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SIMULTANEOUS SIGNAL SEPARATION IN
THE TRICOLOR VIDICON*

By

HaroLD BORKAN

RCA Laboratories,
Princeton, N.J

Summary—The operation of the tricolor Vidicon, a single camera tube
for color television, presents a movel circuit problem. The target structure
contains considerable capacitance which couples the three output electrodes.
Extraction of separate color signals in the presence of this cross-coupling
impedance must be performed while maintaining a satisfactory signal-to-
noise ratio. This paper presents a general analysis of the problem and
suggests several practical solutions. The system described involves low
input impedance, feedback preamplifiers, and mixed-highs circuitry.

INTRODUCTION

equipment associated with the tricolor Vidicon,' a develop-
mental camera tube for color television. The tricolor tube
has three output electrodes for delivering three electrical signals cor-
responding to the red, green and blue information. contained in the
scene. However, the three output signals are coupled together by the
large inherent capacitance of the target structure. The problem is
to extract separate color signals in the presence of the cross-coupling
impedance while maintaining a satisfactory signal-to-noise ratio.
The target of the tricolor Vidicon, shown in Figure 1, contains
color filters in a repetitive sequence of red, green and blue strips.
Superposed in registry with each filter is a narrower transparent
conducting signal strip. All signal strips behind filters of the same
primary color are connected to a common output terminal. Experi-
mental tricolor Vidicons have been made with tube diameters of two
inches and one inch. In the two-inch size, the capacitance between
one set of signal strips and the other two (the inter-set capacitance)
is of the order of 1200 micromicrofarads; in the one-inch size, it is
of the order of 600 micromicrofarads. A single electron beam scanning
the photoconductor on the target induces video signal currents in each
set of strips in proportion to the primary color component.

g- NOVEL circuit problem is encountered in the design of camera

, -

* Manuscript received December 20, 1959.

1P, K. Weimer, S.-Gray, C. W, Beadle, H. Borkan, S. A. Ochs, and
H. C. Thompson, “A Developmental Tricolor Vidicon Having a Multiple-
Electrode Target,” to be published in Trans. I.R.E., July, 1960.
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Fig. 1—Cut-away diagram of the tricolor Vidicon target as viewed from
the electron gun.

INTRODUCTORY CALCULATIONS

A separate preamplifier is connected to each of the three output
leads of the target. The video signal current produces voltage fluctua-
tions in the input lcad resistor of each preamplifier. Ideally, each
separate color signal should be amplified only by its corresponding
preamplifier. Actually, because of the inter-set capacitance, it is
possible for the signals of higher frequency to cross-couple. An equiva-
lent circuit of the target is shown in Figure 2 as a delta whose sides

GREEN :
z,,~|_PREAMP

N a

BLUE
Z,.,~|_PREAMP

Fig. 2—FEquivalent circuit of the tricolor Vidicon target.
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are the cross-coupling capacitances, C,, and whose vertices are the
signal strips connected to three preamplifiers with input impedances
represented by Z,,. Complete symmetry is assumed throughout. Since
the beam acts as a high-impedance source, a primary color signal is
represented as a single current source driving the corresponding set
of strips. In general, the signals from the three sets of signal strips
are present concurrently.

Some simple calculations will serve to indicate the signal-separation
problem. In Figure 2, C,, which is one leg of the delta, has a capaci-
tance of 600 micromicrofarads in the larger targets, and a reactance
of 204 ohms at 1.3 megacycles, the upper limit of desired signal
separation defined by the color-television system. Suppose conven-
tional black-and-white preamplifiers with Z;, consisting of a resistor
of 50,000 ohms, shunted by 30 micromicrofarads, are used. Also,
imagine a scene of a green picket fence on a dark background with
optical image size such that the pickets correspond to one-megacycle
information. For this case, there is but one signal current, I, which
divides and flows through the three preamplifiers according to the
impedances presented: 34.4 per cent into the green and 32.8 per cent
into each of the red and blue. The green picket fence would appear
white on a color monitor because it would be made up of almost equal
parts of green, red, and blue video signals.

The three alternative paths for I, have impedances Z;, through the
green preamplifier, Z;, — jX, through the red, and Z;, — jX, through
the blue. If Z,, were much smaller than X, there would be one low-
impedance path through the green preamplifier and two relatively
high-impedance paths through the other two preamplifiers; most of
the signal current would flow through the desired channel. Suppose
preamplifiers of low input impedance are provided by placing a 75-ohm
resistor to ground at the head of each preamplifier. The signal sepa-
ration would be excellent at the lower frequencies, but would deterio-
rate at the higher frequencies. This method of reducing preamplifier
input impedance reduces cross-talk, but, as shown below, the signal-
to-noise ratio is quite poor.

The equivalent r-m-s noise current, in amperes, flowing into a
camera preamplifier due to the input circuit and first amplifier stage
may be expressed as?

R 1 Re(l Req
1, = \4kTf, =k + (1)
R R* 3X;2

2H. B. DeVore and H. Iams, “Some Factors Affecting the Choice of
Lenses for Television Cameras,” Proc. [.R.E., Vol. 28, p. 369, August, 1940.
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where I = Boltzmann’s constant (1.38 X 10—23 Joules/° K),
T = absolute temperature, taken as 300° K,
fo = upper limit of frequency band,
X, = capacitive reactance to ground at f,,
R = resistance to ground,

= equivalent noise resistance of the preamplifier input
tube.

For a 1.3-megacycle chroma bandwidth, X, = 1/(4=f,C,) = 102 ohms
(assuming Z;, small compared to the target reactance, and direct
capacitance to ground small compared with 2C, which is 1200 micro-
microfarads in the larger tar_gets). The resistance to ground, R, is
75 ohms and R, is 45 ohms (for two type 417-A triodes in parallel).
Since the target presents a very large capacitance, a reduction in noise
is obtained through the paralleling of input tubes.
Substituting in the above expression,

I, =147 x 10—7~/0.0133 + 0.0080 + 0.0014,
or I, = 0.0221 microampere.

Since a typical total signal is 0.6 microampere peak-to-peak, or 0.2
microampere in each channel, the signal-to-noise ratio for each color
is approximately 9. This poor performance is due largely to the first
two terms under the radical which reflect the small value of R. Noise
of any one amplifier has been assumed not to cross-talk to the other
two amplifiers.

MATHEMATICAL ANALYSIS

The problem of signal separation may be analyzed from the equiva-
lent circuit shown in Figure 3. The analysis is simplified by making
the assumption of complete symmetry. The cross-coupling capacitances,
C,, between the sets of signal strips are equal and have impedances Z,;.
Likewise, the impedances, Z, at the input of the three identical pre-
amplifiers are equal, each comprising a resistor R and capacitance C in
parallel. The fictitious noise-voltage generators, e,,, e, and e,,, repre-
sent the noise developed in each head amplifier stage, but exclude the
thermal agitation noise due to R. Certainly for best design, K should
be chosen very large so that its noise will be dominated by amplifier
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noise. The unity-gain preamplifiers have voltage outputs, V, which

include signals plus noise.

