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RAY TUBE EMPLOYING MAGNETIC DEFLECTION
INTRODUCTION
Magnetic deflection of cathode-ray tubes has become increasingly important in recent years, especially with the development
of large tubes for television receivers, radar indicators, and radar
repeaters.

Considerable information can be found in the literature

concerning the basic principles of magnetic deflection, but these
discussions do not indicate the actual magnetic deflection response
that can be expected.

It is hoped that this research Tfill point the

way toward a better understanding of magnetic deflection analogous
to the well-known information on electrostatic systems.

2
PRINCIPLE OF MAGNETIC DEFLECTION
The purpose of this research is to study the deflection response characteristics of a cathoae-ray tube employing magnetic ueflection.

The basic principle of deflecting an electron beam by a mag-

1 2 3
rietic field is discussed by many authors. 3 '
ho attempt will be
made here to discuss the detailed theory other than to outline it
briefly and to state the equations involved in the basic principle
of magnetic deflection.

The basis for this discussion was adapted

mainly from J. T. MacGregor-Morris and J. A. Henley.
The electron beam in a magnetically-deflected cathode-ray tube
is subjected to a transverse magnetic field which deflects the beam in
a plane normal to the axis of the field.

The following equations and

notation apply to the diagram shown in Figure 1. Two assumptions are
necessary to develop this analysis. First, it is assumed that the electron beam passes through a uniform transverse magnetic field over a
length a cms. of its path, and second, that the physical laws may be
applied to a single electron in the beam with no edge effect. If the
strength of the magnetic field is taken as II gauss and the radius of

Manfred Von Ardenne, Cathode-Hay Tubes, (London: 3ir Isaac
Pitman and Sons, Ltd., 1939).

h

onald G. Fink, Principles of Television Engineering, (New York:
McGraw-Hill Book Company, Inc., I9I4O).

3
G. Parr, The Cathode-Ray Tube and Its Applications, (London:
Chapman and Hall, Ltd., 19l>l).
'"hi. T. MacGregor-Iv'orris and J. A. Henley, hathode-Ray Gseillography, (Pittsburgh: Instruments Publishing Company, 1936), pp. 21-23.
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Figure 1.

Jia^ram Used in Analysis of Magnetic jeflection.

curvature of the trajectory of the electron beam as R cms,, the equation of motion is given noy
2

TT = Hev
where

e = charge of electron = 1±.80 x 10~

esu

v = velocity of electron beam in cms/sec.

m as electron mass = 9.1066 x 10

_O r :
J

gram.

By employing the Pythagorean theorem, the following equation in terms
of R, d-is and a is obtained:
(R - d]_)2 + a 2 = R 2 .
2
If the simplifying condition is novr made that 9 is small3 i« e., dj. is
negligible compared to 2Rd]_ and that sin 0 = tan 9, the above equation
reduces to
a

o

He
a

p

°-i = 2i = -m

cms

-

, _-v
(1)

Using the above simplifying condition that sin 9 = tan 9, a relation in
terms of d.g is also obtained as

or
,
ab
He ,
do = * r = — ab

cms.

,n\
(2)

The total displacement from the tube axis, D, is then the sum of dh
and dp, i. e.,

D = di + do = fe a2 + — ab
1
* 2mv
mv

cms.

(3)

Equation (3) can be interpreted in terms of the accelerating voltage
'7 by substituting the relation
/2Ve
f
v = /
cms/sec.
v m
The total deflection is then given by
D =Hy|

. - i s a(b + §)
J2Y

cms.

(]..)

where V is the anode potential in volts.
Magnetic-deflection cathode-ray tubes have several important
disadvantages. A non-uniformity of the magnetic field will cause unequal deflection of the electron beam and resultant distortion of
the pattern. The phenomenon known as ion spot^ is characteristic of
magnetic deflection. Hie spot is a result of a beam of negative ions
which are electric charges of the same charge as the electron but of
considerably greater mass. This is explained by the fact that the
magnetic deflection is inversely proportional to the square root of
the mass of the particle as shown in Equation (li). Another serious
disadvantage of magnetic deflection is the fact that the impedance
of the deflecting coils varies with frequency. In this research it
was desired to make a study of this last characteristic to determine
the deflection response of the cathode-ray tube employing the magnetic
deflection.

Fink, op. cit., p. 139.
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DESCRIPTION OF EQUIPMENT

A war surplus radar indicator was used as the basis for the
development of the magnetically-deflected cathode-ray oscilloscope.
The part of the indicator employed consisted of a cabinet, a £FP7
cathode-ray tube, a focusing permanent magnet and focusing adjustment, and a deflection yoke containing two horizontal and two vertical
coils with horizontal and vertical movable positioning magnets. The
necessary information on the deflection coils was obtained by laboratory measurement and calculation as outlined in Appendix I.
A U. S. Army Signal Corps Type RA-IO^-A power supply was modified to supply the filament voltage, the - 70V grid j 1 voltage, and
the + 1|5>0V grid // 2 voltage for the cathode-ray tube. A war surplus
aircraft radar - )>.000 volts power supply was also modified to provide
the + 1^000 V accelerating voltage for the indicator tube.

Laboratory

power supplies were used to provide the necessary filament and plate
voltages required as shown on the circuit diagrams of the deflection
amplifiers.
Horizontal and vertical deflection amplifiers shown in Figures
2 and 3 of Appendix III were designed and built into the oscilloscope.
As can be seen from the circuit diagrams of the amplifiers, the pushpull stage of the amplifier connected to the deflection coil presents
a high-impedance output so that a sawtooth wave of voltage at the input to the amplifier becomes essentially a sawtooth wave of current
through the deflection coil. Adding networks are provided at the input of each phase inverter for the superposition of waveforms required
to produce the three-dimensional presentations.

Laboratory variable-frequency sweep generators were used to provide the sawtooth waveforms of voltage for the deflection amplifiers.
The output of each generator was differentiated to provide a pulse. One
stage of an RC amplifier employing a 6SJ7 tube was built into the oscilloscope to amplify, invert, and couple this pulse to the grid of the indicator tube to blank the return trace. A Hewlett-Packard Model 200 C
audio oscillator and a standard laboratory square-wave generator were
used to provide the auxiliary waveforms for the three-dimensional patterns.

As explained further in the section under measurements, a pulse

generator, Model 700-A, Colonial Radio Corporation, was used for synchronizing purposes.
All photographs from the face of the cathode-ray tube were taken
with, a DuMont Type 271-4 cathode-ray oscilloscope camera.

