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The Interpretation of Amplitude and Phase
Distortion in Terms of Paired Echoes*

HAROLD A. WHEELER', FELLOW, I.R.E.

Summary-In picture -transmission systems, such as television
and facsimile, the signal transients are noticeably distorted by small
amounts of amplitude and phase distortion. There has been devel-
oped a simple method of estimating the effects of such distortion
from inspection of the amplitude and phase curves. The distortion
is regarded as made up of a pattern of echoes, each echo correspond-
ing to a small amount of distortion of both kinds. The separate inter-
pretation of amplitude and phase distortion requires pairs of echoes,
those of each pair being equally displaced in time before and after
the signal output. This is called the "method of paired echoes." Am-
plitude distortion corresponds to symmetrical "positive" pairs
whereas phase distortion corresponds to skew -symmetrical "negative"
pairs. A complete and exact theory is presented on the basis of a
small amount of distortion. The method of paired echoes is most
useful in the interpretation of phase curves and the determination of
the tolerance of phase distortion.

I. INTRODUCTION

HE selection of signals on the basis of their
respective frequency bands requires band-pass
filters. These cause distortion of the selected

signal because the ideal selective characteristics can
onlybe approximated in finite or dissipative networks,
and practical networks are both finite and dissipa-
tive. The distortion may be regarded as the resultant
of amplitude and phase distortion. These are distinct
as concepts but are interdependent in that they are
interrelated properties of any selective system.

Since any signal involves transient disturbances
which convey its information, and since a transient
has frequency components within every finite fre-
quency band in the entire frequency spectrum, it
follows that the very process of selection causes some
distortion of the signal by the attenuation of some of
its components. Such distortion is minimized by the
selection of a frequency band sufficiently wide to in-
clude nearly all of the total energy of the frequency
components. Whatever distortion remains from this
cause, however, is amplitude distortion and is un-
avoidably associated with the attenuation in the
selective system.

The amplitude and phase distortion remaining
within the frequency band allotted to the signal can
be reduced without limit by the choice of selective
networks or by the use of auxiliary corrective net-
works. The usual procedure is to design the selective
networks with the required attenuation and then to
correct the phase distortion without adding ampli-
tude distortion.

9" Decimal classification: R148.1 X R583. Original manuscript
received by the Institute, November 1, 1938. Presented, Roch-
ester Fall Meeting, Rochester, N. Y., November 15, 1938. Pre-
sented, New York Meeting, December 7, 1938.

t Hazeltine Service Corporation, Bayside, L. I., N. Y.
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Amplitude distortion has received much more
attention than phase distortion because it has been
more important in the field of sound reproduction
and also because it is so much more easily measured
and studied. In some of the other fields of signaling,
such as facsimile and television, phase distortion is
not unimportant. The transients involved may be of
very short duration, and they are detected by means
which are sensitive to both phase and amplitude dis-
tortion. Either kind of distortion causes a confusion
of the picture image which is readily perceptible by
the eye. One of the most apparent forms taken by
this distortion is the form of multiple images caused
by echoes of the signal.

There has been an increasing need for a method
of interpreting phase distortion, to be able to de-
scribe the distortion caused by given phase charac-
teristics and to specify the tolerance of phase distor-
tion on reasonable grounds. The method of paired
echoes has been devised to meet this need.' It is so
simple in its application that the effect of a nominal
amount of phase distortion can be stated on inspec-
tion of the phase curve, in terms of the reproduced
image. This method is fundamentally an adaptation
of the Fourier integral, but in such a manner that
every step has obvious physical significance and
yields directly some of the desired information. It
is particularly useful in getting a first approximation
of the resulting distortion without any laborious
computations.

The method of paired echoes is equally appli-
cable to both amplitude and phase distortion. In its
simplest form, here to be described, it is accurate only
for a small amount of distortion, much less than one
napier (8.7 decibels) or one radian (57 degrees) in
the frequency band allotted to the signal. The total
amount of attenuation in the neighborhood of the
cutoff frequency is much greater than this, so this
method is not useful for the study of the amplitude
distortion caused by the cutoff characteristics. It is
applicable to a small amount of amplitude distortion
such as that arising in amplifiers which do not con-
tribute materially to the large attenuation near the
cutoff frequency.

The effect of amplitude distortion, separate from
1 In correspondence with Mr. John R. Carson, the writer has

since been informed of the independent development of a some-
what similar method of analysis by Mr. L. A. MacColl.
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phase distortion, is relatively easy to determine first
by the Fourier integral, which assumes the symmetric
form including only the cosine terms.2.3 It is then most
convenient to use the method of paired echoes tostudy the effects of incremental amplitude and phase
distortion. It is particularly useful for phase distor-
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output transient
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Fig. 1-A practical example of the effect of phase distortion onthe output transient of an amplifier.

tion because any other known method is so cumber-
some as to be of little utility. Therefore this treat-ment is to be directed more especially to this case.

II. THE NATURE OF AMPLITUDE AND
PHASE DISTORTION

As a further introduction, some relative charac-
teristics of amplitude and phase distortion are to bepointed out with reference to a practical example.The circuit may be conceived as a two -stage resist-
ance -coupled amplifier with shunt capacitance ineach stage providing attenuation increasing with fre-
quency. The amplitude characteristic F(f) is shownin Fig. 1(a) and the phase b(f) in Fig. 1(b). Thesignal is an instantaneous impulse. The mathemati-
cal derivations are given in Appendix A. First neg-

2 This subject is introduced and the same terminology is em-ployed in the writer's previous paper,3 especially in Section IIIand Appendix D thereof.
3 H. A. Wheeler and A. V. Loughren, "The fine structure oftelevision images," PROC. I.R.E., vol. 26, pp. 540-575; May,(1938). (Distortion introduced in the scanning process, the Fou-rier integral, relations between the amplitude characteristics andthe shape of a transient pulse, bibliography.)

lecting the phase shift, the amplitude characteristic
is subjected to the Fourier integral, which yields the
output signal transient E(t) of Fig. 1(c). In this sim-
ple case, the actual output transient is readily ob-
tained by integration, and is shown in Fig. 1(c1). The
latter differs from the former in that it includes the
effects of the phase characteristics.

