas:

(1) It radiates almost pure horizontally
polarized waves and its horizontal
radiation pattern is essentially
omnidirectional

(2) Because of its relatively large

components, including the teflon

seal, it can handle high power

(3) It is relatively insensitive to

snow and ice formations because of

the relatively low slot impedance

(4) The antenna exerts a relatively low

shear and overturning moment and

yet is extremely rugged

(5) Finally, it can be easily stacked

to achieve quite high gains with

only a few feed points and there-
fore an extremely simple inter-
connecting harness,

¥hen the antenna is stacked vertically to
achieve higher gains, rigid 3-1/8" coaxial teflon
transmission line is used to make up the inter-
connecting harness. So that an input VSWR over
the assigned six megacycle band may be guaranteed
without necessitating the complete assembly and
testing of the entire array at the factory, a
common principle of interchangeable manufacturing
is applied; i.e., maximum input VSWR's are as-
signed to each of the various components of the
system in such a way that even if all reflections
were to add in phase at some point in the fre-
quency range of operation, the resultant input
VSWR of the system would be less than 1.10. The
individual bays are tested and compensated



separately to a maximum VSWR of 1.06. The entire
interconnecting harness is then assembled and
terminated in matched low power precision loads.
A maximum VSWR limit of 1.02 is assigned to the
complete harness. A typical impedance plot on
an expanded Smith Chart for a typical harness is
shown in Figure 6.

Since the supporting masts are not perfectly
rigid and often deflect considerably under hur-
ricane winds, and because of the differential
coefficient of thermal expansion between the
copper transmission line and the steel mast,
careful design of the interconnecting harness
and its supports has been an important part of
the reliability of the stacked arrays. Through
the use of double 90° elbows for connecting the
feeders to the individual bays and through the
use of sealed coaxial expansion joints, the
interconnecting transmission line harness is al-
lowed to deflect with the supporting mast with-
out undue stress.

A five-bay omnidirectional slotted ring
antenna array with a gain of approximately 20
has been built and installed in Washington, North
Carolina, for Station WITN (TV). In conjunction
with a 20 kilowatt transmitter, it radiates an
ERP of 316 kilowatts. A field intensity radial
as measured on this installation by Mr. Raymond
Rohrer of Jansky & Bailey, Inc. is shown in
Figure 7A. 1In order to determine the effects of
the terrain, if any, and for comparison purposes,
similar radials were measured on a nearby sta-
tion which also radiated an ERP of 316 kilowattis
with a higher power transmitter and a lower gain
antenna. The measured field intensity radial far
a corresponding direction on this installation is
shown in Figure 7B. Both of the measured curves
follow fairly closely the predicted curves cal-
culated from the FCC (50,50) curves. Further,
there is a remarkable similarity betwsen the two
measured curves in their slight deviations from
the predicted curves. As closely as could be
determined, the gain of the WITN five-bay antema
was found to be the value predicted from model
measurements.

The calculated vertical beam width, based
on measured half-bay patterns, at the half power
points of the five-bay array is 2.9° as compared
to approximately 3.6° for the lower gain antenna
of the adjacent station. Measurements of the
close—in fields for the two stations were also
recorded and the instantaneous values of field
strength measured are plotted in Figure 8 for
the two stations as a function of distance from
the respective towers.

Although the fundamental horizontal radia-
tion pattern of the slotted ring anteona, even
when mounted on a supporting mast, is essential-
1y circular as described above, the antenna
lends itself to achieving a variety of direc~
tiomal horizontal patterns through the addition
of relatively simple beam shaping members.
Several types of beam shaping members have been
used, depending on the application and require-
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memts of the variocus directional antennas .2

For television broadcast transmission, these
beam shaping members have taken the form of rela-
tively small rectangular bar stock of various
lengths attached directly to each alternate active
ring of the antenna. Sufficient beam shaping
members are then present along the slot so that
the distribution of potential remains essentially
unchanged as does the vertical radiation pattern
of the antenna. Several different horizontal
radiation patterns have been achieved in this
manner., Three typical patterns have been shown
in Figure 9, all of which conform to the so-called
10 db rule set up by the Federal Communications
Commission. Further, all of these patterns are
essentially circular except in one sector where
they have a mull or mulls which are no more than
10 decibels below the maximum. The maximum power
gain of a directional antenna depends, of course,
not only on its vertical aperture but on the di-
rectivity of the horizontal pattern as well. The
increase in gain which is achieved in certain di-
rections as a result of this horizontal directivi-
ty allows a given maximm ERP to be radiated with
a fewer mmber of directional bays (i.e., a
smaller vertical aperture) than with omnidirection-
al bays. The typical directional horizontal pat-
terns shown have maximum gains which vary from ap-
proximately 5.6 to 7.2 per bay, depending on the
particular pattern chosen, as compared with an RMS
gxa' omnidirectional gain of approximately L.O per

y.