MEASUREMENTS
To obtain a measure of the deflection response of the magnetic
system, standard variable-frequency sine and square waves were applied
directly to one of the two vertical coils, and the response as indicated
on the face of the cathode-ray tube was recorded photographically.

As

a note of completeness, the second vertical coil was left open-circuited
during the measurements with the sine and square waves.

Short-circuiting

the second coil affected only very slightly the vertical amplitude.
A Hewlett-Packard audio oscillator was used to apply a variablefrequency sine wave to the deflection coil and the response was recorded
photographically at frequencies of 150, 1,000, ii,000, and 10,000 cycles
per second.

The peak-to-peak output voltage of the generator was main-

tained constant at V~> volts.
Using a standard laboratory square-wave generator, photographic
recordings were then made of the response at frequencies of 130, £00,
1,300 and lj.,000 cycles per second.

The peak-to-peak output voltage of

the generator was maintained constant at 10 volts.
To produce the stationary three-dimensional patterns it was necessary to use the output of the audio oscillator as the base frequency
and to synchronize the sawtooth generators and other auxiliary waveform generators with this wave. This was achieved by using the audio
oscillator as the external excitation of the L!odel 700-A pulse generator
and then by applying the positive pulse output as the synchronizing
pulse for the sawtooth and square-wave generators.
A description of the various waveforms used and how they were com-

9
bined to produce the perspective three-dimensional patterns is given
on the following pages.

DISCUSSION OF THE RESPONSE TO STANDARD WAVEFORMS

At present, few articles can be found in the literature concerning the response of a magnetic-deflection cathode-ray tube to standard voltage waveforms nor is a commercial magnetic-deflection oscilloscope available for use in the study of magnetic deflection. The
basic principles of magnetic deflection have been covered quite completely by many authors as indicated earlier, but these treatments
do not indicate the actual deflection response that can be expected.
E. H. Frost-Smith

develops an experimental method for deter-

mining the relationship between current and time, and consequently the
deflection, in a linear or air-core inductive circuit with the application of a variable-frequency square wave by making use of the equation:

where i = mean value of the current, i 0 = the final steady-state value
of the current through the inductance, n = l/(2fT), and f is the square
wave frequency, and T is the time constant of the inductance.
In a nonlinear circuit, his method determines the peak current
with varying frequency. A plot of peak current against -^r then gives
the current transient arising from a suddenly applied voltage to the coil.
7
Kurt Schleslnger has approached the problem from a strictly

E. H. Frost-Smith, "An Experimental Method of Determining the
Relationship between Current and Time in an Inductive Circuit," :
of Scientific Instruments and of Physics in Industry, Vol. 26, No. 7,
(July, 19U9), pp. 2W.-2l*2.
7
Kurt Schlesinger, "Magnetic Deflection of Kinescopes," Proceedings of the IRE, Vol. 35, No. 8, (August, I9kl),
pp. 513-821.
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television viewpoint in which he has analyzed various sweep generators,
the problem of transients during the retrace time, and some basic forms
of sweep distortion and their elimination. He also describes a sweep
circuit of Improved efficiency employing power feedback and a diode as
a switching element.
In this research, however, it was desired to analyze the actual
response of the deflection coil to the direct application of a voltage
waveform.

To this end, therefore, the problem is approached from a

transient viewpoint, applying the method of the transformation calculus
to the equivalent circuit of the deflection coil.
Consider first the application of a sine wave of voltage to the
coil.

The equivalent circuit for this case is shown in Figure 2. It

has been shown earlier that the deflection is proportional to the magnetic intensity H of the coil, which in turn is directly proportional
to the current flowing through the coil.

Therefore, the problem now

is to determine the expression for the current i2(t) through the inductance as a function of time. In the following analysis, the standard
o
notation and the table of Laplace transformations as used by Goldman
is followed.
The impedance of the parallel network looking to the right of
terminals 1-2 is given by

(R + sL) 4
Z(s) =
S£

(6)

R + sL + -^

Stanford Goldman, Transformation Calculus and E l e c t r i c a l Transients, (New York: Prentice-Hall, I n c . , 19h9)•
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e(t)

L

r

here j
e(t)
i(t)
L
2
C0
w

Figure 2.

Esinv/t ~ instantaneous applied sine
vave of voltage*
iiist&ntaneous current deliv
to
network*
inductance of deflection coil,
resistance of deflection coil.
distributed capacitance of deflection
coil.
2Ttf.

uivalent Circuit of Deflection Coil
Used in Analysis of Applied 3ine '.eve

:

Equation (6) may be written in the form
Z(s) =

R

* sL
s LC + sRC + 1
g

(7)

The applied voltage function in terms of s in this case is
E(s) = E

W
g

g

s

+ w

(8)

Therefore, the current flowing into the network as a result of the applied voltage will be

I(S)=|ff}

(9)

If Equations (7) and (8) are substituted in Equation (9) this becomes
5 R C + 1)

I(3)=EW(|2LC t
(s + w^)(sL + R)

(io)

Now using the current division rule, the expression for the current
through the inductance is found to be
1
I2(s) = I(s)
3
_
c
R + sL + -=*
sC

(11)

Equation (ll) may be written in the form
I 2 (s) = I(s) ~*
1
a LC + sRC + 1

(12)

When I(s) from Equation (10) is substituted in Equation (12) this becomes

(s

+ w )(s + jj

Equation (13) is the final expression in terms of s for the current
through the inductance. Through the use of a table of Laplace transforms,

Ill
the equation for the instantaneous current as a function of time is
found to be

Rt
cos wt
/Hv2 _, 2

:.2(t) = y(|)2

+

{-) + w

w2

R
sin wt
wL rRv2 _, 2

ty

(111)

This equation gives the actual response that can be expected when a
sine wave of voltage is applied to the deflection coil.

Written in a

different form, it becomes
- Rt
L

i2(t) = - J ^
* (£
R 2 + (wL) 2

- cos wt + 4 sin wt)
"L

(15)

Let us next consider a special case of Equation (15), i. e.,
when the resistance of the coil is zero. Although the resistance of
the coil can never be zero, Equation (15>) will lead to good approximations due to the fact that the resistance of the coil is, within a range
of frequencies, negligible compared to the inductive reactance.
Substituting S = 0 in Equation (15>) and simplifying'yields the
following important result:

i2(t)

=|L

(1 - cos wt)

(16)

Equation (16) shows that the current function is a negative cosine wave
E
displaced by the undying transient —=-. This means that if the coil
WL

had no resistance, the deflection response would be the integral of
the applied sine wave over all frequencies. Actually, however, the
coil does have resistance which damps the transient, and the response
is the negative cosine wave plus a sine term.