Each amplifier noise source is effectively in series with the input
control grid. The Superposition Theorem is employed to sum up the
effects of the three current generators in the form of voltages at r, g,
and b, the vertices of the delta. For example, the total input voltage
to the green preamplifier is the sum of the separate voltages produced

=L oreen [F
[ PREAMP| 0
Ig\
]
\/Zt
I
¢ Ct /r
P r - Reo 7
c/ [ OPREAMP| Y
Zt
Ib\‘/\
L oo [T
hPREAMP

Fig. 3—Equivalent circuit for analysis.

by I,, 1,, and I, at g, plus the noise voltage e,,. Therefore, an expres-

sion for V, in terms of the I’s and e,, is

Z(Z+Z) VA A
Vy:Ig + I + 17
32+ 2, 32+ Z,

b + cny'
3% + 7,

The other two expressions are derived in similar fashion;

7 27+ 7)) 72
Vr = Iy + Ir + Ih + )
37+ 7, 27+ 7, R4 2,
and
7 e Z(Z+Z,)
Vb:1 . +Ir +Ib_—+ert7)'

g
37 + %, 37 + Z, 37 + 7,

(2a)

(2h)

(2¢)
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The solutions for the three unknown signals, 1,, I, and I,, plus noise,
in terms of the V’s are given below:

2 1 1 1 2 1 1 1
[.'/ +H— F+— )y Cpp— —— €y — 9= = Vy - Vr - Vh' (Sd)
%, %,

Zl VA Z, Zt Zr
1 2 1 1 1 2 1 1
11-——eny+ — + — )y — — e“b:__p'”_'_ —+ — V"__—V"(?)bj
Zt t VA Zt ZY Zt Z t
1 1 2 1 1 1 2 1
Ih—‘_"eﬂg_—em'_'_ —— P — e1zb:_—v!]_<__vr+ -+ — V”'(3C]
Z, 7 zZ, Z Z, Z ' 4

Since all noise sources other than the first-stage shot noise have
been excluded in this analysis, the above solutions are optimum. In
addition, they are perfectly general, for once pure signals have been
secured, regardless of the method chosen for separating signals, the
indicated noise will also be present.

PoOSSIBLE ELECTRONIC SOLUTIONS

The mathematical solutions to the simultaneous equations indicate
a direct method for solving the signal-separation problem. With the
noise terms omitted, Equations (3) may be expressed as follows:

C
Zflﬂ = 2 _'_ — V_l/ - V1' - Vln (43)
o
C
ZIIr — __Vy +| 24— Vr - Vln (4b)
C
C
iy ==V, =V, +{24+— |V, (4c)
!

It has been assumed that R > 1/0C and, thevefore, 1/74  joC.
Figure 4 is a block diagram showing how the above operations may
be performed electronically. One channel is represented and only a
green signal has been derived. Since the input impedance is capacitive,
the subsequent stages of amplification contain correcting networks to
insure that the signal is amplified uniformly irrespective of frequency.
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An “electronic matrix’”’ could be built to operate on the three
observables, the V’s, and yield the three desirables, the I's. Some
disadvantages of the electronic matrix are: (1) it is critical in adjust-
ment, since each pure color signal is obtained from the difference of
two nearly identical signals; (2) the system is somewhat complex;
(3) the compensation for the capacitive input impedance over the
required number of frequency decades is rather awkward.

A simpler method for the solution of the signal-separation problem
involves low-input-impedance preamplifiers. The previous analysis is
applicable if R, the actual impedance to ground at the amplifier input,

G PREAMP
o |V | o K=o
1 ]k,f(Z#‘c—‘)

9</ I, R PREAMP.
——c v , i
/\ ¢

. c
Jklf(zfﬁ)\/g

b

7,7

8 PREAMP. . .
v it 2+, )Vg-vr = Vb I= 57 To

ik f(V, + V)

K=1 K= jhf

L

ki fV
¢ T JLIR SN

Fig. 4—One channel of the “electronic matrix.”

is maintained large. If the low impedance is obtained dynamically,
signal separation may be achieved while the optimum signal-to-noise
ratios are approached. A dynamic impedance does not exhibit thermal-
agitation noise as does a physical resistance. Two methods of dynami-
cally obtaining a low input impedance are: (1) use of negative
feedback from the output of each amplifier to its own input, and (2)
use of grounded-grid amplifiers. These low-input-impedance pream-
plifiers do accomplish signal separation within the target. The cross-
feeding of signals is accomplished by the delta of Z,s itself. This
method, though not identical with the mathematical solutions given
previously, approaches these solutions as the input impedance is made
to approach zero.

Expressions for the input impedance, Z,,, and the output voltage,
Voutr OF a single-stage feedback amplifier shown in Figure 5, are readily
derived:
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Z, 1
Zin: ——41 ] (53)
Z Im

“hp

and

Vout = _Iian; (5b)
752
where Zyp = ,
7, + Zy

7, is the plate load impedance,

T, and g,, are the plate resistance and transconductance
of the amplifier tube, respectively,

Z, is the impedance in the feedback path, and

I,, is the signal current.

Fig. 5—Schematic diagram of the feedback preamplifier stage.

1 1 Z,
The above expressions are valid if ¢, > AP = < +1 > ,
bp pr

where Z is the physical impedance to ground at the preamplifier input.

If two parallel-connected type 417-A triodes are used, g, is 0.060
mho and 7, is 750 ohms. A practical value for the plate-load resistor
is 8000 ohms. If it is desired to have Z;, = 75 ohms, then Z; must be
2200 ohms. For a signal current of 0.2 microampere peak-to-peak in
each color channel, V,, is 440 microvolts. Assuming a large E (say
200,000 ohms) and all the above values, the imposed conditions are
sufficiently satisfied.

Expressions for the input impedance and output voltage for a
grounded-grid amplifier may be found in the literature and are given
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below :
Zy+ 7,

in— and Vout - Iianr (6)
wt1

VA

where the amplification factor, 1 =y,r,, and all other terms are the
same as previously defined. The above expressions are valid if the
resistor in the cathode circuit is much greater than Z;,. Assuming the
same plate-load resistor, the input impedance for the grounded-grid
arrangement is about 81 ohms.

Neither the feedback nor the grounded-grid method requires un-
usual circuits subsequent to the preamplifiers and neither should be
critical in operation. The feedback amplifier is more flexible because
a wide range of input impedances may be obtained by inserting the
proper feedback impedance. In the cathode-driven arrangement, the
input characteristic is primarily determined by the input tube, which
has been selected for noise considerations. It appears that a practical
method of achieving signal separation is to use special low-input-
impedance preamplifiers of the feedback variety.

FEEDBACK PREAMPLIFIER DESIGN

The first stage in each of the feedback preamplifiers was chosen on
the basis of signal-separation and noise considerations to consist of
two parallel-connected type 417-A triodes with a feedback path of 2200
ohms between the plates and grids. A cascode-connected 417-A is used
as the second stage because of signal-to-noise considerations. With
this arrangement, the second-stage noise has not been made negligible,
but has been reduced to a reasonable value. The considerable gain
obtainable from the cascode amplifier insures that the signal level at
the input to the third stage will be high enough that further degrada-
tion is insignificant. The subsequent stages in the preamplifier are
conventional.

THE MIXED-HIGHS SYSTEM

The present standards for color television require only 1.3 mega-
cycles of chroma information. Since all signals, separated as well as
cross coupled, pass through the preamplifiers, a total signal above this
frequency may be obtained by adding the three preamplifier outputs
through a high-pass filter. It is apparent that a signal obtained by
summing Equations 3a, 3b, and 3c results in a cancellation of the
larger noise terms, since noise originating in one channel appears
reversed in phase in the other channels. This feature may be referred
to as ‘“correlated noise.”
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A method of utilizing the correlated noise to improve the signal-to-
noise ratio of the tricolor Vidicon is shown in block diagram form in
Figure 6. The signals are fed directly into three feedback preampli-
fiers, each presenting a low input impedance, where they are amplified
to about 0.5 volt peak-to-peak. The signals then pass into a level setter
which establishes a reference voltage related to black-level during
horizontal retrace time. The signals then split up into two paths. One
path is through the mixed-highs adder which combines the three
signals and passes them through a high-pass filter. This is the mixed-
highs channel which carries information made up of equal parts of
the original red, green, and blue signals above 1.3 megacycles. The
other path for each signal is through a low-pass 1.3-megacycle filter.

-

|6 ‘4’ AH
—t Fmc
G| GREEN LPF EDDER a
FB PREAMP 0-1.3MC
TRICOLOR
: K wH

o
4
VIDICON oin]
-
R RED Wi E‘___ RN 13 amMe
FB PREAMP 2: 0-1.3MC ADDER
o=
ad
BLUE =

B|FB PREAMP

] LPF BY M
" lo-1.3MC ; ac
Mi

Fig. 6—Mixed-highs system for providing noise reduction in tricolor
Vidicon signals.