The rings provided with beam shaping members
act differently from simple rings in that a sub-
stantial portion of the current which normally
flows in the ring is diverted into the beam shap-
ing members. The horizontal radiation pattern of
a modified ring is determined not only by the
shape and the length of the beam shaping member,
but by its point of attachment to the ring as
well, Because the potential along the ring varies
from a maximum on both sides of the slot to zero
at the neutral point, the nearer the point of at-
tachment of the beam shaping members to the neutral
point of the ring, the smaller is the amount of
current diverted from the ring. The less then is
the deviation of the directional horizomtal pat-
tern from the primary horizomtal pattern of the
slotted ring antenma itself.

To calculate the horizontal pattern of the
slotted ring antenna after the addition of the
beam shaping rembers described above would mean
either the solution of a difficult boundary value
problem or the integration of measured current
distributions alcng the various antenna elements.

Fortunately, it was found practical to de-
termine the optimum method of achieving a desired
directional horizontal radiation pattern by per-
forming measurements on accurate scale antenna
models. Agreement between the model studies and
the full scale anterma measurements has been
checked many times and found to be good.



Although not presently authoriszed in this
country, nulls considerably deeper than 10 db
have been investigated through model studies.
While it is possible to achieve almost complete
mlls with the beam shaping members described

above, the mulls are ordinarily quite narrow, For

those installations where it is desired to sup-

press the radiated signal over a considerable sec-

tor in order to protect the coverage area of an
adjacent station, considerably broader nulls have
been achieved through the use of two auxi

but driven radiators in conjunction with the main
antenna.

In 1948, a series of model measurements
were made which showed that a mill over 30 db
down from the maximum could be radiated over an
azimithal sector of some 47°.3 Such a pattern is
shown in Figure 10C. The main antenna consisted

of a slotted cylinder with solid wings as the beam

shaping members, as shown in Figure 10A., The
horizontal radiation pattern of this antenna
alone is as shown in Figure 10B. The voltage
which is set up across the slot originates a wave
which travels outward along the wings. When the
wave arrives at the edge of the wings, some of
the energy is reflected back towards the slot and
some travels in such a way as to keep the ends of
the electric lines of force normal to the sheet.
It is the energy which travels around the edge
that causes the back lobe,

The field near the edges can be considered
as two Huyghens' sources which radiate in all
directions., These two sources are in the same
rhase with each other and their contributions add
in the direction of 180°., As one deviates from
180° there is a difference in path length betwsen
the radiations from the virtual sources., At some
given angle, this difference is a half wavelength
and there is a mull. As the angle approaches $0°
the field of the main slot becomes predominant
with the smaller effects of the two edges super-
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Balanced transmission line loaded with
shunt rings

imposed. By properly choosing the magnitude but
reversing the phase of the power fed to the two
auxiliary driven antennas, and by the choice of
the proper spacing, the horigontal radiation pat-
tern of the driven antennas was made to track and
cancel the patterns of the Huyghen sources fairly
closely over a relatively wide sector.

An extremely high gain antenna has been
modeled and tested for the Air Force Cambridge
Research Center for possible use in forward
scatter ilonospheric propagation. It utiliszes a
slotted ring antennma to feed a series of stacked
wire vees which are attached, at the narrow end
of the vee, to the two balanced conductaors along
the slot and at the wide end to two auxiliary
supporting towers as shown in Figure 11A. At

upper band VHF television frequencies, a four bay
array of this type

would have a vertical aperture
of some 75 feet. With 4O foot long wires and a

vee included angle of approximately 25°, a maxi-
mem power gain over a dipole in free space of 250

can be achieved, 1In spite of the attachment of

the stacked wire vees to the slotted ring antenna,
the major lobe of the measured vertical pattern
of & modeled half bay of this array was essen-
tially the same as that of the slotted ring half
bay alone. The horiszomtal radiation pattern of
such an array is shown in Figure 11B.
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Fig. 3