Consider, next, a condition where wL^R.

The equation for the

current becomes
_ Rt
i2(t) = - | ( 6 ~
O

where H

L

- coswt)

(17)
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and the term

*• sin wt have been neglected.

between Equations (16) and (17) can be quickly noted.

The similarity

The y factor in

the exponential term is quite large in practical cases and consequently,
the transient term will die out very rapidly, leaving only the minus
cosine wave for the current function.
One other important fact should be noted here. The amplitude of
the current, and therefore the deflection, is inversely proportional to
the frequency of the applied sine wave. This is conspicuously shown in
the experimental results as will be described later,
Consider now a third assumed condition where Rjj^wL*

The current

equation becomes then
__ Rt
lo(t)
d

= —^~t

VT

K- COS Wt + rr S i n Wt

(18)

H

wL
and if the -^ terms are neglected, taere results

R2

i2(t) = | sin wt

(19)

At the lower frequencies then, when the assumed condition is valid, the
deflection response reproduces faithfully the applied sine function and
the amplitude is limited only by the resistance of the coil.
Let us now consider some photographs of the experimental results
obtained directly from the face of the cathode-ray tube. The responses
obtained at four different frequencies are shown in Figures 3 through 6.
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A

Figure 3.

Input Sine .*'ave (left) and Deflection
Response (ri^ht) at f
150 cps.

Figure 4«

Input Sine V/ave (left) and Deflection
Response (right) at f
1000 cps.
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Figure 5,

Input Sine ,/ave (left) and Deflection
Response (right) at f
4000 cps.

Figure 6.

Input 3Ine .Vave (left) and Deflection
Response (right) at f - 10,000 cps.

in
For comparison, the outputs at the terminals of the generator with the
deflection coil connected are shown next to the corresponding response.
Observing first the photographs taken at a frequency of 15>0
cycles per second, it is noted that the first cycle of the response is
compressed because the horizontal < .flection sweep at this frequency is
nonlinear. As expected, however, the response is a sine function. In
a single frequency function such as the sine wave, the two important
considerations are the phase shift and the amplitude.

The change in

amplitude is easily recognized; but, unless a time marker were used as
a reference, the phase shift between the input and the response would
not be apparent. At the frequency of l5() cycles per second, the ratio
ox resistance to inductive reactance is approximately three to one.
This approaches the assumed condition of R^irL in the mathematical
analysis, indicating that the response should be a sine function with
some phase shift caused by the cosine term.
The next three photographs taken at frequencies of 1^000, I:, 000,
and 10,000 cycles per second respectively illustrate clearly the two
important considerations mentioned with respect to the sine wave. The
ratio of the inductive reactance to the resistance at 1,000 cycles per
second is about 2.5 to 1, at 1;,000 cycles per second about 10 to 1, and
at 10,000 cycles per second about 25 to 1.

All three cases are approach-

ing the assumed condition of ^'L^/ R, indicating that the response should
be a sine function approaching 90 phase shift. The photographs bear
out that the response is a sine function, but the degree of phase shift
is not apparent.
The second important consideration that should be noted is the

19
fact that the amplitude of the response decreases steadily v:ith increasing frequency.

This is shown predominantly by the photographic results.

Again correlating this to the mathematics, Equation (17) shows that
the current and consequently the deflection is inversely proportional to
the frequency.
A square wave of voltage was chosen next to analyze for transient
reproduction.

The equivalent circuit of the deflection coil is as shown

in Figure 2, except that for this case the applied voltage function e(t)
is a square wave.
Let us consider a unit step function of amplitude k at time t = 0
and calculate the response.

The voltage function in terms of t is then
e(t) = KU(t)

(20)

*(«>=!

(21)

and the transformed function

The impedance of the network is the same as in Equation (6):
Z(s) =

R + SL

(22)

s LC + sRC + 1
and the current delivered to the network is, therefore,
Tf„\

- E(s) _ K(s2LC + gRC + 1)

(9,)

Upon application of the current division rule, Equation (23) leads to
the following solution in terms of s for the current through the inductance

I2(s) =1

i^s(s + j)

(210

20

and in terms of t
Rt

i 2 (t) = | u - C ^ )

(25O

A plot of this equation against time as shown in Figure 7 yields very
enlightening results.

The portion of the curve from t = 0 to t =~n~p

is the response due to the application of a unit stop to the deflection
coil.

By superposition of a negative unit step at t =7T<sr the response

has also been plotted for one period of a square-wave function of frequency of 1:27 cycles per second.
Let us consider next the application of a train of square wave
pulses of .amplitude S and period T as shown in Figure 8 (a). This analysis is carried out to obtain the steady-state response in closed form
by means of the superposition theorem, similar to the work done by
9
Carnahan. We now need to know only the input voltage function and
the indicial admittance A(t) of the deflection coil. We have determined
the latter previously when the response was obtained due to the application of a step function.

For convenience, the expression for the

indicial admittance is repeated here:
_ Rt

Mt) = i - ^ e

T

"

(26)

Referring now to Figure 8 (a), we have assumed t = 0 as shown and
also an infinite number of periods prior to t = 0.

It is necessary then

to determine the response due to the applied voltage in the period, t = 0

C. W. Carnahan, "The Steady State Response of a Network to a Periodic Driving Force of Arbitrary Shape, and Applications to Television Circuits," Proceedings of the IRE, Vol. 23, No. 11, (November, 193$), pp.

1393-lMC

Figure 7. A Graphical Plot of Equation
25 at Assumed Frequenoy of
427 ops.
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to t = t]_, and add to that the sum of the responses of all the preceding
periods. The period t = t]_ to t = T must be Similarly considered. As
stated, it is desired to use the superposition theorem to accomplish
this. The superposition theorem is an expression in terms of definite
integrals for the current as a function of time due to an arbitrary
electromotive force, and is stated as follows:
i(t) = B(t0) A(t) + fl

A(t - X )

° f (A

'o
vriiere A i s a variable of i n t e g r a t i o n .

)

dX

(27)

OX
I t should now be noted that the

voltage function w i l l be given as follows for the various periods:
E0(t) = E ,
E0(t) = 0 ,

0 < t < t-L
ti< t <T
(28)

Ei(t) = B ,

-T < t < - T + t !