The nominal cutoff frequency fc in Fig. 1(a) is the
width of the dotted rectangle having the same area
as the amplitude curve and the same height at zero
frequency. This determines the cutoff time tc =--1/4fe,
which is similarly related to each half of the output
transient of Fig. 1(c). The nominal width of this
symmetric transient is 2i, = 1/2fc.

This example shows first the effect of a low-pass
filter in widening the signal impulse, as in Fig. 1(c),
caused entirely by the attenuation apart from the
phase shift. This effect could be approximated with
the aid of phase correction such that all frequency
components, and therefore the symmetric transient,
would merely be delayed uniformly in time. The
resulting phase characteristic would be linear
through the origin, instead of curved as in Fig. 1(b),
and would have greater slope.

The actual phase shift of Fig. 1(b) is responsiblefor the difference between the symmetric transientof Fig. 1(c) and the actual output transient of Fig.
1(d). The latter is delayed and widened relative tothe former. The delay is caused by the phase slope.
The widening is caused by the phase distortion, thatis, the departure of the phase curve from a straight

single
echo

positive
pair

negative
pair

e

to tote t

e

-e

(a)

(b)

(C)

Fig. 2-The amplitude and time relations betweensignal and echoes.

line of uniform slope through the origin. In this case,the peak of the transient is delayed by to and its"center of gravity" is delayed by 2tc, the latter de-pending only on the phase slope at zero frequency.The curves of Fig. 1(c) and (d) have the same area,so the flattening and widening of the latter, as a re-sult of phase distortion, is apparent in addition tothe delay.
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The uniform delay of the signal transient by the
phase slope is not considered as distortion. The
widening of the transient is caused symmetrically by
the frequency -selective amplitude characteristics of
the filter, which are essential in some form. The
phase distortion, which is not essential, causes further
widening and especially causes dissymmetry of the
output transient. Any departure from symmetry in
the reproduced image of a symmetrical object is the
most obvious symptom of phase distortion.

III. THE AMPLITUDE AND PHASE DISTORTION
CORRESPONDING TO A SINGLE EcHo

The method of paired echoes is here derived by
reasoning from effect to cause, a procedure which is

b
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(b)
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(d) single echo
f

(C) positive pair

(f) negative pair

Fig. 3-The distortion of the frequency characteristics in a
manner corresponding to small echoes.

increasingly common in electrical network theory.
The starting point is a single echo much weaker than
the main signal.".'

"'Phis single weak echo is the first approximation of the mul-
tiple -echo expressions of Guillemin,6 pp. 497-498.

E. A. Guillemin, "Communication Networks," vol. II,
1935, chap. XI, "The transient behavior of filters," pp. 461-507,
(The Fourier integral, amplitude and phase distortion, echoes.)

Fig. 2(a) shows the amplitude and time relation-
ship between a signal delayed by a certain length of
time and an echo following slightly later. The signal
amplitude is unity and the echo amplitude is e, much
less than unity. The signal delay is to and the further
delay of the echo is to, both delays being free of dis-
tortion. No restrictions are placed on the signal
characteristics, but it may be regarded as an instan-

1

b
by

nf t

Fig. 4-The vector relations between the signal and echo
components at each frequency.

taneous impulse occurring at zero time and being de-
layed accordingly. Such an impulse includes all fre-
quency components in equal amplitude. In any case,
each frequency component is treated individually on
the basis of a steady state.

The delay of the signal and echo determines the
corresponding values of phase shift at any frequency
f:

bo = 27rfto; be = 27rfte. (1)

These are plotted in Fig.3(a), and are linear through
the origin. The quantity more important in this dis-
cussion is be, the phase shift of the echo relative to
the signal, depending on the relative delay te. The
relative phase angle is 27r (one period) at a frequency
equal to 1/tc, as indicated in dotted lines.

The signal and echo components at any frequency
have the vector relations shown in Fig. 4. The entire
diagram rotates at the frequency f, the angular dis-
placement being 27ft. The relations within the dia-
gram depend on the frequency but do not change
with time during rotation. The horizontal unit vector
is the input amplitude and the vertical unit vector is
the main signal output with phase lag bo. The obtuse
vector e with additional phase lag be is the echo
output.

The transmission factor expressing the resultant
of signal and echo is the vector F, whose amplitude
and phase lag are

= 1 + e cos b.; b = b -I- e sin be (2)

based on the first approximation valid for c<<1, that:
is, the echo much weaker than the signal. Letting a'
and b' represent small values of relative attenuation
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(in napiers) and relative phase lag (in radians), each
much less than unity,

= exp( - a') = I - a'; b = bo b' (3)
in which

a' = - c cos b = - c cos 271 -ft
b' = c sin b = e sin 27rfte.

(4)

(5)

These represent the distortion of amplitude and
phase corresponding to the echo superimposed on
the main signal output. The total distortion depends
only on the relative amplitude of the echo if the total
is defined as the quadratic sum of the amplitude and
phase distortion components:

d = -Va'2 b'2 = e. (6)

This suggests that the two kinds of distortion are
comparable and additive, so the tolerance of distor-
tion should be stated in terms of the quadratic sum
of both kinds.'

In the vector diagram of Fig. 4, the circular locus
of the vector F is the same as.the familiar impedance
circle representing the input impedance of a trans-
mission line with slightly unmatched resistance ter-
mination at the far end. Such a line is a perfect ex-
ample of a system in which a weak echo is produced
as described in the preceding discussion, by partial
reflection of the signal at the far end.

Also this diagram is similar to that which shows
the envelope of a carrier and a single sideband of
modulation. In that case, however, the vector rela-
tions vary with time at the frequency of modulation
whereas the relative positions here vary not with
time but only with frequency.

In Fig. 3(b), the resultant phase curve b shows
the wavy sinusoidal departure from the linear phase
curve bo of the main signal in Fig. 3(a). The relative
phase curve b' is the phase distortion corresponding
to the presence of the small echo. It is noted that one
cycle of fluctuation of this curve occupies a width
along the frequency axis equal to 1/te; that is, the
frequency corresponding to 27r times the relative
phase angle of the echo components.

The corresponding amplitude curve F is shown
in Fig. 3(c). The relative amplitude and phase dis-
tortion are shown together in Fig. 3(d), in terms of
attenuation a' (napiers) and phase b' (radians). Each
oscillates between +e and -e while their quadratic

6 Napiers and radians are comparable dimensionless units for
the expression of attenuation and phase angle, respectively. It isunfortunate that these have separate names, because they are
quantitatively identical, as is apparent in complex exponential
expressions. One napier is equal to 8.7 decibels and one radian isequal to 57.3 degrees. Therefore one decibel is comparable with
6.6 degrees. The comparable units of attenuation and phase angle
may be used interchangeably if desired. For example, an angle of
180 degrees may be expressed as 27.3 decibels.