Since the preamplifiers have separated the color information out to
beyond this frequency, each of these three signals contain information
of essentially one primary color. The mixed highs are added to each
of the color signals in the final adders. The resultant signals may be
fed to a simultaneous monitor or used to produce the standard color
signal.

EVALUATION OF THE FEEDBACK METHOD

The feedback preamplifier method of signal separation is evaluated
by an analysis of two factors—signal separation ability and signal-to-
noise ratio. Figure 7 is a phasor diagram illustrating the magnitude
and phase of the three output signals produced by a pure primary color
as a function of signal frequency. All sources of cross-talk other than
capacitive coupling through the target have been neglected. The dia-
gram is applicable to both two-inch and one-inch targets having the
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values of C, and Z,, indicated. While the graph shows color mixing
at the higher frequencies, subjectively it has been found that the
residual color cross talk is acceptable, since the eye is not sensitive to
chromatic differences in small areas. However, should a lower value
of input impedance be desirable, it is attainable with slight additional
noise degradation in the mixed highs due to the second amplifier stage.

In the appendix, optimum values for signal-to-noise ratios have
been calculated to be 29 for each color channel and 330 for the mixed
highs. These values are for a 0.6-microampere peak-to-peak white
signal. The calculated value for each color channel is determined only
by first-stage amplifier noise.

Since thermal agitation noise, beam noise, and second-stage noise
are found to be negligible when compared with first-stage amplifier
noise, the feedback preamplifier signal-to-noise ratio for color infor-
mation is reasonably close to the optimum value. In practice the
system appears better than the calculated value, because of noise
cancellation at the picture tube. To a limited extent, noise addition
is performed by the observer viewing the picture tube, and some noise
cancellation is effected. Thermal agitation and beam noise may also
be neglected for the mixed-highs channel, but second-stage noise is
appreciable. Its effect is to further reduce the attainable signal-to-
noise ratio from the optimum value.

The optimum signal-to-noise ratios assume realistic amplifying
tubes and load resistors. If lower-noise amplifier tubes become avail-
able, performance will naturally improve. However, one can parallel
more tubes at the input and improve the signal-to-noise ratio in color
while not appreciably damaging the signal-to-noise ratio in the mixed
highs. The prime obstacle to both perfect signal separation and high
signal-to-noise is the inherent inter-set capacitance. The color channel
signal-to-noise ratio varies inversely as this capacitance and the chro-
matic cross-talk varies approximately as the capacitance.

THE TRICOLOR VIDICON IN THE COLOR TELEVISION SYSTEM

The simultaneous signals from the tricolor Vidicon processed by
the mixed-highs circuits may be used to form the standard signal in
the usual manner. The standard signal could likewise be produced
without the mixed-highs circuits but would benefit less from the cor-
related nature of the noise. While the specific signal-to-noise ratios
have been computed for the output signals of the system shown in
Figure 6, the same technigue may be used in calculating signal-to-
noise ratios for the Ey, E;, and E, signals.

The analysis has shown that minimum noise occurs when the
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simultaneous signals are combined equally. A tricolor Vidicon made
with relative sensitivities in each color channel corresponding to the
luminance coefficients, would offer reduced noise compared with a tube
made with equal sensitivities. The additional noise arising from the
inter-set capacitance could then be confined to the chrominance
channels and excluded from the luminance. This feature would con-
tribute to reduced noise visibility on both color and black-and-white
receivers.
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APPENDIX

The optimum values for signal-to-noise ratios in each color channel
and in mixed highs may be calculated from Equations (3). While the
assumed noise sources in the expressions are voltage generators, in
combination with the modifying impedance terms they represent noise
currents.

The equivalent noise current in each color channel, calculated from
Equation (1) with R assumed large, is represented as

V4kTf, ———— (7
3

where f,= w,/2r is the upper frequency limit of desired color infor-
mation (taken as 1.3 megacycles) ; k, T, and R, are the same quanti-
ties previously defined; and C, is the total effective input capacitance.
C, is determined by the coefficients of the noise terms in Equation
(3a). Thus

Co=V2C, +C)?+ (Cp=+ (€3 (8)

or Cy~\/6 C, for C much smaller than C,. With R, =45 ohms and
C, = 600 micromicrofarads, the equivalent noise current for each color
channel is 0.00682 microampere. The signal-to-noise ratio is then 29
for a signal current of 0.2 microampere peak-to-peak in that channel.
It has been assumed that beam noise from the camera tube is negligible.

The optimum signal-to-noise ratio for the high frequencies is
evaluated by the sum of Equations (3),
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1 1
Ig+1r+1b+—(eng+enr+enb):_—(Vg+Vr+Vb)- (9)
Z Z

Equation (1) is for a pass-band 0 to f,. The corresponding expression
for a pass-band f, to f. is easily derived and may be expressed:

et s uaan 1 eq Reql
I, =~/4kT (fo— 1)) —+ + 10)
R R 3X:®
1

where X; = with f =\/fi2 + f1fs + f»?. From Equations (9) and

27fC
(10), with R assumed large, the equivalent noise current in the mixed-
highs channel is given by

27fC \/ART (fs — 1) Reqs (11)

where fa==4.2 megacycles,

f1 = 1.3 megacycles,

and f = 4.9 megacycles.

Since C may be assumed to be 40 micromicrofarads, the equivalent
noise current is 0.00182 microampere. The corresponding signal-to-
noise ratio is then about 330 for a total signal of 0.6 microampere
peak-to-peak.



RINGING IN HORIZONTAL-DEFLECTION AND
HIGH-VOLTAGE TELEVISION CIRCUITS*

By

T. MURAKAMI

RCA Victor Home Instruments
Camden, N. J.

Summary—An anelytical study of the horizontal-deflection system for
television shows that the transient ringing during the trace period of the
deflection cycle can be eliminated by proper choice of circuit constants.
Details of the solution are given so that the method of analysis and solution
can be applied to other deflection systems. Expertmental results that are
given and the application of the theory to the design of horizontal-deflection
systems verify the analysis presented. Information for the design of «
specific deflection system with minimum ringing is presented in simplified
form.

INTRODUCTION

HIS paper presents a theoretical analysis of the horizontal-

l deflection system of a television receiver. The purpose of the

study is to determine the optimum circuit constants for a given
horizontal-deflection system which would result in minimum ringing
during scan with maximum high voltage during retrace. Previous
authors! have shown that there is an optimum ratio between the reso-
nant frequency of the scanning circuit and the resonant frequency of
the high-voltage circuit. A more stringent design criterion for opti-
mum performance is developed here.

The purpose of the horizontal-deflection system is to move the
electron beam linearly across the face of the kinescope during the
trace or scan period. During the retrace period the beam is returned
to its initial position. United States television standards prescribe a
total period of 63.5 microseconds between horizontal-synchronizing
pulses. The normal station blanking and the variation of phase of the
synchronizing signal in the receiver permit a maximum retrace time
of approximately 9 microseconds in a receiver without retrace blank-
ing. This permits a minimum trace time of approximately 54.5
microseconds. When retrace blanking is used, as in a color-television
receiver, the maximum retrace time is approximately 13 microseconds.

* Manuscript received June 22, 1959.
! K. E. Martin and I. A. Whyte, “Line Timebase Circuits for 90° Scan-
ning,” Mullard Technical Communications, No. 14, p. 90, August 1955.

17



18 RCA REVIEW March 1960

The driving current through the horizontal-yoke coils varies
linearly with time during trace and is approximately sinusoidal during
retrace when the circuit is reduced to its simplest form. When there
is appreciable transient ringing in the high-voltage portion of the
deflection system during the trace period, the ringing is reflected in
the yoke circuit which in turn causes a light-intensity modulation on
the kinescope raster. There are other important reasons why transient
ringing during the trace period should be kept to a minimum; these
are discussed later.