Ex(t) = 0 ,

- T + t ^ t ^ O ,

etc.

To find the response then, it is only necessary to substitute the various
values of the function as given above into the superposition equation
and to add the individual responses. Let us proceed step by step.
Consider the period during the pulse from t = 0 to t = t]_. Substituting first the value of E0(t) we get:

i(t ) = «£ -1 i ^) + f\l-l

(t x)
"
^
~ ) ±*M dX
£

(29)

The term —r-r—- is zero and the result is merely:

oA
i(t) =E(^) + E ( - ^ e

Rt
L

)

(30)

2k
This is the response due to the applied pulse at the assumed point t = 0
We must novr find the response due to each of the preceding pulses. Take
the first preceding pulse, for example. At the point t = - T + t~, vre
must introduce a - Ei(t) to bring the function to zero, and substituting
in the superposition integral, we get

- |[t - (-T + tl )]
J
i(t) = - S ( i - ^ 6 L
)
noting again that

^ .

• (3D

is soro. kt t = - T the response iss

i(t) = i(4 - 4 €

LL

J

)

(32)

If we follow this same procedure for the other pulses and then take the
sura, we obtain the result

Kt) = E(h + E ( - | e
n

L

) - B(|) -

( T + fc
LL
lJ4
--![*•(- i £
" )

, - I ft - (-T)l

+ E(|) + E( - £ £

LL

J

)-E(|)

- Sft - (- 2T + tjj]
-•(-i€ L
' J) + • • •

03)

Equation {33) reduces to

1

w.l-le-^-e-^-^e-^-e-^-'
'
" -l-H*L

11

+e
01'

at
«t)-|-g€

L

. . .
* *. . .
]

L

(3io

-i(':-tl)
^

^
i-€"

(35)
r l

'S
Equation (35) is the expression for the steady-state response of the
network during the period of the pulse.
In an entirely similar manner, the response can be determined during the time t = tx to t = T when the pulse is off. It is noted that
this response is the response obtained during the period of the pulse
plus a negative pulse at t = T - t]_. In equation form, we have
R(T

i(ta) = i(t) -3(i) - E ( - | e

L

-t )
' )

(36)

Substituting Equation (35) for i(t),
Rt
- £(T - ti)
,,. x E B ^ " T 1 - £ I
i(ta)=^-R£
rir-

R/T
. s
(T
t
E E -L " l)
R+ie

,„.
(37)

and simplifying, we get
"r tn

Rt

E € - T" ^
i -- erL
i(t a ) = - n

T

(33)

1

i-e" "
This equation is the steady-state response of the network during the
periods when the pulse is off.
The graphical plot of Equations (35) and (38) presented in Figure 8(b)
is very interesting. Previously in plotting the response to a unit impulse, a pulse width of"77~K (or frequency of 1|27 cycles per second) was
chosen. Data to plot Equations (3$) and (38) is obtained by assuming a
frequency of 1±,000 cycles per second. The period T is then equal to
0.671 w. The above equations reduce to the following for this condition:
Rt

M

=

I-|e

1- e
l-£

i-e.

(39a)
-0.671

26
c

- T~

i(t a )=-f€ "

/g -0.335^
-U.JJV

i

X

(39b)

'5-0,671

and Equations (39a) and (39b) reduce to

Kt) =|(i - o.tnd'17)

(to)

. lit
i(t a )

= o.8i5 4^

L

CiiOb)

Table II lists the values used in plotting the above two equations.
Figure 6(b) shows the complete response to the train of square waves,
"where i(t) is plotted during the perioas v«hen the pulse is on and i(ta)
during the periods when the pulse is off. The ordinate is plotted as a
function of =r.
Let us now compare the mathematical results with the experimental
photographic results.

The response to the application of a square wave

of frequency equal to i*27 cycles per second is shown in Figure 7. Fy
referring to Figure 10s which is the experimental response at a frequency of 500 cycles per second, we can quickly see the close agreement
between the theoretical ana the actual results. It is noted here that
at the lower frequencies, '.Then the reactance of the coil is negligible,,
the response closely approximates the applied function, as shown by
Figure 9*

As the frequency increases, however, the reactance of the coil

becomes appreciable and the applied function is integrated.

This is pre-

dominantly illustrated by Figures 8(b) and 12, which are respectively the
mathematical and the experimental responses to the application of a train
of square waves of frequency equal to '.{,000 cycles per second.
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Figure 9.

Figure 10.

Input Square Wave (left) and Deflection
Response (right) at f =130 cps.

Input Square Wave (left) and Deflection
Response (right) at f -: 500 cps.

2%

AAA/
Figure 11.

Input Square Wave (left) and Deflection
Response (right) at f = 1300 cps.

Figure 12.

Input Square Y/ave (left) and Deflection
Response (right) at f = 4000 cps.

DISCUSSION OF THE OSCILLOSCOPE PATTERNS OBTAINED
WITH TIlE MAGNETIC-DEFLECTION OSCILLOSCOPE

To compare the magnetic-deflection oscilloscope with the standard
electrostatic-deflection oscilloscope, several well-known cathode-ray
oscilloscope patterns were obtained with the magnetically-deflected
tube as shown in Figure 13. Both the horizontal and the vertical deflection amplifiers were used in obtaining these oscillograms. The
waveforms were applied directly to the adding network at the input of
each phase inverter.
The Lissajous pattern is a practical application of the oscilloscope and the response represented by the photograph with three loops
in Figure 13 shows a frequency ratio of 3 to 1 between the horizontal
and the vertical sine waves.

The other five oscillograms in Figure 13

show varying degrees of phase shift between two sine wares each of a
frequency of 130 cycles per second.
Next it was desired to set up a basic pattern similar to a television
raster by applying a low-frequency sawtooth voltage to the vertical deflection amplifier and a high-frequency sawtooth voltage to the horizontal deflection amplifier.

Two different cases are shown in Figure ll[.

Photograph (a) shows a raster built up by a vertical deflection signal
of llr5 cycles per second and a horizontal deflection signal of two kilocycles per second.

It is observed that the vertical spacing between

lines Is less at the top of the raster than at the bottom.
caused by the nonlinearity of the vertical sweep.

This is

This condition is

somewhat objectionable here, but in the three-dimensional pictures it

Phase Difference 0°

Phase Difference 45°

Phase Difference 90°

Phase Difference 135°

Phase Difference 180°

Ratio 3:1

Figure 13. Standard Oscilloscope Patterns Obtained with Magnetic Deflection

o

does help to give the illusion of depth.