June

sum is constant and equal to c, the relative amplitude
of the echo.

A single echo corresponds to a combination of
both amplitude and phase distortion, whereas it is
desirable to be able to interpret each kind of distor-
tion apart from the other. This is accomplished by
the method of paired echoes here to be described.

IV. THE AMPLITUDE DISTORTION CORRESPONDING TO

A POSITIVE PAIR OF ECHOES

Fig. 2(b) shows a pair of echoes of equal ampli-
tudes, one before the output signal and the other
after. This is called a positive pair of echoes, either
in the form shown or if both amplitudes are negative.
The essential characteristic of a positive pair is
symmetry about the main signal. The product of the
echo amplitudes is positive, hence the term "positive
pair." Various physical systems are capable of yield-
ing such a pattern of signal and echoes. It has physi-
cal significance as well as hypothetical, but that is
outside the scope of this treatment.

Following the same procedure as for the single
echo, it devolves that the positive pair corresponds
to amplitude distortion only, without phase distor-
tion. This would be expected from knowledge of the
symmetric form of the Fourier integral, in view of
the at-
tenuation corresponding to the positive pair is shown
as a" in Fig. 3(e), the relative phase angle b" being
zero. The vector diagram of Fig. 4 becomes similar
to that representing the amplitude modulation of a
carrier, corresponding to a symmetrical pair of side-
bands, although the angular co-ordinates are not
the same.

The positive pair of echoes corresponds to ampli-
tude distortion of the form

(7)= 2e cos 27rfte.

The phase distortion b" is zero, because the sine
terms cancel with plus and minus signs of b, and I.If amplitude distortion like that of Fig. 3(e) is
present, there exists a positive pair of echoes in thereproduction of a transient signal. This may becaused in any part of the system where such distor-tion is introduced, and all such effects are accumula-tive to give the final signal output transient. Nat-urally any compensative distortion causes cancella-tion of the corresponding echoes.

V. THE PHASE DISTORTION CORRESPONDING TO A
NEGATIVE PAIR OF ECHOES

Fig. 2(c) shows a pair of echoes of opposite am-plitudes. This is called a "negative pair" of echoes

a" = - e cos-b, - e cos+be = - 2e cos b6
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because the product of the amplitudes is negative.
The essential characteristic of a negative pair is skew -
symmetry about the main signal.

The negative pair corresponds to phase distortion
only, without amplitude distortion. This phase dis-
tortion is shown as b" in Fig. 3(f), the relative attenu-
ation a" being zero. The vector diagram of Fig. 4
becomes similar to that representing the phase
modulation of a carrier, corresponding to a skew -

symmetrical pair of sidebands, although the angular
co-ordinates are different.

The negative pair of echoes corresponds to phase
distortion of the form

b" = - e sin-be e sing -be = 2e sin be
(8)

= 2e sin 2lrfte.

The amplitude distortion a" is zero, because the
cosine terms cancel with equal plus and minus co-
efficients.

If phase distortion like that of Fig. 3(f) is present,
there exists a negative pair of echoes in the reproduc-
tion of a transient signal. If both amplitude and
phase distortion are present, the corresponding posi-
tive and negative pairs of echoes are superimposed.
Those on one side of the signal may cancel out while

_J

1

e I e
I I _

o tc

I 1

t'

Fig. 5-Amplitude distortion and corresponding positive
pairs of echoes.

those on the other side add up. The simplest example
of this is the single echo with its corresponding am-
plitude and phase distortion shown in Fig. 3(d).

VI. THE INTERPRETATION OF AMPLITUDE AND PHASE
DISTORTION IN A LIMITED FREQUENCY BAND

In the derivation of the distortion corresponding
to the various patterns of echoes, the attenuation or

phase distortion curve has the same sinusoidal form
over the entire frequency range, not only within a
limited band. In signaling systems, however, all the
appreciable frequency components of the signal tran-
sient must be within an allotted band. It is immate-
rial what distortion occurs outside of this band. If the

3
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o
o fc

C I e

o t'

1 LT-',
L_L_, 2tc

1 ,
,

I ,

i
,

1 ,

Fig. 6-Phase distortion and corresponding negative
pairs of echoes.

distortion has, within the band, one of the forms
described, that is sufficient to identify the cor-
responding pattern of echoes, just as if that form of
distortion continued throughout the entire frequency
range.

Any form of distortion curve which occurs within
the limited frequency band occupied by the signal,
can be analyzed into a Fourier series of distortion
curves, each corresponding to a certain pair of
echoes. The simpler forms of distortion curves can be
closely approximated by one or two terms of such a
series. In this manner, a small amount of amplitude
or phase distortion can be readily interpreted in
terms of a pattern of paired echoes. Usually this can
be done in such a way that very few of the echoes are
appreciable, so the detrimental effect of the distor-
tion can be estimated on inspection of the phase
curve.

Fig. 5. shows a family of attenuation curves and
the corresponding positive pairs of echoes. Fig. 6
shows a similar family of phase curves and negative
pairs of echoes.

In Figs. 5 and 6, a frequency band bounded by f
is chosen, at least wide enough to include all the ap-
preciable frequency components of the signal tran-
sient. The boundary fe is termed the cutoff frequency,



364
Proceedings of the I.R.E.

although it may be chosen greater than the cutoff fre-
quency of the system. Any given attenuation or
phase curve, over this frequency band, is then re-
solved into its components.

The first step is to define the attenuation or
phase distortion relative to a reference line which
does not represent any distortion. The attenuation
distortion a" is measured relative to a level line
which passes through the actual curve.' The phase
distortion b" is measured relative to a straight line
which passes through the phase curve and the origin.8
The former reference line determines the amplitudeof an undistorted signal relative to which the distor-
tion is to be measured. The latter (b0) determinesthe time of delay (to) of the undistorted signal rela-
tive to which the distortion is to be measured. The
choice of either reference line is not absolute, but the
attenuation or phase departure from this line mustbe much less than one napier or one radian, in the
system component being studied. Some rules as to
the choice of reference line are to be given, however,
which are helpful to minimize the number of echoes
that are appreciable.