QUALITATIVE ANALYSIS OF Basic CIRCUIT

The basic horizontal-deflection circuit can be represented as shown
in Figure 1. In this circuit, L, and R, represent the yoke inductance
and resistance, C the distributed capacitance and externally added
capacitance, and the switch S corresponds to the horizontal-output
and damper tubes.

- T Q,= Wby
Ly r Ry
ol C#+ 6y |
=E '11 Wy
= Ve
Y
.
- S

Fig. 1—Basic horizontal-deflection circuit.

The operation of the circuit can be explained qualitatively as
follows. When the switch S is closed, the voltage F is impressed
across the circuit, and the current ¢, increases approximately linearly
with time as shown in Figure 2(a). At a time ¢,, corresponding to
the end of the horizontal scan, the switch S is opened, and the retrace
period is initiated. The voltage —FE on the capacitor first drops to
zero in the time interval A¢ as shown in Figure 2(b). During this
interval, the current reaches its maximum value and all the energy
in the circuit is in the form of magnetic energy.

Since the current through the inductance is finite at time £;, there
is a transient oscillation of the current in the parallel-tuned circuit.
This transient occurs at a frequency very nearly equal to the resonant
frequency o, of L, and C. The rate at which the current changes in
the inductance determines the voltage produced in the circuit. It is
evident that the voltage across the capacitor during retrace can be
much greater than the impressed voltage E, as shown in Figure 2(b).
At time ¢, during the transient, the current i, has decreased to zero
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and the energy in the magnetic field has been transferred to the
capacitor as potential energy. The current ¢, then reverses and dis-
charges the capacitor, returning the energy to the magnetic field in
the reverse direction until the capacitor is completely discharged at
t,— At. The magnetic field then begins to collapse, and at time t;
the voltage on the capacitor is again charged to —E, the switch is
reclosed, and another trace period begins.

Since the current during the time interval from f; to ¢, shown in
Figure 2(a) is negative, the battery is being charged during this

(b)

Fig. 2—Current and voltage waveforms in horizontal-deflection yoke.

interval. It is evident that if there are no losses in the circuit, the
current waveshape will have odd symmetry about the time #,. If there
are losses in the circuit, more energy must be supplied during the
interval t,—t, when the battery is connected to the circuit. This
corresponds to shifting the current curve as shown by the dashed line
in Figure 2(a).

PrACTICAL DEFLECTION CIRCUIT

The basic circuit of Figure 1 is not suited to the power supply and
tubes available for television receivers; therefore, a circuit such as
that shown in Figure 3 is normally used. This circuit makes use of
an autotransformer to couple the horizontal output tube, V,, to the
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yoke, L,. The high voltage for the kinescope is obtained by means of
a tertiary winding on the transformer which autotransforms the yoke
pulse to a high value. A diode, V,, rectifies this pulse for the high-
voltage supply. The energy stored in the magnetic field of the yoke is
returned to the capacitor C, by current flowing from the yoke through
the damper diode V, during the first part of the trace period. If Cj
is large enough to prevent an appreciable change in the voltage E
across it during the cycle, the capacitor can be considered as similar
to a battery with no direct current flowing through it. In this case,
Cp corresponds to the battery E of Figure 1 and is added in series
with the power supply B to provide “B boost.”

Va
é%_ "
vl
T

i £

s 2
Ep —2:= 1 ' +B
*' % DURING TRACE

+
Ey B N,
* Ry ca
350051 350051

Fig. 3—Simplified horizontal-deflection circuit.

B boost is generally more than twice the power-supply voltage, and
a few milliamperes can be drained from it to supply other circuits in
the receiver that require very high power-supply voltages. Since this
power is generated by means of a high-power pentode and diode, it is
not economical for use in circuits that can operate from a normal
power supply.

The control grid of the output tube is driven by a sawtooth wave-
form such as that shown in Figure 4. Since the tube is grid-leak
biased, the tips of the driving sawtooth just reach grid current. The
conduction time of the output tube is determined by the amplitude of
the driving waveform. As shown in Figure 4, the amplitude of the
drive is adjusted to permit the conduction time to just equal t, —¢,,.
During the time interval ¢,, the grid is sufficiently negative so that
the output tube is cut off.

A typical operating loadline of a horizontal-output tube is shown
in Figure 5. At the beginning of the trace period, the current and
voltage are at point (a) of Figure 5. When the output tube begins
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Fig. 4—Grid-voltage waveform.

to conduct, the current increases from (a) until it reaches a maximum
at point (b) at the end of the trace period. At this point the output
tube is cut off and the retrace pulse develops along the path (bed). The
path (be) is not concisely defined here since it is dependent on the
cutoff characteristic of the tube, but the time for the current to reach
zero is in the order of 1 microsecond. The pulse then returns from
(d) to (a) and the deflection cycle is completed.

The region to the left of the knee of the plate-current curve of
Figure 5 is a region of instability. At high values of plate current in
tetrodes or beam power tubes, as in the uppermost curve of Figure 5,
a decrease in the plate voltage may cause the plate current to decrease

//b
,/
E P \
E | \
o [/ \
5 |
© \
o |
3 \
- \
o “
\
\\ PEAK OF
~
0 ] ~_.¢ . PULSE
o] ++B/\/ == d

+8
PLATE VOLTAGE

Fig. 5—Operating loadline of output tube.
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along a curve indicated by the dashed line. It ean be seen that at
point P, there is an abrupt change in the plate current; at this point,
the tube goes into a Barkhausen type of radio-frequency oscillation
producing the so-called snivet.2 The snivet is noted when the r-f
oscillation is picked up by the receiver tuner or i-f circuits causing
picture disturbance. When ringing of sufficient magnitude from the
high-voltage circuit is reflected into the deflection circuit during the
latter part of the trace period, the operating point may be shifted to
the left of the knee and thereby produce snivets.

If transient ringing is present during the latter portion of the
trace period, the plate voltage should be made sufficiently large so that
the operating load line does not have an excursion to the left of the
knee. Thus, minimum ringing during the trace portion of the deflec-
tion cycle is desired, since an improvement in the efficiency of the
system can be obtained if the plate-supply voltage can be lowered.

EQUIVALENT CIRCUIT FOR PRACTICAL DEFLECTION SYSTEM

The practical deflection circuit shown in Figure 3 may be approxi-
mated by the equivalent circuit shown in Figure 6. The switch S is

2

7

Vor

Lg
— i -
S T hr *— lor f
e +I e.,v,,é: G l L, vs,f:(:3 e3r
T +l iar— +

Fig. 6—Equivalent deflection circuit during retrace.

open during the retracz period and closed during the trace period. All
circuit elements are referred to the high-voltage side of the auto-
transformer. The inductance L, is the equivalent inductance of the
transformer windings and deflection yoke referred to the high-voltage
side of the transformer. C, is the equivalent capacitance of the trans-
former windings, yoke winding, and output tube. Since the tertiary
winding which supplies the high voltage is necessarily narrow in
width to minimize the distributed capacitance, a relatively high leak-
age inductance L. appears between the yoke winding and the high-
voltage winding. C., is the equivalent stray capacitance across L., and
C, is the capacitance which appears across the high-voltage terminal.