In practical applications,

hov/ever, where, for instance, the depth might represent range of a
radar equipment, the sweep would most likely have to be linear unless
3ov>\e compensation were to be made in the data which the sweep were to
represent.
Photograph (b) in Figure ll| shows another raster built up this
time of a vertical deflection signal of lL£ cycles per second and a
horizontal deflection signal of 7,800 cycles per second.

The theory

of the interlaced scanning in television rasters is discussed by many
authors

3

and will not be covered here.

Figure 16 shows very important results that were obtained by applying the principle of velocity or displacement modulation. M« A.
12
Honnell and V. D. Prince

have presented a paper in which they have in-

vestigated mathematically and experimentally the velocity modulation
principle in connection with a television system.

The basic difference

between velocity reproduction and standard television reproduction is
that in the former the brightness of the spot is maintained constant and
the change in brightness of the reproduced picture is achieved by varyin
the deflection velocity of the spot. They show how this is achieved by
adding to the normal horizontal deflection voltage a portion of the
video signal. A general expression is derived for the instantaneous
Fink, _op_. cit.
V. K. Zworykin and G. A. Norton, Television, (New York: John
Wiley and Sons, 19U0).
12
M, A. Honnell and M. D. Prince, "Television Image Reproduction
by Use of Velocity Modulation Principles." Paper presented at I. R. E.
Convention, March, 1950.

(a) H = 2 kc. sawtooth.
7
145 cps, sawtooth,

(b) H := 7.8 kc. sawtooth.
V
145 cps. sawtooth.

Figure 14. Television Rasters.

brightness of the p i c t u r e :
B(x) = B 0 j l + Q • F ' ( t )

(1,1)

where
B(x) = instantaneous brightness of a point
at a distance x along the line;
B 0 = ambient brightness of the raster;

q=i •

V
V 0 = unmodulated spot velocity;
F'(t) = derivative of video function superimposed
on horizontal deflection.
The VTR response to several types of waveforms and to printed matter
is analyzed and demonstrated experimentally.
It was deemed very worthwhile to work with this same principle
using the magnetically-deflected oscilloscope.

The raster was built up

by a vertical deflection signal of 68 cycles per second and a horizontal deflection signal of 2,200 cycles per second.

A 6,000 cycles par

second square wave of voltage was then added at the input of the phase
inverter to the horizontal deflection amplifier. Figure 16 shows the
response obtained under three different conditions which were obtained
by varying the amplitude of the square wave.

Condition A shows clearly

the change in velocity resulting in the two vertical bright bars while
Conditions B and C show two phases of an overlap condition where the
spot retraces a portion of the line. In order to explain Condition A
in which there is no trace overlap, reference is made to Figure 15•
Part (a) of the figure shows the input square-wave voltage, part (b),

(a).

Input Square Wave*

(b). Integrated Square Wave,

(c). Normal Deflection Function.

(d).

Modulated Deflection Function.

Figure 15. Superposition of Modulating Function
Upon Defleotion Sweep.

3£
the approximate integral of the square wave due to the fact that the current through the coil is the integral of the voltage across the coil.
Part (c) shows the normal horizontal deflection signal, and part (d) the
superposition of the integrated square wave upon the deflection function.
It can be seen, therefore, that in one excursion the spot will experience
two different velocities, the normal or unmodulated velocity and a slower
or modulated velocity during that portion of the curve where the slope
is greater than the normal deflection function.
Conditions B and C are obtained when the amplitude of the modulating function is such that the velocity of the spot becomes negative and
a portion of the line is retraced.

Condition B shows a critical point

where just a little bit of retracing is noticeable and Condition C illustrates a considerable amount of retracing.

Condition B

Condition A

Condition C

Figure 16.

Velocity Modulation
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DISCUSSION OF THREE-DIMENSIONAL PRESENTATIONS

The last but probably the most interesting study that was made
with the magnetically-deflected oscilloscope was that of three-dimensional presentations on the screen of the cathode-ray tube.
Otto H. Schmitt13 has worked out mathematically the principles
involved in a three-dimensional presentation in the form of isometric
or other conventional projections, or as true perspective drawings.
He applied the underlying principles of projective and perspective
drawing and of stereoscopic photography to cathode-ray tube presentations so as to convert basic electrical data directly Into vividly recognizable three-dimensional pictures.
To do this, he assumes E x , E_., and E a are three supplied component
voltages where x, y, and z are the cartesian coordinate axes.

In a typ-

ical radar case, these components would correspond to range, elevation,
and azimuth.

To present an orthographic projection of the object data

(Ex, EL., E Z ) on a single projection plane, he shows that there is a
simple linear transformation from the three voltage components in three
dimensions to the two-dimensional projection components on any specified
projection plane.

The direction cosines between the new and the old co-

ordinate systems are then denoted by /[]_, m]_, nij jfgj m%9 ngj
n3 respectively.

anc

^ \^>

n

3>

The general transformation for rotation of axes then

yields the three components:

^Otto II. Schmitt, "Cathode-Ray Presentation of Three-Dimensional
Data," Journal of Applied Physics, Vol. 18, No. 9, (September, 19hl),

pp. 8±9^$2T-

E
x.

= il E x + "X^V

+a

A>

E y , = i 2 E x + m2Sy + n2Ez
E, '

=

^3Ex

+ B

3Kjr + n 3 S z

,

(U2)

•

Any pair of these represents the projection on one of the coordinate
planes.

He explains further how these voltage components may be gen-

erated by the use of properly chosen sine-cosine potentiometers.
He investigates also what is needed to provide two suitably different sets of perspective data to be viewed by the two eyes separately
to give a stereoscopic display.
Carl Berkley

of the DuMont Laboratories has done very enlight-

ening experimental work in obtaining actual oblique presentations on
the screen of the cathode-ray tube.

In his mathematical analysis of

the presentations, he derives two formulas, one for the horizontal coordinate and one for the vertical,

X = x - z cos 0

(ij3)

Y - y - z sin 9

{kk)

where:
X — horizontal cathode-ray tube coordinate,
Y = vertical cathode-ray tube coordinate,
x, y,

z = coordinates of point in three-dimensional space,
0 = angle the Z axis makes with the Y axis in the
projection.

C a r l Berkley, "Three-Dimensional R e p r e s e n t a t i o n on Cathode-Ray
Tubes," Proceedings of the IRE, Vol. 36, No. 12, pp. 1^30-l£3£.