The parameter n for each row is the number of
quarter waves in the distortion curve (a" or b")
within the frequency band. The curve has one of the
two forms

Stir r
- an" = 2en cos -= 2en cos 27rften

2fe

bn" = 2en sin = 2e., sin 27rften
.

The time displacement of the echoes either side of
the main signal output is then

ten= =711e;
1

t. -
4f,

in which t, is called the cutoff time and is related to
the width of the output signal transient. Twice this
value (24) is the nominal width (on the basis of
height and area) of the narrowest transient that can
be transmitted through a filter with nominal cutoff
at fe (on the same basis). This width is indicated by
dotted rectangles on the second line of Fig. 5 and of
Fig. 6.

Any given distortion curve of attenuation or

7 The reference line for attenuation may be, instead of a levelline, a curve representing a desired form of attenuation in thatpart of the system.
8 This is the condition in a low-pass system. It may be modi-fied to suit the different requirements found in any given band-pass example.
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phase is then resolved into its Fourier series of com-
ponents like those shown in the left-hand column of
Fig. 5 or 6. Each term of the series has a correspond-
ing pair of echoes whose relative amplitude en is half
the peak value of that component in (9) or (10)
above, and whose time displacement ten is given in
(11) above. All of the echoes are plotted on a single
chart to show the complete pattern.

To show the actual distortion of a signal output
transient, there must be determined first what form
the transient would have if the small distortion here
considered were absent. This depends both on the
form of the input signal transient and on the form of
attenuation desired for selective purposes. If the
input transient is symmetrical, the undistorted out-
put is also. Having determined the form of the output
transient in the absence of the undesired distortion,
the effect of this distortion is shown by drawing in
all the echoes of this same form and adding the
ordinates. The resultant transient form includes the
distortion effects.

Since amplitude distortion of all kinds at once is
readily taken into account by the Fourier integral,
symmetrical in the absence of phase distortion, the
method of paired echoes is most valuable in the inter-
pretation of phase distortion. The reference line (b0)
should be drawn with a slope that the phase de-
parture (b') approximates one of the Fourier com-ponents as closely as possible, or at least can be re-
solved into the fewest components of appreciable
amplitude. The cutoff frequency f, should be chosenabout as low as possible while including all the
appreciable frequency components of the output
signal transient. The reference line (14) should pref-erably intersect the phase curve (b) at the cutoff
frequency so all of the odd -order terms of the Fourier
series disappear, leaving only those with even valuesof n. In some cases, the cutoff frequency f, may beslightly inside of the frequency band of the signal,for the point of intersection, providing the continua-tion of the phase curve beyond f, is still approximatedby the Fourier components. This approximation neednot be very close if the higher -frequency componentsare of relatively small amplitude.

Some general rules may be stated as to the distor-tion effects to be expected from a given curve of rela-tive attenuation or phase. The echo amplitudes areproportional to the amount of distortion, and theirtime displacement from the main signal output isproportional to the number of peaks and valleys inthe curve, or to the maximum slope. The center ofgravity of the signal output transient is displaced intime by the amount of delay represented by theinitial phase slope at the origin.
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VII. A PRACTICAL EXAMPLE OF PHASE DISTORTION
INTERPRETED IN TERMS OF PAIRED ECHOES

Fig. 7(a) shows the amplitude curve and Fig.
7(b) the phase curve of a filter whose properties are
illustrative of some practical circuits. The former
curve has a gradual cutoff at the cutoff frequency f,
and the latter a maximum slope at the same fre-
quency. The amounts are representative of a low-pass
filter having about four sections and having much
dissipation to secure gradual cutoff.

Fig. 8(a) shows the symmetrical transient output
of such a filter, in response to an instantaneous im-
pulse, assuming zero phase shift. This and Fig. 7(a)
are neither exact because both have a small but neg-
ligible amplitude outside the limited range of the
curve shown.°

The reference line for phase distortion, bo in Fig.
7(b), is chosen to intersect the phase curve b at the
cutoff frequency f,. The relative phase is shown sepa-
rately as b', whose peak value is 1/2 radian. This cor-
responds to the second row of Fig. 6, n =2, with
e= -1/4. Therefore there is a negative pair of
echoes as shown in Fig. 8(b), each having one fourth
the amplitude of the main signal output. The final
form of the output transient is obtained by drawing
in the echoes, each having the same shape as the
main signal output, and summing the ordinates as
shown in Fig. 8(c). It is plotted against I', the time
relative to the uniform delay to represented by the
phase slope of the reference line bo in Fig. 7(b).

b

--
fe

Fig. 7-The frequency characterist ics of an illustrative example.

This example shows clearly the effect of phase
distortion in disturbing the symmetry of the output
transient, and in adding to its duration. The method

In Fig. 6 of footnote reference (3), the shape of these curves
is described as the "cosine -squared" form. There it is shown that
an amplitude curve of this shape leads to an output transient of
substantially the same shape, or vice versa.

of paired echoes establishes a convenient relation be-
tween the phase curve and the resulting distortion,
in such a manner that the nature of the distortion
can be seen by inspection of the curve.

output transient
assuming zero
phase shift

(a)

echo pattern
corresponding to
phase distortion -e

0 t,

+e

(b)

-2t, l ate t'

output transient (c)
with actual
phase distortion

Fig. 8-The application of the method of paired echoes to evalu-
ate the effects of the phase distortion shown in Fig. 7.

VIII. ECHO PATTERNS CORRESPONDING TO VARIOUS
FORMS OF AMPLITUDE DISTORTION

It is desirable to gain familiarity with various
forms of amplitude and phase distortion, and how
they affect the shape of the output signal transient.
It is with this aim that the examples of this and the
following sections are to be described. They are
selected with a view to demonstrating the variety of
applications of the method of paired echoes, and also
its limitations.

Figs. 9 to 11 show a number of amplitude curves
with corresponding echo patterns. The echoes are
related only to the small amount of amplitude dis-
tortion indicated for each example. The shape of the
output transient depends also on the shape of the
"undistorted" signal output. That is the shape the
signal output would have if the amplitude curve and
the input transient had the most desirable form. It
is immaterial how the amplitude characteristics arc
divided between the frequency spectrum of the input
transient and the frequency characteristics of the in-
tervening system.