2 M. B. Knight, “Meet the Snivet,” Radio und Television News, Vol. 50,
No. 5, p. 104, November 1953.
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For clarity, the instantaneous voltage across the equivalent yoke
inductance L, during retrace is denoted by e,.. Similarly, the instan-
taneous voltages across the leakage inductance L, and high voltage
capacitance C, during the retrace interval are respectively e, and eg,.
The corresponding instantancous currents are denoted by iy, %, and
Tape

With the switch S open, the circuit equations for Figure 6 may be
written in differential form during retrace as

diy,
I, _— (13r—11,) dt + v, =20 (1)
dt

diy, o
L., - + _— ( 7«11) dt — Vir + — Lo dt + Var — 0 (2)

dat 0

dia,
L‘_ I (1 ar 'Lor) dt + Vopr = 0 (3)
1 11
3r T _ 7::Sx'dt'—/viirz() (4)
Cs J,

where the instantaneous currents and initial voltages v;,, v, and vs,
at £t =0 are as indicated in Figure 6. Using the Laplace transform
method as shown in Appendix I, Equations (1) to (4) can be solved
to obtain the equations for the transformed voltages E;,, E,, and Ejy,
as functions of the complex variable p. Similarly, the transformed
equations for the voke and leakage currents I;, and I can also be
found for the retrace period. All of the equations during the retrace
period can be written in the form

P8 + a.p® + a,p + a,
F(p) =K (8)
(p® + B2) (p* +A?)
where K, 8, A, and the a’s are determined by the circuit constants and
initial voltages and currents. The time function corresponding to
Equation (5) is of the form

K |:a2,83—a0
f(t) = sin Bt + (B2 —a,;) cos Bt
2. )2 B

@y — U202
4+ ———sin A + (a; —A%) cos At . (6)
A
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It is seen from Equation (6) that during the retrace interval there
are two frequencies of oscillation in the current and voltage wave-
forms. The lower of the two frequencies is determined by L, reso-
nating in parallel with C; and the capacitive path of L,C,C;. The
other resonant frequency is due to L. in parallel resonance with C,
and the capacitive path C,L,C,. The exact equations for the frequen-
cies are given in Appendix I. In the practical case, the ratio of the
two frequencies lies between 2.7 and 3.0.

The trace period is initiated when the switch S is closed, as shown
in Figure 7. The currents and voltages during the trace period are
identified by the subscript t. Since a constant voltage is applied to

s] ! i o
n &t vt 7= Gy ‘ ?LI Vst T-Cs  em

Fig. 7—Equivalent deflection circuit during trace.
the equivalent yoke inductance L,, the equation for this circuit is

diy,
dt

(D

ey=—FE=v,=—L,

Integrating Equation (7) gives the instantaneous yoke current during
trace as

- vlt -
zlt:_—t-l_?'lr(tr) (8)
L,

where the initial current for the trace period is the yoke current at
the end of the retrace time ¢,.

The differential equations for the leakage and high-voltage circuit
with the switch S closed are

1 t
eat:_ 7:3 dt+v3t (9)
Cs J,

€3y =—Lo —— 4 vy (10)
dt
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digt 1 ! . 0 (
L, — (yy — 29¢) dt + vo, = 0. (11)
i c,J,

When Equations (9), (10), and (11) are solved simultaneously as
shown in Appendix I, the instantaneous leakage current and voltage
can be written in the form

kg
f(t) =k, <—8—sin ot + cos 8t> (12)

where k;, iy, and § are determined by the circuit constants and the
voltages and currents at the beginning of the trace period. The fre-
quency § is determined by resonance of L, with C, and C; in parallel.
The equation for the high voltage during the trace interval is

Uy Uy — 82 22
€3y = Vg | — ————cos §t + — sin &t (13)
82 52 8

1, and u, being determined by the initial conditions and the circuit
constants.

STEADY-STATE SOLUTION FOR REPEATING TRANSIENT

The horizontal-deflection problem analyzed above involves the
steady-state solution of a repeating transient. To briefly review the
problem, let us consider the sequence of events. A set of initial voltages
and currents are assumed at the beginning of the retrace period. As
shown in Figure 2, the voltage across the yoke inductance starts at
a voltage —FE when the switch S is opened. The circuit oscillates for
approximately one half cycle during the retrace period, £,. At the end
of the retrace period, the yoke voltage is again at —F, the switch is
closed, and another trace period, t,, is initiated. The final conditions
for the retrace period are the initial conditions for the trace period.
Thus for the yoke current, ,,(¢,) is equal to 4;,(0).

The current in the yoke during the trace period increases linearly
in accordance with Equation (8). At the end of trace, the current
iy (t) is equal to the initial yoke current 4,.(0) for the retrace eycle
if all of the initial conditions have been properly chosen. This implies
that the system has reached the steady-state condition. Similarly, the
current 4, and the voltage e, associated with the leakage inductance
L, must be followed through the retrace cycle. In this way the current
iy, (t,) and the voltage e,,(t,) which are the initial conditions 4., (0)
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and ¢,,(0) for the trace period are obtained. Using these initial con-
ditions for the trace period in equations of the form given by Equation
(12), the current i, (t,) and voltage e. (f,) are found. The current
i, (£,) equals 7,,(0), and the voltage e, (¢;) equals v,, when the steady-
state condition is reached.

Since the circuit constants which result in minimum ringing during
the trace period are desired, values of circuit constants from a prac-
tical design can be used as a starting point. In the method of solution
used, appropriate values of the initial voltages and currents at the
beginning of the retrace cycle were assumed. With a given set of
horizontal-deflection requirements, the transformed supply voltage E
and the desired trace and retrace times can be assumed to be known.
For a given yoke inductance L;, the maximum yoke current 4, (¢
can be calculated by use of Equation (8). As the system has been
assumed to be lossless, the current and voltage waveforms during
retrace will be symmetrical in the steady-state condition. Thus

ilt(tt) :_ilr(tr) :_i1t<0)‘ (14)
From KEquations (8) and (14),

. E .
4 (8) = — bty + 45, (&)
Ly

Et,
oL,

(15)

Any convenient value can be assumed for the current 7..(0) and the
voltage v., to start the solution.

To facilitate computation of the steady-state condition for the
repeating transient, a digital computer was used to find the various
currents and voltages during the deflection cycle. For the given set
of circuit constants, the exact value for the retrace time must be
determined by solving Equation (6) for ¢, with f(¢) equal to —E and
the appropriate constants for the yoke voltage e (¢). The details of
the solution are shown in Appendix II. Equation (6) must be solved
for t, for every complete horizontal-deflection cycle, since the retrace
period will change from cycle to cycle as the initial conditions change
with each cycle. Since the retrace time f, changes, the trace time will
also change in accord with (as applied to a color deflection system
t, = 63.6 X 10—%)

t,=63.6 X 105 —¢,. (16)
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The new value of t, corresponding to ¢, must be used during the trace
period.

Since no damping was introduced into the equivalent circuits shown
in Figures 6 and 7, the solution as outlined above will not lead to a
satisfactory steady-state solution. If the initial conditions for the
second cycle are obtained by averaging the final conditions for the first
cycle with the corresponding initial conditions, a satisfactorily con-
verging solution is obtained.

CIRCUIT CONSTANTS FOR MINIMUM RINGING DURING TRACE

After the steady-state solution for a given set of constants has
been found, the problem becomes one of determining the particular

25
eyt 1

ol 0T f

HIGH
VOLTAGE
150

15
. A e s AN,
5 10 2 100 w
] TRANSFORMED o &
) YOKE VOLTAGE oF o
= 5 Q 50 &
x 0@\6« 3
-4 =
< o \ <@>\\5V =
w S 0
B S Sarnrs- :
J [
g -5 tr | \/ \/ \/ -50 uzJ
L - th z
>
(&)
-10 -100
-130
) 10 20 30 40 50 60 70

TIME IN MICROSECONDS

Fig. 8—Horizontal-deflection voltage and current waveforms with ringing

during trace. Circuit constants (transformed to high-voltage side of trans-

former): L;=.450 h, L:=.200 h, C:=20 wuf, C.= 2 puf, C: = 10 uuf,
t: = 12.652 usec, (B/M) =2.945, and R = (es/ex) = 5.01.

set of constants that will result in minimum ringing of the high
voltage during trace period. With the set of circuit constants origi-
nally chosen, a set of voltage and current waveforms such as that
shown in Figure 8 was obtained. It was decided to keep E, L, C,, Cj,
and t, constant in order to reduce the number of variable quantities
to a minimum. The minimum ringing condition was then found by
systematically varying L, and compensating for the change in retrace
time by adjusting C; to the proper value. To determine the exact
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circuit behavior, it was necessary to find the steady-state condition
for the repeating transient for each value of L,. Since maximum high
voltage during retrace is desired in addition to minimum ringing, the
ratio, R, of the peak of the high voltage to the amplitude of the ringing
was determined for each value of L.,. Changes in L, were continued
until a maximum value was obtained for the ratio R. Figure 9 shows
the steady-state waveforms for minimum ringing during trace and
maximum high voltage during retrace for a retrace time of 12.65
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Fig. 9—Horizontal-deflection voltage and current waveforms with minimum

ringing during trace. Circuit constants (transformed to high-voltage side

of transformer): L, = .450 h, L.—.240 h, C, =18.92 ppf, C.=1.565 uuf,
Cs=9.38 puf, t. = 12.646 psec, (B/A) = 2.78, and R = 3725.

microseconds. In Figure 10 the waveforms are shown for a set of
circuit constants when the retrace time was made 10 microseconds.