Portion of a slotted ring antenna

Fig. 4
Portion of a slotted ring antenna bay
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Slotted ring antenna impedances

Fig. 6
Impedance of a typical interconnecting harness
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Typical directional horizontal radiation patterns,
relative field

v6

Fig. 10B
Horizontal radiation patterns
of individual components,
relative field

MAIN ANTENNA

AUXILIA|
Fig. 10A

Fig. 10C
Horizontal radiation pattern of
complete array, relative field

Fig. 11A

An extremely high gain directional antenna
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SELF-DTPLEYING T-V ANTENNA

by

C. B. Liayer

P. M. Pan
General Electric Company

Introduction

The broadcast of television, consisting
of the audio and video information on separate
carrier frequencies, requires the use of two
transmitters. All present-day transmitting
systems use the same antenna for both signals.
This requires the use of complex filter diplexing
systems in order to isolate the two transmitters
and get both signals onto a common transmission
line.

The system which is described here
eliminates the need for these complex filter
systems. This is achieved by propagating the
signals to the antenna in the form of two orthog-
onal transmission modes within the circular an-

Fig. 1
Cross wound helix.

tenna mast, and then, by the use of a separate
helical antenna for each signal. The two an-
termas are so arranged that in overlapping por-
tions their windings are in the opposite sense,
thus producing a cross-wound helix as shown in
Fig. 1.

Since simplicity is the key to relia-
bility of operating equipment, increased simplic-
ity can result whenever a part of an operating
structure is made to perform several functions
simultaneously.
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Using this principle, the original
helical UHF-TV transmitting antenna, introduced
five years ago, was the first to make large
strides toward simplification. The number of
feed points required for high gain antennas was
reduced by a factor of about 15 to 1.

Now, further developments in the feed
system again permit an increase in overall system
simplicity. This results from increasing further
the functions performed simultaneously by parts
of the operating structure.

Present-Day Diplexing Schemes

In order to fully appreciate the sig-
nificance of the development of this system, let
us take a closer look at the transmitting systems
in present use.

A typical system which is used by
General Electric to meet the FCC specifications
on sideband signal rejection and to perform di-
plexing action at UHF is shown in fig. 2b. (The
system shom in Fig. 2a does not meet the speci-
fications.) It consists of eight cavities and a
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Fig. 2
Diplex - sideband filter system.

number of hytrid rings. The cavities Cp, C3 and
C), are single-tuned cavities, while C; is a
double~tuned cavity. (An analysis of such a
system is shown in Appendix A.} The problem of




obtaining a particular ¢ and resonant frequency
in each of these cavities, and maintaining suf-
ficient stability in operation is not an easy one,
to say the least. This becomes more apparent
when we realize that the losses in each of these
cavities is generally greater than LOO watts, and
cooling must be required to prevent changes in
resonant frequency and Q due to temperature rise.
Otker manufacturers might use fewer cavities, but
the performance is not as good.

Another difficulty encountered with
such a system is the phase error introduced in
the signal by transmitting color television and
thus the need for considerable phase compensations

The cost of such a system as this is in
excess of $10,000, Thus the need for an entirely
new approach to the problem is apparent.

The system which is described here
eliminates all this complexity with the exception
of the video sideband filtering which may be done
easily at low signal level,

This is accomplished, as we said above,
by the use of two orthogonal transmission modes
within a waveguide mast to provide almost complete
isolation of the two signals within the wave-
guide. The signals are isolated on the outside
of the mast by means of a cross-wound helical
antenna using different windings for the two
signals.

Excitation of the Two Modes
and Cross Coupling Between Modes

Now, since the transmitter mast is
usually a hollow pipe, it is convenient to use
this as a circular waveguide and use two TEjj
modes to propagate the signals. The transverse

\/
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electric field pattern for these two modes is
shorm in Fig. 3. The size of the guide is chosen
so that all other modes are beyond cutoff and
will not propagate.

We notice that these modes are identical
except for the fact of the 90° rotation of the E
vectors. This is particularly advantageous since
the propagation constant for each signal will be
the same. Also, since both modes are the same,
the coupling to the antenna can be done in iden-~
tically the same way and offer great simplicity.