In the examples to be described, not only is the
echo pattern shown but also the shape of the output
transient is drawn. The latter is, in every case, based
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on an assumption as to the resultant amplitude curveof the input transient and the intervening system. In
most cases, and unless otherwise stated, the condi-tions of Fig. 9(a) are taken as the standard of refer-ence. The light curve F is the amplitude spectrum ofthe assumed "undistorted" output transient. It rep -

(a)

(b)

(c)

Fig. 9-First-order amplitude distortion and corresponding
echo patterns.

resents a gradual cutoff of the higher -frequency
components. The shape of this curve may depend
entirely on the shape of the input transient, with uni-
form transfer of all components through the system,
according to the level heavy line Fo in Fig. 9(a).
Any distortion of the line Fo would then represent
the departure from uniform transfer through the
system. An input transient of cosine -squared shape
would have such attenuation of its higher -frequency
components as to yield approximately the cosine-
squared shape of curve F. On the other hand, the
shape of this curve may represent only the desired
gradual cutoff in the system. The input transient
would then have to be a sharp impulse, which has
components of uniform amplitude over the frequency
range passed by the system.

In general, curve F in Fig. 9(a) represents the
combined attenuation of higher -frequency compo-
nents in the input transient and the intervening sys-
tem, assumed for the purpose of defining a conveni-
ent shape of "undistorted" output transient. This
curve, and therefore the output transient, have ap-
proximately the cosine -squared shape, as shown.
The nominal cutoff frequency isfc, equal to the width
of a rectangle having the same height and area as
the curve F. The "undistorted" output transient has
the nominal width 2tc, which is the width of the
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dotted rectangle of the same height and area as the
transient curve. This curve is centered at the time to,
the uniform delay of the system in the absence of
distortion, and is plotted against the time t' measured
relative to to.

The level line Fo in Fig. 9(a) indicates that the
distortion is zero relative to the standard of reference
which is curve F. In the following examples, as in
Fig. 9(b), the curve Fe shows, relative to Fo, a "small"
amount of amplitude distortion. It is this distortion
whose effect is shown by the echo pattern in each
case. The modification of curve F is shown also as
FFe, distorted in accordance with the factor Fe.
This modified curve is the over-all amplitude curve
of the input transient and intervening system, so it
is the amplitude spectrum of the output transient
drawn in for example.

With this introduction, Fig. 9(b) and (c) shows
the echo patterns for the simplest case of amplitude
distortion. It is the case of n=1 in Fig. 5. The peak
distortion is ± 1/2 radian (drawn approximately to
scale) so the relative amplitude of each echo is 1/4.
The positive pair of echoes has positive polarity in
Fig. 9(b) and negative in (c). The former corresponds
to more gradual cutoff at a lower frequency, curve F,so the output transient becomes wider. The lattercorresponds to sharper cutoff at a higher frequency,so the output transient becomes narrower and itssides steeper.

The simple example of Fig. 9 is given mainly toillustrate the scheme of presenting amplitude distor-tion. Echo pairs of odd order (n = 1, 3, etc.) are not
needed and usually are better avoided in the studyof distortion in the frequency band between zeroand the nominal cutoff frequency. If there are ap-preciable components at higher frequencies, thenodd -order pairs may be needed, but then it is usuallybetter to select a higher value for the cutoff fre-quency. In these examples, the higher-frequencycomponents are small so their distortion is of minorimportance, but theoretically the curve Fe has torepresent the actual distortion out to 2fc.

Fig. 10 shows the echo patterns for the most use-ful simple case of amplitude distortion, the case ofn = 2 in Fig. 5. The amplitude curve slopes down-ward in (a) and upward in (b), relative to the desiredshape. The effect is similar to that of Fig. 1(b) and(c), respectively. Fig. 10(c) remains to be describedin Section X.
The examples of Fig. 10 show the great advantageof using only the even -order pairs of echoes. Theechoes being further separated, the correspondingtransients overlap much less. The dotted rectanglesof Fig. 10(a) show the nominal width of the tran-
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sients, 2tc=1/2fc. The separation of the echoes is

equal to this nominal width. In the case of the "cosine -

squared" gradual cutoff here assumed as the standard
of reference, the overlapping is confined to the space
between the peaks in the echo pattern. Therefore
the curve of the resultant output transient passes
through the echo peaks. This relation makes the
echo pattern especially valuable as an aid in visualiz-
ing the distortion of the output transient. The echo
pattern of Fig. 10(b), even before drawing the curve,
shows that one napier increase of amplitude in the
pass band causes adjacent reversed pulses whose rel-

ative amplitude is 1/4.
The presence of sharp discontinuities in the curve

of relative distortion (Fe) corresponds to the sum of
many echo components. Fig. 11 shows such an ex-
ample, having a step of +2c at the nominal cutoff
frequency. This distortion curve is resolved into a
Fourier series (see Appendix B) of odd -order cosine
terms. Each of these terms has its corresponding pair
of echoes. The resulting echo pattern is shown. There
is a transient oscillation on each side which is damped
hyperbolically, that is, the echoes decay in amplitude
in the inverse ratio of their separation from the cen-
ter. The first echo on each side has an amplitude of
2c/7r. The diagrams are drawn for c= +1/2 radian,
or a step of one radian.

(b)

(c;

Fig. 10-Second-order amplitude distortion and corresponding
echo patterns.

Carrying this example to the extreme, it becomes
a complete sharp cutoff at L. This extreme is beyond
the scope of the method of paired echoes, but is
shown in Fig.. 11(c) for comparison.'° It also has

10 Its response to a step of driving force is given by Guillemin,
footnote reference (5). It8 response to an impulse is given in
Appendix I) of footnote reference (3).

oscillations damped hyperbolically. They are of

greater amplitude but otherwise similar to those of
Fig. 11(a) and the reverse of those of (b).

Further examples of amplitude distortion are

deferred to Section X.

F

(b)

(c)

Fe

Fe

le

Fig. 11-The amplitude step and corresponding echo patterns.

IX. ECHO PATTERNS CORRESPONDING TO VARIOUS

FORMS OF PHASE DISTORTION

The standard of reference in the study of phase
distortion is less arbitrary. This is one reason why
the method of paired echoes is more useful as applied
to phase distortion than as applied to amplitude dis-
tortion. The main reason, however, is the greater
difficulty of applying other methods to phase distor-
tion.