It is noted that as the retrace time is decreased, the amplitude of
the high voltage is increased if the applied battery voltage E is kept
constant. This is due to the fact that the average d-c voltage in the
system is zero, i.e., the area below the zero-voltage axis is equal to
the area above the axis. By similar reasoning, it can be shown that
the area above the dashed line in Figure 9 is the same for e; and es.
As the retrace time is decreased, this area remains a constant for a
given battery voltage E. Thus the area above the dashed line in Figure
10 is equal to the corresponding area shown in Figure 9. As a result
of the area relationships, if the waveshapes of the voltage e, in Figures
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9 and 10 are the same, the peak voltages above —FE are inversely pro-
portional to the retrace times.

There is no unique solution for the minimum-ringing condition
for a given retrace time and a given value of equivalent yoke induct-
ance. There are many optimum circuit-value combinations of leakage
inductance L., the capacitance ', and the high-voltage capacitance C,
for a given retrace time and yoke inductance. Each of these circuit-
value combinations gives a different retrace waveform. Figure 11
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Fig. 10—Horizontal-deflection voltage and current waveforms with mini-

mum ringing during trace. Transformed circuit constants: L,—.220 h,

Ly =.115 h, C: = 26 ppf, C: =2 puf, Cs = 12 ppf, t, = 10 usec, (B/\) — 2.83,
and R = 2990.

shows the current and voltage waveforms for a retrace time of 9
microseconds in which the yoke voltage shows a pronounced valley.
A family of curves of the yoke voltage as a function of the high-
voltage capacitance C; is shown in Figure 12. In this case, the retrace
time was held at 12.65 microseconds, the yoke inductance at 450
millihenries, and the equivalent capacitance C, of the leakage induct-
ance at 2 micromicrofarads. The parameters L, and C, were varied
to maintain the retrace time and keep the ringing to a minimum. For
these examples, the solution was not carried out to the optimum con-
dition of zero ringing during the trace period. The curves show that
as the high-voltage capacitance C; is increased, the yoke voltage e,
develops a deeper valley while the high voltage e; remains essentially
the same.
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EQUATIONS FOR MINIMUM RINGING CIRCUIT CONSTANTS

A study of the circuit equations as given in Appendix III shows
that the circuit constants resulting in minimum ringing may be scaled
for any impedance level and any retrace time. The circuit constants
derived in this manner, however, are only valid for the horizontal
deflection period of 63.6 microseconds. For any other deflection period
the problem must be re-solved in the manner illustrated in the previous
sections.

To change the impedance \/T/@ by a factor k, each inductance
must be multiplied by & and each capacitance must be divided by k:

Thus L' =kL, am
C

and C'=—, (18)
k

where L and C are the original values and L” and C’ are the new
values. If the retrace time is to be changed by a factor 5, the induct-
ance and capacitance must each be multiplied by 5. The new values
are then

L' =qL, (19)
and C’=yC. (20)
When both the impedance and retrace time are changed simultaneously,
L’ =kqL, (21)
and C'= —,%C— . (22)

Example Using Scale-Change Equations

Starting with the circuit constants as given in Figure 10, the cir-
cuit constants for another impedance level and retrace time can be
found by use of Equations (21) and (22). Let the new equivalent yoke
inductance be 450 millihenries and the new retrace time be 12.65 micro-
seconds. Since the retrace time given is 10 microseconds, the factor
is 12.65/10 or 1.265. Equation (21) yields a value of k

L .450
k= =—————=1.17. (23)
oyl 1.265 % .220
With i —= L6017 and 4 = 1.265,

L. = leyL, = 0.235 henry C)y =——=20.3 puf
k
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7Cy nCs
Gy = p = 1.565 unf Cy = . = 9.39 unf. (24)
4 i

These circuit element values are very close to the final values shown
in Figure 9 which were obtained by optimizing the values shown above
for the minimum ringing condition. In a practical design, the circuit
element values given by Equations (24) would be sufficiently accurate
for an initial design. The value of the capacitance C, is not very
critical since its impedance is relatively high compared with that for
the inductance L, at the lower resonant frequency. At the higher
resonant frequency, the capacitance C, is added in shunt with a much
higher value of capacitance so that its effect is minimized.

The peak of the high voltage é, associated with Figure 9 may be
approximated from that shown in Figure 10 by the relation

1
& +E=— (6, + B), (25)
7

which states that the voltage above —FE is inversely proportional to the
retrace time. Equation (25) gives

1
6,7 = —— (28,500 + 2,200) — 2,200 = 22,050
1.265

which agrees with the value for the peak of the high voltage shown
in Figure 9.

EXPERIMENTAL RESULTS

The theoretical analysis was substantiated experimentally by use of
the test circuit shown in Figure 13. In this circuit, a periodic pulse
input to the first stage is converted to the waveform shown at the grid
of the driver tube. The 6CL6 tube is normally cut off by sufficient
cathode bias. When a positive pulse is applied to the grid of this tube,
the capacitor C is discharged through the low-impedance path pre-
sented by the 6CL6. Because the pulse input to the 6CL6 tube is
variable in width and repetition rate, the optimum conditions can be
found for a given deflection system. Figures 14 to 16 show the voltage
waveforms for a deflection system forv several different conditions. In
each of the figures, the yoke voltage, a voltage proportional to that
across the leakage inductance (e, — e;), and a voltage proportional
to the high voltage are shown. Figure 14 shows the condition where
the retrace period is slightly smaller than the optimum value. In this
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Fig. 13—Circuit for testing zero ringing condition.

case, ringing of the high voltage during the trace period is quite
evident. There is a similar ringing of the voltage across the leakage
inductance during trace as shown in Figure 14(b). In Figure 15 the
conditions are optimum so that there is zero ringing during the trace
period. When the retrace period is made slightly greater than that
used for Figure 15 and all other quantities remain constant, the curves
shown in Figure 16 result. The results shown here and the application
of the theory to the design of horizontal-deflection systems verify the
analysis presented.

YOKE VOLTAGE = €,
(a)

HIGH VOLTAGE = €5 HIGH VOLTAGE = €5 HIGH VOLTAGE = €5
(c) (c) (c)
FIG.14 VOLTAGE WAVEFORMS FIG. 15 VOLTAGE WAVEFORMS FiG.16 VOLTAGE WAVEFORMS
OF DEFLECTION SYSTEM WITH OF DEFLECTION SYSTEM WITH OF DEFLECTION SYSTEM WITH

RETRACE PERIOD TOO SMALL OPTIMUM RETRACE PERIOD. RETRACE PERIOD TOO LARGE.
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CONCLUSIONS

In the past, the transient ringing during the trace period was not
eliminated at the source but was minimized by addition of components.
It has been shown here that the ringing can be eliminated by proper
choice of the essential circuit elements. Information to be used in the
design of a deflection system without ringing during trace has been
presented in a simplified form. The circuit constants can be scaled so
that the solution applies for different retrace times and impedance
levels. The results are applicable to systems using a horizontal scan
period of 63.6 microseconds, but the same method of solution can be
applied for other periods. This method involves the steady-state solu-
tion of a repeating transient in a lossless system.