Theoretically, there should be no cross
coupling between modes if the waveguide mast is
a perfect cylinder and the two modes are at 90°
to each other. However, in practice the masts
are not perfect so one might expect some cross
coupling. Before starting on the experimental
development, an analysis was made to determine
to what extent the eccentricities found in a
practical waveguide would cause cross coupling.
(See Appendix B.) This analysis indicated that
the amount of cross coupling that would be caused
by waveguide imperfections was very small. Thus
the first problem was that of devising a means of
exciting these two modes in a mamner which will
isolate the two transmitters and have the neces-
sary bandwidth requirements.

One method of exciting a TE,y mode in a
circular guide is by a straight axial transfor-
mation from the fundamental or TE,, mode propa-
gating in a rectangular guide. This mode we shall
refer to as the axial mode. In our model, the
wave impedance in the rectangular guide was
slightly different from that in the circular
guide, so a 1/h wavelength transformer of rec-
tangular cross section was placed between the
two to perform the transformation., This does
the Job very nicely and is quite broadband.

A second method of exciting a TEy3
mode in the circular guide, also from a rectan-
gular waveguide carrying the TE o mode, is to
come directly in through the sidé of the circular
guide. A short circuit is then placed 1/4 wave-
length below the opening to propagate all the
energy in one direction up the mast to the an-
tenna. This mode we refer to as the "side mode",

These two systems may be combined very
nicel)r into the dual mode transducer shown in
F 1go .
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Dual mode transducer.

The orientation of the "axial mode" is
arrangzd so that its E vectors are at right
angles to the "side mode". Under these condi-
tions, the smaller cross sectional dimension of
the quarter-wave transformer acts as a waveguide
beyond cutoff to the "side mode", thus providing
the short circuit necessary to send all the
energy from getting back into the "axial mode"
transmitter. This transducer provided better than
LO db isolation between the two transmitters when
the circular guide was fed into a matched load.

One difficulty which arose with the
transducer was a very high standing-=wvave ratio
which occurred in the "axial mode" near the center
of the band. This was due to the rather large
opening in the side of the circular waveguide for
the other mode. It was found that placing any
sort of metallic bar across this opening would
eliminate the discontinuity satisfactorily. In
order not t6 disturb the impedance match of the
"side mode", however, a resonant window was
placed across the opening (see Fige 5).

It was found that this resonant window,
when placed in a matched rectangular guide, was
very troadband. The VSIR is below 1.2 for a band-
width in excess of 20 per cent. Thus, this repre-
sented a good way of preserving the match in the
"side mode™ and eliminating the discontinuity in
the "axial mode" caused by the opening in the
pipe.
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Fig. 5

Coupling the Energy to the Antenna

Having achieved the excitation of the
two TEyj modes in our waveguide mast, the prob-
lem of coupling the energy to the antenna was
taken up. Probe coupling appeared to offer the
best solution. Consider again the transverse
electric field pattern for the two modes shown
in Fig. 3. If a probe is inserted into the field
in the vertical direction as shown, it will
couple only to the video signal and, if it is
inserted in the horizontal direction as shown, it
will couple only the audio signal.

The initjal probe design was scaled
from a similar probe coupling system used at X-
band. The proven design is shown in rig. 6. The

Fig. 6
Probe coupling devices.



threads on the inside and outside of the teflon
washer enabled the positioning of the washer and
the depth of the probe to be made independently.
The trapezoidal-shaped connector is screwed onto
the end of the probe and holds the helices.

A calculation of the probe and antenna
impedance (see Appendix C) indicated that the
match should be easily obtained,

100 Per Cent Coupling

In order to transfer all of the energy
within the mast to the antenna, it is necessary
to place a short circuit one-quarter wawelength
beynnd the coupling probe. (In this particular
case, the choke short described in Appendix D
was used.) Since, in our system, the two signals
are not coupled out at the same point on the mast,
it is necessary to have a device which will re-
flect the energy of one mode but transmit the
other with a minimum of reflection.

To pertorm this function, a "dual mode
filter" was devised. The principle applied here

Fig. 7
Dual mode filter.

was to use a section of rectangular waveguide

one-half wavelength long. The dimensions are
such as to present a matched impedance for the
one mode (thereby transmitting it on through)
while presenting a waveguide beyond cutoff to
the other mode thereby acting as a short circuit.
A photograph of this device, using finger tip
connectors, is shown in Fig. 7. Experiments
showed that this type of connector was good
enough for the purpose. It is important to bear
in mind that the connector should contact the
waveguide at all points evenly or cross coupling
will occur between the two modes. The choke
short is by all means much superior.
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Tests which were run, using a helical
antenna of 2-1/2" pitch and diameter of 3-7/8",
indicated that 100 per cent of the energy could
be coupled from the guide to the antenna with
sufficient bandwidth using this type of coupling.