A straight line through the origin is the standard
of reference. This represents uniform delay of all
signal components, that is, phase displacement pro-
portional to the frequency. It is arbitrary to the ex-
tent that its slope is not uniquely determined. The
slope is so chosen that the straight line has some
points in common with the actual phase curve, and
perhaps as many points as possible. The echo pattern
depends on the chosen slope in the same manner as
any equation depends on the choice of co-ordinate
axes. Therefore the slope is chosen with the aim of
securing the simplest echo pattern, unless there is
some other objective in view.

It is generally preferable to choose the slope so
the straight line and the phase curve intersect at the
cutoff frequency. Alternatively, the straight line may
may be drawn first, and then the nominal cutoff fre-
quency chosen at an intersection which occurs near
the cutoff frequency. The advantage of this relation
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is the avoidance of odd -order pairs of echoes. This
assures more space between echoes with less over-lapping, as described above. It is also likely to mini-
mize the number of echoes required to approximate
the distortion.

f

(b)

(C)

Fig. 12-Second-order and fourth -order phase distortion andcorresponding echo patterns.

The reference line bo in Fig. 12(a) has a slope cor-
responding to a uniform delay to. It is relative to this
delay that the distortion is to be determined, so itis to be plotted in terms of the relative time 1'. The
slope of this line and the choice of the nominal cutoff
frequency together determine what echo pattern is
obtained for a given phase curve. In order also to
show a sample wave form of the output transient,
the "cosine -squared" amplitude curve of Figs. 7(a)
and 9(a) is asumed unless otherwise noted. The re-
sulting "undistorted" output transient is shown in
Fig. 12 (a), with the nominal width 21, indicated by
the dotted rectangle.

Fig. 12(b) shows the simple case of 12 = 2 in Fig. 6,
exemplified also in Figs. 7 and 8. The actual phase
curve is b, and the relative phase distortion is b"
from which the pair of echoes is determined. If the
peak distortion is +1/2 radian, the amplitude of
each echo is 1/4 as shown.

It is a usual property of filters to have maximum
phase slope at the cutoff frequency, so these examples
are chosen with this property. The introductory
example of Fig. 1, however, differs from most filters
in this respect. It has such gradual cutoff that the
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phase slope is maximum at zero frequency. Therefore
the tendencies of the phase distortion in Figs. 1 and
9(b) are opposite. In Fig. l(d), the output transient
has maximum slope on its entering edge, while in
Fig. 12(b) it has maximum slope on its trailing edge.
The example of Fig. 1 could have its phase distortion
analyzed in terms of paired echoes, but many echoes
would be required, closely spaced, in view of the
appreciable frequency components of the higher fre-
quencies causing the sharp rise of the entering edge.
The resulting curve of output transient would be
rough because each component would have the
pointed shape of Fig. 1(c). I t is apparent that the
method of paired echoes is more useful where the
higher -frequency components are small beyond the
nominal cutoff frequencyf, and negligible beyond 2fc.

Fig. 12(c) shows an example having two pairs of
echoes, with maximum phase slope at the cutoff fre-
quency and a lesser maximum at zero. The tendency
is toward this shape when simple phase correction is
used, such as the m -derived filter with in greater than
one. The pairs of echoes are those of n =2 and 4 in
Fig. 6. The peak values of the components of the
phase distortion b' are respectively 1/2 and 1/4
radian, so the amplitudes of the echoes are, respec-
tively, 1/4 and 1/8. These echoes are the first two
pairs of the next example, which has many pairs.

In Fig. 12(c), the phase curve would in practice
tend to level off at higher frequencies. The difference
between this and the upward trend shown at 2fc isnot important, since it occurs only at the higher
frequencies of the very weak signal components. Anexact analysis would require very weak odd -order
echoes to take this difference into account.

Since the tendency is toward a maximum slopeof the phase curve occurring at the cutoff frequency,it is interesting to pass to the limit of infinite slope.This amounts to a step in the phase curve, as shownin Fig. 13(a). Even though this is an extreme caserequiring an infinite series of echoes for its exact inter-pretation, it leads to only a nominal amount of dis-tortion of the signal transient, comparable with thatof Fig. 12(c). The echo pattern is derived in AppendixB by resolving the relative phase curve b' into itsFourier series of sine terms. It represents an oscilla-tion with hyperbolic damping. That is, the echo am-plitudes are inversely proportional to their separationfrom the center. If the step in the phase curve has aheight of 2c', the peak value of the phase distortionis ± c' and each echo of the first pair (n = 2) has theamplitude c'/ir. The transient curve is drawn forpeak distortion of ± 1/2 radian and echo amplitudeof 1/27r in the first pair.
This case of a step in the phase curve is of unu-
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sual value in comparing the effect of small distortion,
treated in terms of paired echoes, with that of large
distortion, treated directly by means of the Fourier
integral. In Fig. 13(b), the phase curve b has a step
of 7F radians, which is greater than can be treated by
the simple use of paired echoes. However, it may be
regarded not as phase distortion but rather as a re-
versal of amplitude. A secondary reference curve of
phase is taken as be'. The upper part of the phase
curve is lowered into the new reference curve, rela-

tive to which the phase distortion disappears.
The step taken out of the phase curve is replaced

by a reversal in the amplitude curve. The modi-
fied amplitude curve is shown in Fig. 13(c) for this
example. The new curve F having much less net
area than the original, the nominal cutoff frequency
is reduced to L' (2/7r)fc. This means a widening
of the output transient to a nominal width of
2t,' =(7r/2)24=7'c. Therefore, in this case, the simp-
lest effect of the step in the phase curve is the
widening of the output transient.

Since the distortion can be expressed entirely in
terms of amplitude distortion, as in Fig. 13(c), it

// b

(b)

(C)

(d) (2e= 21T)

13-The phase step and corresponding echo patterns.

follows that the output transient must be symmetri-
cal. However, its center of symmetry is located not
by the primary reference curve be but rather by the
secondary reference curve be' of Fig. 13(b). The dif-
ference of their slopes determines a phase difference
of 7r/2 or 1/4 period at the cutoff frequency f, which
is a time difference of tc. Therefore the center of the

symmetrical pulse has a delay which is less than that
of the primary reference curve by the amount of te.