By applying these formulas, he has determined the necessary X and I
functions to be applied to the horizontal and vertical deflection
plates to reproduce various surfaces in perspective.
His experimental setup employed standard laboratory oscilloscopes from which he obtained his variable-frequency scanning sweeps.
Parker and WalliS

have done considerable work in developing

three-dimensional displays directly applicable to radar presentations.
They consider first truly three-dimensional displays produced by one
mechanical and two electrical deflections and then, second, several
perspective type displays.

In analyzing these presentations_the same

type of mathematical analysis as employed by Schmitt

is usedj except

in the practical application, however, magslip resolver units, or selsyns, are used to obtain the necessary proportions of the inputs. Stereoscopic and polychromatic displays are also considered along with a
discussion of the human factor involved in viewing such a display.
The aforementioned articles on three-dimensional presentations
were found very interesting and it was desired to reproduce some of
the presentations as well as to investigate other possibilities employing the magnetic-deflection oscilloscope.
As shown in the circuit diagram of the horizontal and vertical
deflection amplifiers, an arrangement in the form, of a "tilt switch*1
and "oblique control" were built into the oscilloscope so that the angle

% , Parker and P. R.tfallis,"Three-Dimensional Cathode-U„ Tube
Displays," Journal of the Institution of Electrical Engineers, Vol. 95j
Part III, pp. 371-378, I9I48.
Schmitt, o_p_. cit., p. 822.

Uo
at which the projection is viewed may be varied.

In effect, the tilt

switch connects the vertical sawtooth input through a variable potentiometer to the input of the horizontal phase inverter, the setting
of the potentiometer determining the proportion that is fed to the
horizontal circuit.
Following the sane method as used by Berkley17 , let us next
analyze mathematically some of the patterns obtained.

In this analy-

sis, we assume sawtooth waves of current represented by

and
where

x = nkit

(16)

z = k2t

(U6)

x = a sweep in the three-dimensional x direction:
z = a sweep in the three-dimensional z direction;
n = frequency ratio between sweeps;
k]_, k2 = amplitude constants;
t = time.
Consider first the plane y = 0 passing through the origin. By

using Equations (h3)

and (bj\.)f

we find that this surface can be repre-

sented by applying to the horizontal amplifier the function
X = x - z cos 9
= nkit - k 2 t cos 9

(If?)

where cos 0 is the fraction of the z value that must be added to the
x value to obtain the proper cathode-ray tube horizontal coordinate, and

Berkley, o£. cit., p. 15>32.

then by applying to the vertical amplifier the function
I = y - z sin Q
= - kat sin 0

(I18)

where sin Q also determines the fraction of the z value that must be
added to the y value to obtain the proper vertical coordinate. Equations (hi)

and (I48) are the parametric equations for the reproduction

of a plane passing through the origin. This plans is shown in Figure
17 (a).
Let us next consider the surface
B sin z - x = 0

(Ll9)

Using Equation (I4.3) again, we find that the horizontal function is the
algebraic sum of the high-frequency sweep and a proportion of the lowfrequency sweep plus the function
x = B sin z

(£0)

X = nk^t - k^t cos 0 + B sin z

(£l)

expressed as

Similarly, by employing Equation (hh) for the vertical function, we get
Y = k2t

(52)

which is the vertical low-frequency sweep alone. Equations (£1) and
(52) are the parametric representations of the surface in Equation (I4.9).
This surface is shown in Figure 17 (b).

k.2

Consider now the surface
y = A sin z

(53)

This can be seen to be developed by applying to the horizontal amplifier
the function
X = nkit - k 2 t cos 0

(%k)

and to the vertical amplifier the functions

I
i

the sweep, and
y = A sin z

(56)

i
This surface is represented in Figure 1? (c).
Figure 17 (d) is also very interesting in that it shows a combination of the previous two examples. The vertical function remains the
same, i. e., the algebraic sum of the vertical sweep and y = A sin z.
The horizontal function contains the algebraic sum of the high-frequency
sweep and a proportion of the low-frequency sweeps plus the function
x = 3 sin z.
Many other interesting and unusual patterns were obtained on the
oscilloscope by adding different functions to the basic plane.

Figures

1 through 5 of Appendix IV illustrate some of the more striking projections that were photographed directly from the screen of the cathode-ray
tube. Under each photograph, the functions that were combined at the
input of each phase inverter to produce the pattern shown are indicated.

h3

la) Flane, y^O.
V = 145 cps. sawtooth.
H -13 kc. sawtooth +
145 cps. sawtooth.

Surface, Asinz-y=0.
V = 145 cps. sawtooth 4
450 cps. sine wave,
H
12.8 kc. sawtooth +
145 cps. sawtooth.

(b)

Surface, 3 s i n z - x 0 .
V - 145 c p s . sawtooth.
H 6.2 k c . sawtooth *
145 c p s . sawtooth f
310 c p s . s i n e wave.

(d) Surface, Bsinz-x-=0 plus
Asinz-y=0.
V = 145 cps. sawtooth •*
340 cps. sine wave.
H = 13 kc. sawtooth -f
145 cps. sawtooth •*
315 cps.sine wave*

Figure 17. Three-Dinensional Surfaces.

CONCLUSIONS

In conclusion, there are several important facts that bear reviewing.

In considering the magnetic deflection of a cathode-ray tube,

it is well to remember that the voltage across the coil is equal to
the product of the inductance of the coil and the time rate of change
of the current through the coil.

The response, therefore, would always

be the inbegral of the applied function if the resistance of the coil
were zero. Since this resistance cannot be ignored, however, the degree of integration is dependent upon the frequency, which determines
the ratio of the inductive reactance to the resistance.
There are several ways by which, a desired response can be obtained
on the cathode-ray tube. The input voltage function can be operated on
before being applied to the coil so that the integral of the applied
function is the desired response. Another method Is to supply the coil
from a constant-current generator so that the current wave will be approximately the same as the voltage function applied to the generator.
Another possibility would be to shunt an external capacitance and resistance across the coil with the proper magnitude to make the impedance of
the circuit equal toy -^ at all frequencies.
This investigation has shown that it is possible to duplicate the
well-known traces obtained on electrostatic deflection oscilloscopes by
magnetic-deflection means.