50 Per Cent Coupling

In order to extend the antenna to
multiple bays, it must be possible to couple out
less than 100 per cent of the energy at various
points along the guide. In particular, the next
to the last bay must couple 50 per cent of the
energy.

When the probe depth was adjusted to
couple out half the power from the guide, the
VSWR turned out to be about 2.0 over a fairly
wide frequency band.

Since a power split at the probe would
produce an input impedance of Z,/2 (see Fig. 8)

2 < RADIATION LOSS
2 " 23 INFIRSTBAY —_— 2,
Fig. 8

Impedance matching for probe.

and since an impedance mismatch of 2:1 causes a
VSHWR of 2.0, this appeared as the obvious cause.
Thus moving back towards the generator, the cor-
rect distance, the mismatch was tuned out satis-
factorily by means of a capacitance probe screwed
in through the side of the guide, parallel to the
coupling probe. Lleasurements showed that this
caused very little cross coupling to the other
mode .

Extension to any Per Cent Coupling

From the results obtained in the 50 per
cent coupling case, the extension to any per cent
coupling using the same basic procedure appears
straightforward. The amount of power coupled to
the antenna is adjusted by means of the probe
depth and the mismatch caused by the power split



is eliminated by a capacitive probe at the cor-
rect distance from the coupling probe toward the
generator.

Antenna

It should be noted here that the devel-
opment model was scaled to 3000 mc for experi-
mental convenjence.,

The antenna which was used to continue
the isolation of the two signals on the outside
of the mast, and thereby complete the self-
diplexing system, was an extension of the basic
helical antenna.

To understand this, let us review
briefly the theory of operation of the basic
single-bay helical antenna shown in Fig. 9.
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Fig. 9

Two traveling waves are launched along
the helices at the feed point. Each helix acts
very much like a single wire above a ground plane
(the mast). The spacing between the mast and the
helix is such that there is a considerable amount
of radiation per turn. In the practical design,
each helix is about five turns. Each turn is an
integral number, of wavelengths so that the cur-
rents at a given asimuthal angle are in phase. A
high gain antenna is achieved by stacking a
number of such single-bay antennas along a mast.

Use of the Basic Single Helix Antennafor
Self-diplexing

The first attempt at a self-diplexing

Q.__

Fig. 10
Single wound helix (signal at each end).

antenna was to use a single helix and to feed the
two signals by means of probe coupling at
opposite ends of the helix as shown in Fig. 10.

It was hoped that sufficient isolation
would result between the two feeds due to the
radiation loss to produce @ practical solution.
However, the isolation obtained was only 13 db
at one point in the band which was not suffi-
cient. But this can be improved to 20 db by
using mode suppressors.

The "Bifilar" or Parallel-wound Self-diplexing
Antenna

Fig. 11
Parallel wound
helix.

Y

Another method of obtaining isolation
is to use two separate "basic" helical antennas
arranged so that their windings run parallel to
each other as shom in Fig. 1ll.



An attempt was made to feed the two
signals at the same point along the mast, but it
was found that considerable cross coupling was
introduced between the two probes inside the
guide due to higher order modes. However, con-
gsiderable improvement was obtained over the
single helix type when the feeds were displaced
in a manner similar to Fig. 10. The isolation
achicved with this scheme on a two-bay antenna
ranged from 138 to 26 db over the operating band.

This can be further improved by mode suppressors.

The Cross-wound Helix Self-diplexing Antenna

It was felt that further improvement
might be obtained if the windings of one of the
antennas were reversed, thus producing a cross
winding in the overlapping portion of the aper-
ture between the feed points. figure 12 shows

Fig. 12
Cross wound twin helices.

a set of the helices before mounting on the mast.