The shape of the output transient is derived from
the amplitude curve F of Fig. 13(c) with the aid of
the symmetric Fourier integral in Appendix B. This
incidentally determines the echo spectrum because
the location of the echoes is known on the same basis

(b)

(C)

b

0

0

-etc

0 2t,

2tc.

Fig. 14-The combined effects of sharp cutoff and
phase distortion.

as in Fig. 13(a). Merely increasing the amount of
distortion does not change the positions of the echoes,
although it disturbs their skew -symmetry, as remains
to be shown further in Section XI. In this case, the
"center" component of the output signal is reduced
and the next preceding echo becomes equal to it.
Their amplitude is 2/7r as compared with unit ampli-
tude of the center component in Fig. 13(a).

The same procedure is applicable to a step of any
multiple of 7r in the phase curve. Fig. 13(d) illustrates
a step of 27. This is really not distortion at all, be-
cause a phase shift of 27 cannot be detected. This
is merely a logical extension of the preceding case.
The output transient has twice the displacement
from the "center," which is 2t,. The center compo-
nent has disappeared, as have all the echo components
except the one which has become the single remain-
ing component. The center component would appear
as shown in dotted lines, if the phase distortion were
absent

The step in the phase curve represents distortion
only of the frequency components beyond the nomi-
nal cutoff frequency fe at which the step occurs. If
such components were absent:, the reference phase
slope would be chosen to coincide with the phase
curve in the pass band, and no phase distortion could
be detected. This appears clearly in Fig. 13(c), where
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the reversal of amplitude would have no effect in
the absence of higher-frequency components.

In general, the output transient may have any
form, symmetrical or not, before taking into accountthe phase distortion under consideration. Fig. 14
illustrates the method of paired echoes as applied to

(a)

c

(b)

(c)

Fig. 15-Similar amplitude and phase distortion based on
hyperbolic damping of the echoes.

an extended transient with oscillations on both sides.
The amplitude curve is assumed uniform (F=1)
below the cutoff frequency fc, and zero above. The
amplitude curve and therefore the undistorted out-
put transient are those of Fig. 11(c), the latter being
shown for reference also in Fig. 14(a). Simple phase
distortion and the corresponding echo pattern are
shown in Fig. 14(c), and are similar to those of Fig.
12(b). The curve of the output transient (c) is ob-
tained by adding together the undistorted curve (a)
with the echo curves (b) of the same shape. In spite
of the complex shape of the undistorted transient
and the echoes, the resulting curve in this case passes
through the points of all the components of the echo
pattern.

Further examples of phase distortion, with the
similar examples of amplitude distortion, are to be
described in the next section.

X. SIMILAR FORMS OF AMPLITUDE AND
PHASE DISTORTION

There are some related forms of amplitude and
phase distortion which, if they are both present in
equal amounts, cancel out on one side of the output
transient and add together on the other side. In prac-
tice, it is more common for the output transient to
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trail off after the main pulse, than for it to precede
the main pulse. This is especially true of filters which
do not have phase correction.",'2 Therefore, forms of
distortion which lead to this result are of special
interest, because they seem more likely to occur in
practice.

The simplest examples of similar amplitude and
phase distortion are those of Figs. 10(b) and 12(b)
each having a single pair of echoes. If the distortion
of each kind is small, so echoes of echoes are negli-
gible, the two echo patterns may be superimposed by
simple addition. The result is shown in Fig. 10(c),
where the preceding echoes are canceled and the
trailing echoes are added. This degenerates into a
single echo instead of a pair of echoes.

Just as in the case of a single echo, there appears
a theorem that echo patterns appearing entirely on
one side are the result of combined amplitude and
phase distortion in equal amounts. The equality of
amounts is true, in general, only if the echoes are
much weaker than the main signal. The similar
forms of amplitude and phase distortion to be de-
scribed are merely those which, in small amounts and
in combination, lead to patterns of single echoes on

(a)

c

(b)

(c)

-==t7=117a1C=1:='

Fig. 16-Similar amplitude and phase distortion based onexponential damping of the echoes.

one side, instead of pairs of echoes on both sides. The
examples are chosen to result in echoes on the trailingside only. They are selected to indicate a variety of

n Carson and Zobel12 show the indicial admittance of con-stant -k filters; the response to an impulse is indicated by theslope of the indicial admittance.
12 J. R. Carson and 0. J. Zobel, "Transient pscillations inelectric wave filters," Bell Sys. Tech. Jour., vol. 2, pp. 1-52; July,(1923).
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forms and to give information of value in the study
of tolerances.

The next example of similar amplitude and phase
distortion is based on a step in the phase curve,
described with reference to Fig. 13(a) and shown for
comparison in Fig. 15(a). The step causes transient
oscillations before and after the signal, with hyper-
bolic damping. They are skew -symmetrical, since
caused by phase distortion. There is developed in
Appendix B the form of amplitude distortion which
leads also to oscillations with hyperbolic damping,
but symmetrical instead of skew -symmetrical. It
has a narrow, sharp peak at the cutoff frequency.
This form of amplitude distortion and its echo pat-
tern are shown in Fig. 15(b). The combination of

this amplitude distortion with the step in the phase
curve causes the preceding oscillations to cancel out,
leaving only the trailing oscillations with double
amplitude as shown in Fig. 15(c). The total distortion
d is also shown, which is the quadratic sum of ampli-
tude and phase distortion.

Fig. 16 is derived in Appendix B on the basis of
exponential damping of the echoes on either side.
This could be secured by a resonant peak or valley
in the amplitude curve, at either the cutoff frequency
or zero. A valley at zero frequency is the case shown,
as in Fig. 16(b). The phase curve and its echo pat-
tern are shown in Fig. 16(a) and the amplitude in
(b). The one-sided echo pattern in (c) results from
the combination of (a) and (b). This is the type of
distortion caused by attenuation of very low fre-
quencies, as in the coupling condenser of a resistance -

coupled amplifier. If the valley of the amplitude
curve is below the reference line and the ratio of
damping from one echo to the next is 1/2, the -'cor-
responding maximum of amplitude distortion is

c =1/2 and of phase distortion is c' =1/3, the echoes
of the first pairs have an amplitude of 1/8, and the
first echo in Fig. 16(c) has an amplitude of 1/4 as
shown.