It appears rather striking that no magnetic-

deflection oscilloscope is available as a commercial instrument. This
seems even more unusual considering the number of magnetically-deflected
cathode-ray tubes that are now used in present-day television receivers
and radar Indicators.
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APPENDIX

I

MEASUREIMTS MADE ON DEFLECTION COILS

MEASUREMENTS MADE ON DEFLECTION COILS
When work was first started on the magnetic-deflection oscilloscope, no information pertaining to the characteristics of the deflection coils was available.

It was desired to have some information on

the coils; therefore, several simple laboratory measurements were made
as described below.
First, It was desired to determine the inductance and the distributed capacitance of the coils. It should be noted here that the
complete deflection yoke consisted of four independent coils, each with
its own external connection points.

Two of the four coils were for

vertical deflection and the other two for horizontal deflection.

The

two coils in each case were found to be identical pairs. Complete
measurements, therefore, were made only on one of the two for the vertical and for the horizontal.
To obtain data a circuit such as shown in Figure 1 Was set up.
The precision condenser C was set at various values as shown in the tabulated data and then the input sine wave varied in frequency to obtain a
resonant point.

In making computations, the input capacitance of the

vacuum tube voltmeter probe of 6 uuf and the 10 uuf capacitance of the
leads to the precision condenser were subtracted from C to obtain a
new value C'.
The theory involved in determining the inductance and the distributed capacitance is based upon the equation for the resonant frequency
of the circuit:
f2 =

1

(1)

9

hixUc

+ c0)

U8

rvAAA

r

-o-o

a*

0

6

e(t)

-o-o

I

//here:
e(t)

r
v
X.
H
Co
C

Figure 1,

variable *r lenoy sine vmve,
10,000 ohns.
vaeuun tube voltrieter with pri
Induetence of coil.
HepIstr_:Ge of coil,
distributed capacitance of coil,
intlng precision oepaoit^noe*

circuit Dlagri i for )etemining Fara:
of Deflection Soils.

k9
where
f = frequency of applied sine wave,
L = inductance of coil,
CQ= distributed capacitance of coil,
C = shunting capacitance.
Rearranging Equation (l) we obtain:
2
io
TT2LC
j2 = 4hit
w +f UTT
4 n LC
^ n0

(2)

which is of the form:
y = MX -f- b

(3)
1

It can be seen, therefore, that a plot of —^ versus C will enable a determination of the inductance and the distributed capacitance. The
data taken for the horizontal and vertical coils are plotted in Figure
2.

2
The slope of the line is equal to 1±TT L and the x intercept is the

distributed capacitance.
Sample computations for the two coils are as follows:
Vertical Coil:

a.

Q1
) ^2T
Slope = 4 7T L =

(l-!.0 - 1.9) X 10" 9
To = 7
(1+00 - 100) x 10
Therefore L = 177*8 mh

b.

From the curve:
0 o = 168 uuf

Horizontal Coil:
a.

, 2T
( 0 . 9 3 - 0.35) x 10" 9
Slope = klT L
= -*——
&&
— = 1.932
(4OO - 100) x 10 ^

o

Hi
2.00

1.00

0 •
-100
Correoted Value of Shunting Capaoitanoe (C ) - uuf.
Figure 2.

I...i—

Relationship between JL and C Used to Determine the Induotanoe
• f2
and the Distributed Capaoltance of the DeflootIon Colls.

Therefore L = 1; o. 9 mh
b.

From the curve:
pO

,-,

U Q — CO

uuf

Second, it was desired to determine the effective resistance of
the coil.

Measurements were made using two different impedance bridges.

First, the laboratory General Radio Company Impedance Bridge, Type 650-A,
was used to measure the inductance and the Q of the coil at a frequency
of 1000 cycles per second.

The effective resistance was then computed

as shown below In the sample computations.
Horizontal Coil:

Measured:

L = k3 mh
Q = 1.1
f = 1000 cycles per second

Calculated:

R
a-c

= ?r *= 2k& ohms.
„

Vertical Coil:
Measured:

L = 182 mh

Q = 2.h
f = 1000 cycles per second

Calculated:

E

a-c

= -r- = 1+76 ohms.
Q

As a check, the second bridge employed was the laboratory Western
Electric 1-1 Impedance Bridge, Serial Fo. 9687.

Readings were taken this

time at a frequency of 200 cycles per sccont . The data obtained is tabulated below.

Horizontal Coil:
L = 1|1 mh
R = 2U:. ohms

Vertical Coil;
L = 185 mh
E = [;.77 ohms
Third, the d-c resistance of the coils was measured using a
standard ohmmeter and a laboratory decade resistance.
horizontal Coil:

R,
= 2L0 ohms
d-c

Vertical Coil:

R,
= hSO ohms
d-c

The values are:

fourth and last, measurements were made to determine the deflection current required for full scale deflection of the spot. Consider
first the horizontal coils. Using one of the pair of coils required
130 ma to deflect the spot from the center of the tube to ono side.
Using the two coils in series aiding, however, required only 70 ma.
-•ith the vertical coils, 90 ma was required to deflect from c nter to top
using one of the pair of coils, and Ii5> ma using the two coils in series
aiding.
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APPENDIX
TABLES

II

TABLE

I

Calculated Data Used in Solving Equation (25)
and P l o t t e d i n Figure 7

Rt

i - e"

t
IT L
"H R

Rt
L

1

. .
2(t)

x

0.675

0.325

0.325

0.U56

o.Shk

0.52U*

37TL
Tfi

0.307

0.693

0.693

IT L
2R

0.280

0.790

0.790

O.liiO

0.860

0.860

0.092*

0.906

0.906

TrrL
"5"R

0.061;

0.936

0.936

7TL
R

0.01*3

0.957

0.957

IT L

Hn

57TL

TR
37TL

IT R

k
R

ss
TABL2 i:
Data TJsed i n Plotting Equation (3^)
aXi
c

L

ao
0.571 e

L

ri"t

0.08U i

0.919

0.52U

o.ki'

0.168 ^

0.81*5

0.I483

0.517

0.252^

0.777

O.hhh

0.556

0.335^

0.715

0.i;08

0.592

a

L

1 - 0.571 e

Data Used in Plotting Equation (38)

Rt
t

G

L

Rt
0.815 £

0.3351

0.715

0.583

0.419 5

0.657

0.^36

0.503 k

0.605

o.h9h

0.587 §

0.^6

0.1*51*

0.671^

0.511

0.10-6

L

£6
TABLE

III

Values and R a t i n g s of Components Shown on Schematic Diagram
of V e r t i c a l F u s h - P u l l D e f l e c t i o n