A physical picture of why this might be so is
obtained if we again consider the fact that the
antenna acts as a single wire above a ground
plane. This is equivalent to a two-wire trans-
mission line. In the case of the bifilar or
parallel winding scheme, this is analogous to
two parallel transmission lines running side by
side for many wavelengths. Thus, one might ex-~
pect to get considerable coupling between them:
However, the case of the cross-wound helix is
analogous to two transmission lines which cross
each other at an angle of 30 to 40°, and one
would expect very little transfer of energy from
one line to the other,

A two-bay cross-mound self-diplexing
helical antenna was built (see Fig. 13), and the
anticipated improvement was achieved. The iso-
lation between the two signals now ranged from
23 to 38 db over the operating band. Isolation
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of 30 db can be achieved by using mode suppresors.

I T

Fig. 13
Complete assembly two-bay self
diplexing antenna.

Since 20 db of isolation is sufficient for this
application, the cross-wound helical antenna
does the self-diplexing job very nicely.

Antenna Patterns

Having obtained the isolation necessary
to complete the self-diplexing of the two signals,
the one remaining question is whether or not the
antenna patterns are very much changed by the use
of the cross winding.

Basic Helical Antenna

let us first take a look at the pat-
terns normally achieved with the basic 3\ mode
helical antenna,.

\

Fig. 14
3 A mode G.E. 2 bay helical antenna relative
voltage pattern.

Vertical Pattern. The vertical pattern for
a basic two-bay helical antenna is showm in
Fig. 1. The energy is concentrated in the
horizontal plane due to the size of the vertical
aperture. The beam width achieved is about
8=1/2° - 3°.



Horizontal Pattern

Fig. 15
Horizontal pattern 3A mode 2 bay G.E. helical
antenna relative voltage.

1, lic Effect - The horizontal
pattern of the basic helical antenna as shown in
Fig. 15 is not quite as straightforward as its
vertical pattern. In general, there appears a
cyclic effect of about *1-1/2 db. The number of
cycles is equal to 2 times the number of wave-
lengths per turn,

2. Deep Null - A single deeper null
also appears at one point in the pattern. The
cause of these variations in the horizontal pat-
tern is due to two modes propagating on the
helix,

RARATION WOt

(a)

Fig. 16

(b)
'lj' e first of these modes is the radia-
tion mode( which has a well behaved distribu-

tion as shown in Fig. 16a. This is the desired
mode. The other mode, the transmission mode,
shown in Fige 16b is not so well behaved, and
causes the deep null and cyclic effect.
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Considerable success has been achieved
in eliminating the deep null and reducing the
cyclic effect oy means of mode suppressors.
These are described in a General Electric Report
TIS No. RSSELP1L2.

Cross-wound Helical Antenna

Vertical Pattern

U
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Fig. 17
3M mode cross wound self-diplexing 2 bay
helical antenna relative voltage.

The vertical pattern of a two-bay model
cross-wound self-diplexing antenna is shown in
Fig. 17. It is seen to be essentially the same
as that of the basic helical two-bay antenna.
The vertical beam-width is 8-1/2 to 9 degrees.

Horizontal Pattern

Fig. 18
Horizontal pattern 3A mode 2 bay self-diplexing
helical antenna (relative voltage).

The horizontal pattern shown in Fig.
13 shows the same cyclic effect and deep null
found in the basic antenna, which indicates that
the two antennas are acting nearly independent of
each other due to the cross winding.



Over-All Performance
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Fig. 19

Two bay cross-wound diplexing helical antenna.

The over-all isolation achieved for
the two-bay model constructed using the cross-
wound antenna is showmn in Fig. 19. It is seen
that the minimum isolation is 23 db near the
center of the band and ranges above 30 db else-
where in the band,

VSWR and Bandwidth

\ g
! AN co— /]

N> o

Fig. 20
Input VSWR vs. frequency.
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The VSVIR for the two-bay cross-wound
self-diplexing antenna, fed by the dual mode
transducer and probe coupling, is showmn in Fig.
20. While this is not quite as good as the
coaxial fed basic helical antenna, it is felt
that further improvement could be achieved by
careful design and additional matching.

Conclusions and Summary

We have seen that UHF television trans-
mission requires the use of elaborate filter di-
plexing schemes when using a single antenna to
transmit audio and video signals. The cost of
thesé systems is in the order of $12,000. How-
ever, we have shown here that, by the use of two
orthogonal transmission modes within the hollow
antenna mast and a cross-wound helical antenna,
it is possible to produce a self-diplexing an-
tenna system which eliminates the need for these
complex and costly filters. The system described
here is a two-bay model. The extension of this
model to high gain multiple bay systems appears
quite feasible,



Appendix A It introduces hybrid rings. Proper cavities are
placed in the legs of the hybrid rings. The
Diplexing System for TV Transmitters ideal operation of the square hybrid ring with
matched loads was analyzed by a number of workers.