With the elimination of the transient ringing during the trace
period, the problem of ‘“snivets” is solved. The efficiency of the
horizontal deflection system is also improved because a lower supply
voltage is required when there is no ringing reflected to the plate
circuit of the driver tube.
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APPENDIX 1

Solution of Circuit Equations During Retrace
The circuit equations for Figure 6 with the switch S open can be
written in differential form as

A
Cor — Uy dt — 03, =0, (26)
CsJy
t

di,, 1
L, ——— (g, — 1) dt +v,, =0, (27)
dt  Cy J,
q t ~t
di,, 1 1
L, + — (fy, — 1) dt — vy, + —/ 1y, dt + vy, = 0, (28)
dat Cl 0" Ci‘- 0
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diy, 1 t
L,——— (g — i) dt + vy =0, (29)
a  C,J, A

where v,,, v.,, and v, are the initial voltages during retrace on the
capacitors C,, Cy, and C,, respectively.

Taking the Laplace transforms® of Equations (26), (27), (28),
and (29),

[
[

1 Vyr
Fiy(s) ——1I4(s) ——— =0, (30)
Cis 8

1 | Vi,
I (8) —I,,(s) | +—=0, (31)
Cs 8

1
Losl, (8) — Lsiy (0) + — |:I3,(s) — 11,(3).’
Cis

LysT () -— Lyi;,.(0) —

vlr 1 '1)31-
— + —1I,,(8) +—=0, (32)
s Cqs s
1 '1)2,.
Losl, (8) — Lty (0) ——— | Iy (8) — I, (s) | + =90, (33)
Cys s

where i,,(0) and ,,(0) are the currents in the inductances L, and L,
at time equal to zero. By solving Equations (30) to (33) simultane-
ously, the equations for the various voltages and currents are obtained.
For purposes of convenience, we let A = C,C.,+C,C3+C,C,. The trans-
form of the yoke voltage during retrace is then

Li{LsAv,,8% + Ls[1,(0) (C,4+C3) | —1,.(0)Cy 8*
+ (C1v1,+Cyvy+C3v0,) s + 11, (0) )
Eq.(s) = . (34)
{LyLyAs* + (LyCi+LoCot LiCotLoCy) 87 + 1)

The corresponding transformed yoke current is expressed as

{L,L.A1,.(0)s®— L,Av,s?
+ [L,C141,(0) +L,Cyiy, (0) +L.Cyis, (0) ]s

— (C 01,4+ Cav1,+C30s,) }
I,,(s) = 0 (35)
{LL,As + (L C{+L.Cs+L,Cy+LasC3)s* + 1}

3 M. F. Gardner and J. L. Barnes, Transients in Linear Systems, Vol.
1, p. 126, John Wiley and Sons Inc.,, New York, N. Y., 1942.
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A voltage with a transform E.,.(s) exists across the leakage inductance
L. during retrace. This transformed voltage

— L Loy A8 — L[ Coi 00) —Cig, (0) —Claytn, (0) |52
+ (Covy +C01,+Covs) s + 10, (0) }

E.(s) = (36)
{L,L.As* + (L,C,+L.C.,+L,Cy,+L.C;)s% + 1)

has an associated leakage current, the transform of which is

(L,\L,Ai, (0)s3— LAv, 5"
+ [L;Cy,.(0) +L.C iy, (0) +L:C:;iz.- (0)1s

— (Covu;+C5vy+Cyv,,) }
1.,.(8) = . (@381
{L L,As* + (L;C{+LyCo+L,C3+L.Cy) s + 1}

The transform of the high voltage E,;,(s) during the retrace period
is the difference between F,.(s) and K, (s) or

{L1L,A (v, +v.,) 8% + LyLy[Caiy, (0) +Cy1,,(0) ]s*
+ [ L€+ LoCovy e +Co (Ly+L) (v, +vy,) s
4+ L4, (0) +L.i,,(0)}

E,(s) = - (8®)
{LL.,As* + (L,C,+L,CotL,Cy+L.C.)s2 + 1}

It is noted that all the transformed voltages and currents during the
retrace pericd can be expressed in the form

s34 .82 + a5 + a,
F(s) =K (39)
(s?4+ B7) (8% +A%)

where the a’s are constants determined by the circuit parameters and
initial conditions.
For the yoke voltage the particular constants are

1, (0)
K= Virs ay = s
L.Av,,
C1,+C30+Csvay 1,:(0) (Co+Cy) —1,,(0)Cy
a1 = N a,._, — o (40)
L,Avy, Avq,

The angular frequencies of oscillation 8 and A are the same for all the
voltages and currents during the retrace period. These are
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LyCy+LoCot+ L Cy+LyCotN/ (L C1 + L,Co+ Ly Cy+L.Cy) 2 — 4L LA
21, L.A

o

\

41)
LICI+L2C'_'+LICI!+I“_’CZ!_\/(Llcl+L202+LICZ!+L'_'CZ}) = 4LIL.’A

/\2

oL, L.A
(42)

For convenience the corresponding constants of Equation (89) for all
the voltages and currents have been tabulated in Table I.

Taking the inverse Laplace transform of Equation (39) results in
the time function

() =

sin A ¢

K a.B* —a, @y — @A*
sin Bt + (B2—a,) cos Bt + ———
Bi— A2

A
+ (a; —\2) cos,\t:| g (43)

Equation (43) with the proper constants for the particular current or
voltage as given in Table I describes the waveforms during the retrace
cycle.

Solution of Circuit Equations During Trace

The equations for the trace period can be obtained from the equiva-
lent circuit shown in Figure 7 with the switch S closed. In the yoke
circuit a constant voltage is applied across a pure inductance so that

diy,
E=L, . (44)
dt
When Eqguation (44) is integrated,
. vlt .
i () =——1t + 14, (¢, (45)
1
where E = —v,;, and the initial current for the trace period is equal

to the retrace yoke current at time ¢..
The differential equations for the leakage and high-voltage ecircuit
are
1 t
ey —— Ty dt — vy, =0, (46)
03 0
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digy
€3t + Lo " +E=0, (47)
dis, 1 t
L., — (gp — foy) dt + v = 0: (48)
a C,.J, -

Transforming Equations (46), (47), and (48) by use of the Laplace
transform,

1 Vst
E3L(s) —— I3 (8) ———=0, (49)
Css s
Vre
E5 (8) + Lysly(8) — Lgio (0) — =0, (50)
s
Vat
L.sl, (8) — Lyis (0) — I,.(s8) + I, (s) + =0. (51)
28 C.s s

When the transformed equations are solved simultaneously, the
leakage current is found to be

120 (0) Ly (Ca4Cy) s — 05 (Co+Cy)
Ly (CotCy)s2 + 1 ‘

I, (s) = (52)

The corresponding voltage across the leakage inductance during the
trace period is
—Ly [0, (Ca+C5) s + 12 (0) ]

Eu(s) = ) (53)
Ly (CatCy)s? + 1

and the high voltage across C, is

Ly (CoHC3) (v1¢+v2y) 8% + Luin (0) 8 4 vy,

E; (s) =
' 8 [Ly(CotCy) 82+ 1]

(54)

Taking the inverse transform of Kquation (52) results in the time
function for the leakage current;

b
i (1) =K, li—o—sin 5t + cos m:|, (55)
5
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where
Kl = il!r(tr) y
Vot

by,= R
L2I2r (tl)

1
=
L, (Cu+Cy)

Vo = — ex ().