Amplifier

C-l

0.05 mfd., 1^0 volts

0-2

0.05 mid.., U^O volts

L

Deflection Coil

P-l

1,000,000 ohms

P-2

1,000,000 ohms

P-3

250,000 ohms

P-Ii

1,000,000 ohms

R-l

300,000 ohms, 1 watt

R-2

li700 ohms, 1 watt

R-3

100,000 ohms, 1 watt

R-U
R-£

100,000 ohms, 1 watt

R-6

Li00 ohms, 1 watt

R-7

I4.OO ohms, 1 watt

R-8

3000 ohms, 1 watt

R-9

3000 obms, 1 watt

V-l

1/2 6SN7-GT

V-2

1/2 6SK7-GT

v-3

6?6

V-li

6V6

2^0,000

ohms, 1 watt

TABLE

IV

Values and Ratings of Components Shewn on Schematic Diagram
of Horizontal Push-Pall Deflection Amplifier

C-l

0.05 mfd., lt$0 volts

C-2

0.05 mfd., ];$0 volts

L

Deflection Coil

E-l

300,000 ohms, 1 watt

R-2

I47OO ohms, 1 watt

R-3

100,000 ohms, 1 watt

R-li.

100,000 ohms, 1 watt

H-S

250,000 ohms, 1 watt

R-6

270 ohms, 1/2 watt

R~7

270 ohms, 1/2 watt

P-l
P-2

1,000,000 ohms

P-3

250,000 ohms

V-l

1/2 6SN7-CT

V-2
V-3

1/2 6SH7-G-T

6L6

V-I*

Si/j

1,000,000 ohms

TABLE

¥

Data Taken with Circuit Shoivn in Figure 1, Appendix I, and Plotted
in Figure 23 Appendix I, for Determining
Parameters of the Deflection Coils
1
-^ x 10""
f2

C

f

100 uuf

8i| uuf

23.5 kc

1.81

200 uuf

181) uuf

20.8 kc

2.31

300 uuf

281i. uuf

17.7 kc

3.19

Ii00 uuf

38It uuf

15.0 kc

U.00

500 uuf

U81i uuf

15.5 kc

I1.16

100 uuf

81* uuf

59.0 kc

0.287

200 uuf

181 uuf

hi.9

kc

0.570

300 uuf

281; uuf

3 7 . 8 kc

0.700

L;.00 uaif

38U uuf

3 l | . l kc

0.860

500 uuf

1I.81L

30.8 kc

1.052

Vertical Coil:

Horizontal Coil;

uuf

$9
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5FP7
Auxiliary
Generator
Horizontal
Phase
Inverter
6SN7-GT

Sawtooth
Generator

\

Push-Pull
Amplifier
2-6L6

Defleotion
Coils
Focus
Magnet

Tilt Switch

Sawtooth
Generator

Vertical
Phase
Inverter
6SN7-GT

Push-Pull
Amplifier
2-6L6

Low
Voltage
Power
Supply

High
Voltage
Power
Supply

Auxiliary
Generator

Figure 1.

Block Diagram of Magnetic Defleotion Oscilloscope

\A/>Xr

\

1

Tilt
Switch

J-vOvv
P-4

> To Horizontal
Phase Inverter

Figure 2»

Vertical Push-Pull Deflection Amplifier

V-3

I

V-l

p-1
P-2
-

*

A

R-l

-

+ 385
R-2

s)

From Vertical
Sawtooth Generator
V-2

Figure 3.

R-4

R-7

R-5

H(

^

C-2

Mr
V-4

r
+285

Horizontal Push-Pull Deflection Amplifier

ON

Figure 4

Magnetic Deflection Oscilloscope and
Associated Laboratory Equipment.
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IHREE-DIMEKSIOKAL PRESENTATIONS

6^

(a) V
H

145 cps. sawtooth •+
48 cps, sine v.ave,
7.4 kc. sawtooth +
145 cps, sawtooth,

(c) V = 165 cps, sawtooth t
6,8 kc, sine wave,
H = 12,5 kc, savrtooth +
165 cps, savrtooth,

Figure 1.

H

165 cps. sawtooth i
4 600 cps, sine wave
6600 cps. sawtooth :
165 cps. sawtooth,

165 cps,
11.5 kc,
H - 12.5 kc*
165 cps.

(d) V

sawtooth -+
sine wave,
sawtooth •+
sawtooth.

Three Dimensional Presentations

66

- 145
175
H = 7.3
145

(c) V
H

cps. sawtooth +
cps. square wave.
kc. sawtooth +
cps. sawtooth.

145 cps. sawtooth
3 kc. square wave.
7.8 kc. sawtooth -+
145 cps. sawtooth.

(b) V
H

145 cps. sawtooth +
2 kc. square wave.
7.8 kc. sawtooth +
145 cps. sawtooth.

(d) V -.- 145 cps. sawtooth +
5 kc. square wave.
H - 7.8 kc. sawtooth +
145 cps. sawtooth.

Figure 2. Three Dimensional Presentations

67

a) V = 145
300
H = 7.8
145

cps. sawtooth+
cps. square wave.
kc. sawtooth +
cps. sawtooth.

(c) V = 145 cps. sawtooth+
10 kc. square wave.
H = 7.8 kc. sawtooth +
145 cps. sawtooth.

Figure 3.

(b) V = 145 cps. sawtooth +
500 cps. square wave
drifting.
H = 7.8 kc. sawtooth H
145 cps. sawtooth

(d) V = 145 cps. sawtooth +
160 cps. square wave
drifting.
H = 7.8 kc. sawtooth-»
145 cps, sawtooth H
170 cps. sine wave.

Three Dimensional Presentations

60

560
3.6
145
£50

c p s . s i n e v/ave.
k c . savrtocth
c p s , sawtooth
c p s . square v.-ave.

Figure 4.

H

13 kc. savrtooth 145 cp3. sawtooth •
CO cps. sine v.'.:ve.

Three dimensional Presentations

y#o^7^

(a) V = 145 cps. sawtooth +
2.8 ko. sine wave
drifting.
H = 6.4 ko. sawtooth +
145 ops. sawtooth.

(o) V
H

(b) V = 85 ops. sawtooth +
7 cps. sawtooth.
H = 2 ko. sawtooth +
85 cps. sawtooth.

490 ops. sawtooth +
390 ops. sawtooth.
10.5 ko. sawtooth +
490 cps. sawtooth +
2 kc. pulse to grid
of CRT.

Figure 5. Three Dimensional Presentations