In order to use the same antenna both
for the video and audio signals in the present This analysis obtains the voltage re-
television transmission, a diplexing system must lationships when the ideal hybrid is fed from a
be used. One typical example is shown on Fig.A-1 matched generator and terminated with two mis-
matched loads and one matched load.
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Fig. A-1
T.V. diplexing. Fig. A-3
Filters I will reject all the audio It is assumed that the arms of the hybrid are
signals, while filters II will reject all the exactly one—quarter wavelength long. The cir-
video signals. Because of the FCC specification cuit can be analyzed by replacing the admittances
on sidéband isolation, bandwidth and signal Y, and Y) with matched loads and voltage gener-
levels, the filters must havé very high Q and at ators e, and epes These generators will be ad-
the same time be broadbanded, so as to meet the Justed gn magnitude to produce the proper volt-
requirements. age and current relations on the output términals.
The new approach used nowadays is the For example, consider the arm with ad-
filterplex as shown in Fig. A-2. mittance Y,, the incident voltage is 1, and the
reflected voltage is [, which is the voltage
reflection coefficient.
— |
® —
CaviTiES CAVITIE® r.
(]
4
OoT—T0 %
po— X ——or v —
VIOEO TRANSINTTER r_ APSIO TRANBNTTER o
Fig. A-2

Filterplex for T.V. diplexing. Fig. A-4
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The generator e, must then be

ey ® 2T, (a-1)

where
(a-2)

The effect of each voltage generator on the cir-
cuit is determined from the "superposition”
method. Two generators are short circuited, then
only one generator is in operation, with matched
loads on the other three arms.

The sketch following shows the system
of equivalent generators with the direction of
propagation indicated.
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Fig. A-5

A table below shows the voltages with their di-
rections due to each of the generators:
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Fig. A-6
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The resultant voltage diagram is shown below.
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Fig. A-7

From the characteristics of the cavi-
ties, such as 'Q', the response of the diplexing
system of TV transmitters can be obtained.

Appendix B

Decoupling Due to Orthogonal Modes in
Circular Waveguide

To analyze the coupling of the two
arthogonal modes in the circular guide, due
to the irre shapes of the guide, it is nec-
essary to have the polar equation of an ellipse
centered on the axis of the waveguide. This is
given by

2
T w b/l--"?(l-cosze)

where r = radius of circular guide

b = semi-minor axis

e = eccentricity of the ellipse

For small eccentricities (e ¢C ) this
reduces to

2
r = bl +%- cos 2 @) (B-1)
and, therefore,
2 2
Tmax = Tmin * b—;— ~ ?—g" (8=2)

where R is the mean radius of the cross section.



To obtain the propagation constant for
T waves polarized along the major and minor
axis of the #llipse, we proceed as follows: a
potential type function is introduced from which
the field components may be obtained by differ-
entiation.

M= U(r, ©) exp J (at ~ p2) (8=3)
where 7 1s the axial direction of the waveguide

B =l
>‘8 = guide wavelength

and U (r, ) gives the transverse field pattern.
For TEjq mode, it is of the form

Jl (K r) exp J0 (B-4)

For an exactly circular boundary, X and
thence B can be found by applying the boundary
conditions. For a slightly non-circular boundary
we shall find that there will be two new values
of K, differing slightly from the old value. The
two new B values give rise to a slow rotation as
they progress along the waveguide.

The boundary conditions that the tan-
gential electric field or normal magnetic field
vanish are expressed as

du orWen = 0

on

where ® is the direction of the normal. For a
circular guide, n is the radial direction; but
for non-circular cases, there will be an angular
component involved. To derive the appropriate

0

expression, refer to the Fig. B~1 where C and D
are areas of the unperturbad and pertt.xrbed cir-
c' is

cular cross-gections respectively.
concentric with C.
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The equation of the cross-section is given by
r = R [1 + h(e)]

where R is the radius of the original circular
cross-section, and h is a small variable which
describes the new contour.

For changes in the separation constant
K, as shom in equation (B-4),<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>