It is noted that the initial conditions for the trace period are found
from the equations for the retrace period evaluated at time equal to
t,. Since Equation (53) for the voltage across the leakage inductance
is of the same form as for the current I,,(s), this voltage is also
given by Equation (55) with the appropriate constants

K= —wvy
= e:r(tr)9
i:.’r(tr)

by = . (56)
€., (t,) (C2+Cy)

The angular frequency § remains unchanged. The variation of the
high voltage with time is obtained from the inverse transform of
Equation (54) which results in

dy dy— 82 d,
e (t) =K,| ————cosdt+—sindt |, (57)
82 52 8
with
Ko = vy¢ + vy,
1
=,
L2(02+C3)
V1t :_E9
Vit
d,= ’
L. (Cu4-Cy) (vy4v2)
i'.’r(tl')
d, =

(CotCy) (v1+Da)

Vop = €, (tr) o
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APPENDIX II
Steady-State Solution of Repeating Transient

Determination of the Retrace Time: The conditions on the deflec-
tion system are such that the switch S in the equivalent circuit shown
in Figure 6 must be closed at the instant when the voltage e, ()
across L, is equal to —FE. This interval of time between the opening
and closing of the switch is the retrace time t,. For a given set of
circuit constants and supply voltage, the time f. must first be found
and then corrected to the desired value by a change in the circuit
constants. A convenient means to find the retrace time is by applica-
tion of Newton’s method to Equation (43) for f(¢) = e, (f). This is
done by equating f(#) in Equation (43) to —E and solving for the
zero of the difference voltage ¢ (¢).

gty =f() + F

K a.3? —a, @y — @2\
— sin Bt + (B*—a;) cos Bt + ——————sin A ¢
B

’

+ (ay —A\2) cos,\t]—f—E, (58)

where the constants are given in the first row of Table I. In Newton’s
method, a trial value of time #; is inserted in Equation (58) and the
quantities g (¢;) and [dg(t)/dt]t:tl, or ¢’(t,), are determined. The
second approximation to ¢, is then

gt
to =8t —— (59)
g’ (t)

The process is repeated until #, is obtained to the desired degree of
accuracy.

Initial Conditions: Let it be assumed that the circuit constants
from a practical design have been used as a starting point. These
constants must be modified to give the desired retrace time and the
minimum ringing condition. Any convenient value can be assumed
for the current ¢,,(0) and the voltage v.,, to start the solution. The
initial yoke current can be approximated by FEt,/2L, as given by
Equation (15).

With these initial conditions, the retrace time ¢, is first found.
The capacitance C; is then changed to obtain the desired retrace time.
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At the end of the retrace period, the initial values for the trace period
are given by

i 0) =i, (8,

10 (0) =iy (L),

Vo = €. (L),
v =—F. (60)
Following the various currents and voltages through the trace cycle,
the final currents 4, (¢,) and ..(t,), and the voltage e, (f,) are ob-

tained. The initial conditions for the second deflection cycle are then

13,:(0) + 7, (£0)

i, (0) = . ’
, i (0) + i (2
/l"..'r(o)l = ’
2
Uy — €a¢ (E4)
Vo =
2
Vin=—F, (61)

where the second set of subscripts is used to denote the second cycle.

The process indicated above is repeated until the final values agree
with the initial values to the desired degree of closure. Figure 17
illustrates the convergence of the initial conditions for the voltage v,
and the corresponding current i,, for a given set of circuit constants.

AprpPENDIX III

I'mpedance-Level Change

Let it be assumed that the impedance level of the deflection system
is changed by a factor k. This means that all the inductances are
multiplied by k and all the capacitances are divided by k. The L,/C,
ratio of the yoke circuit is then multiplied by %2 and the characteristic
impedance \V/L;/C, is k times as great. If the voltages remain the
same, the currents are divided by the factor k. Using the Equations
(40) defining the constants for Equation (43), we ‘have the new con-
stants corresponding to the impedance change ;
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1 3
_7'11'(0)
k
a) =———— = Qy,
1
kL, A vy
1
— (C01+Cyv,+Cyv.)
a, = = @y,
1
kL, — A v,
k2
1 1
— 11,(0) (Cy+C3) ——1..(0) C4
k2 k2
), = =a.. (62)
1
—Av
R
VOLTS
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Fig. 17—Convergence of initial conditions.

Similarly, substituting inductances k times as large and capaci-
tances 1/k times as large in Equations (41) and (42) shows that the
angular frequencies 8 and A remain unchanged. It can be shown that
the change in impedance level does not affect the other equations for
the deflection system. Thus it is evident that if a change in impedance
level does not change the equations for the system, a solution at a
given impedance level can be scaled for other impedance levels.
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Time-Scale Changes

If the time scale is to be changed by a constant factor 7, all the
inductances and capacitances must be multiplied by the constant ».
This operation does not change the characteristic impedance \/L,/C; ;
however, the angular frequencies 8 and A are each divided by the
factor ». Substituting inductances and capacitances n times as large
in Equations (40), we find the new constants

a()’ = a0/778r
a;” = ay/9%
a)y = a./7. (63)
Using these constants in Equation (43) results in the new func-
tion f'(t),

a, B*  ag

, K m o9t ot B B B
fit) = 5 sin—ft4{ —— Jcos—1t

BN B 7 n* 7
7 9P 7
ay O A®
7 9 7> A a; AR A
+ sin —t 4| —— cos —t
A 7 U & 7

t .
7

which shows that the time scale has been changed by the factor 7.
Since the horizontal-deflection period of 63.6 microseconds remains
fixed, the trace period must change in accord with

t,=63.6 X 10-6 —1¢,. (65)

Thus the trace period will decrease as the retrace period increases.
For the proper mathematical relations, the total horizontal period must
change by the same factor 5 as does the retrace period ¢,. This means
that the time scaling of the circuit constants is not exact; experience
has shown, however, that the results obtained by this method are close
enough for practical purposes.



THE INFLUENCE OF MAGNETIC TAPE
ON THE FIELD OF A RECORDING HEAD*

By

E. DeELLA Torref

Summary—In making accurate measurements of the field of a record-
ing head it is desirable to know the effect of magnetic tape. The method
of images is used here to make a first-order correction on the field in the
absence of tape. Two assumptions are made in these calculations. First,
it is assumed that the tape coating does not affect the magnetization of
the head. The validity of this assumption is examined and it does not seem
very vestrictive. The second assumption is that the tape coating has «
constant permeability. A measure of the effect of the tape is introduced
in the form of two parameters. These are plotted for various tape thick-
nesses in the case where the “far” field approximation is valid.

INTRODUCTION

HE record and playback performance of a magnetic-tape re-

| cording system is influenced by the pattern as well as the

. strength of the field at the recording gap. In the absence of

magnetic tape, the field may be calculated by means of the Schwarz—

Christoffel transformation. It is assumed that the permeability of the

head material is infinite, i.e., the pole pieces are magnetic equipoten-

tials. Using this method, Weber! has given solutions for many con-

figurations and Westmijze* has calculated the effect of gap length on
the playback characteristic.

Since the permeability of the magnetic oxide coating of the tape
is relatively low, this solution is often sufficiently accurate. It is
desirable, however, to have a better understanding of the tape's effect
upon the field when precise measurements are to be made. The follow-
ing calculations are a first-order correction for the effect of the tape
coating in altering the field about the gap. The case of an infinitely
thick tape coating and that of a tape coating of finite thickness are
computed separately.

The effect of the coating upon the recording field is computed by

* Manuscript received October 14, 1959.

7 Formerly, RCA Laboratories, Princeton, N. J.; now with the Electrical
Engineering Department, Rutgers University, New Brunswick, N. J.

LE. Weber, Electromagnetic Fields, John Wiley and Sons, Inc., New
York, 1950, pp. 325-354.

*W. K. Westmijze, “Studies on Magnetic Recording,” Philips Research
Reports, Vol. 8, p. 161, June, 1953.
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using the method of images. In the case of a coating of finite thick-
ness, there are an infinite number of images. In the region where the
approximation is valid, however, the resulting infinite series solution
converges rapidly. Since the “far” field over a semi-infinite gap is
simple, a complete calculation is made for that case.

The effect of the coating upon the pole pieces shall be assumed, to
a first-order approximation, to be so small that the magnetization in
them does not change. The field at the coating, on the other hand, will
be changed to satisfy the usual boundary conditions, i.e., that the
potentials on both sides at the boundary are equal, and that the normal
derivatives of the potentials are in the ratio of the permeabilities of
the two media.

METHOD OF IMAGES

It has been shown?® that when a charge distribution is placed in
front of