An especially interesting case is that of Fig. 17,

in which there are any number of echoes of the same
amplitude. The phase and amplitude curves are
derived in Appendix B. They are shown in Fig. 17(a)
and (b) for the case of four echoes on each side, of
alternating polarity. The amplitude curve is shown in
terms of relative attenuation -a', or departure from
unity amplitude. The total number of peaks and
valleys in the pass band (zero to f) is equal to the
number of echoes on each side. The amplitude dis-
tortion yields also a zero -order echo as indicated.
The combined effect of this phase and amplitude dis-
tortion is the one-sided echo pattern of Fig. 17(c), by
which there is shown a curve of total distortion d,

which is the quadratic sum of amplitude and phase
distortion. The dotted curves on the left side show
the envelopes of the distortion curves for any number
of echoes. If the envelope curves have a minimum
spread equal to 1/4, the echoes of each pair have an

1

(a)

2eo

(b)

2e,,

(c)

Fig. 17-Similar amplitude and phase distortion based on a
number of equal echoes.

amplitude of 1/8, while the single echoes of Fig. 17(c)
have an amplitude of 1/4.

The three examples of Figs. 15 to 17 illustrate
three forms of damping of the echoes; hyperbolic,
exponential, and none at all. The first requires a dis-
continuity in the distortion curves which may be
roughly approximated in practice, but is mainly of
theoretical interest. The second requires a peak or
valley of the shape of a resonance curve, which is
commonly found in practice. The third requires
alternating peaks and valleys such as might be found
in a circuit of many elements, perhaps including net-
works for the compensation of a large amount of dis-

tortion.
There are four variations of each example, which

may be identified with reference to the amplitude
curves. The distortion may appear as a peak or a
valley, which may be at zero frequency or at the
nominal cutoff frequency. If it is a peak, the second
echo after the signal (n =4) has positive amplitude,
and conversely, if a valley, negative. The transient
has its natural frequency equal to the frequency at
which the peak or valley occurs. If it is at zero fre-

quency, the echoes on each side are all of the same
polarity as ill Fig. 16, but. if it is at the cutoff fre-
quency, they are of alternating polarity as in Figs.
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15 and 17. In practice, a peak or valley at zero fre-
quency, or a peak at the cutoff frequency, are com-
mon, but a valley at the cutoff frequency is unusual.

The phase distortion is here treated in terms ofits angular magnitude, rather than in terms of its
slope or time of delay. The slope of the relative phase
curve is the departure of the phase slope from its
reference value, namely, the slope of the reference
curve. The phase distortion in terms of slope has
some direct significance worthy of mention. The
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L.....__(c) b'
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Fig. 18-The evaluation of large distortion by successive
applications of the method of paired echoes.

phase slope at the origin determines the delay of the
"center of gravity" of the output transient, because
the phase angle of the low -frequency components
depends mainly on the center of gravity. If it differs
much from the average slope, the output transient
has very unsymmetrical distortion.

XI. THE EVALUATION OF LARGE DISTORTION BY
SUCCESSIVE APPLICATIONS OF THE METHOD

OF PAIRED ECHOES

The method of paired echoes is theoretically valid
only for small distortion, much less than one napier
or one radian, because of the simplifying assump-
tions in its derivation. The simple addition of the

June

effects of amplitude and phase distortion is likewise
limited in its application. There remains to be shown
how much error is incurred in its use on moderately
large distortion, and also how its use may be ex-
tended to very large distortion.

The application of this method to a large amount
of amplitude distortion is of doubtful utility. The
successive applications to be described are likely to
be more laborious than the simple application of the
symmetric Fourier integral, which is not difficult and
is adapted for any shape of distortion curve. There-
fore the application to large distortion is to be illus-
trated on phase distortion, where the utility is
greater and extreme distortion such as the cutoff
characteristic is absent.

A large amount of distortion may be subdivided
into small parts, and each part treated individually.
Each part may be made small enough to fall within
the scope of the method of paired echoes. Then the
distortion of the respective parts may be combined,
just as if it occurred in different parts of the system.In terms of echo patterns, each individual echo
caused by one part of the distortion is spread outinto a complete pattern of echoes caused by anotherpart of the distortion. If the two parts are alike, this
shows the effect of doubling the amount of distortionof any form. If the pattern are very
small, as assumed in deriving the method, the sub -echoes are so much smaller as to be negligible. They
became appreciable, however, if the total distortionis comparable with one napier or one radian, orlarger. It is in such cases that successive applications
of the method are needed to yield the echoes of lessermagnitudes.

Fig. 18 shows an example of the successive appli-cations in the case of a simple form of phase distor-tion, that of Fig. 12(b). Fig. 18(a) shows this formof phase distortion with a peak value of 1/2 radian,and its pattern of one pair of echoes, each with anamplitude of 1/4.
Double this amount of distortion is evaluated bya second application of the method. In the first ap-plication, the original signal had only the centralcomponent of unit amplitude. This became three

components as in Fig. 18(a). In the second applica-tion, these three components are taken as the inputsignal. The distortion superimposes two echoes ofthis signal, each having similar three components asin Fig. 18(b). The sum of the signal (a) and the pairof echoes (b) is the signal output (c) corresponding tophase distortion with peak value of one radian asshown.
The result of two successive applications of themethod is not very different from the result of a
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single application on the basis of double the amount
of distortion. The pattern of Fig. 18(c) has five com-
ponents of amplitudes 1/16, 1/2, 7/8, -1/2, and
1/16. A direct application of the method would have
yielded three components of amplitudes 1/2, 1, and
-1/2. The maximum difference is 1/8, which is of
secondary importance. It is concluded that the
method gives directly a rough approximation for
phase distortion of peak value up to one radian. The
approximation can be shown to be very close (within
1/32) for a peak value up to 1/2 radian, as in Fig.
18(a). Therefore, the practical utility of the method
in its simplest form is not limited to extremely small
distortion.

The third successive application is based on the
pattern of Fig. 18(c) as the input signal. Each echo in
this pattern is likewise expanded in a similar pattern
as shown in (d). The resulting signal output transient
is obtained by the addition of (c) and (d) to secure
the pattern of (e). (Not all of the lesser and more
remote echoes are shown.) This corresponds to a
peak distortion of 2 radians as indicated. This
amount is entirely beyond the scope of a single ap-
plication of the method, because one of the echoes be-
comes the main component and there is great depar-
ture from skew -symmetry of the echo pattern.

Successive applications of the method appear to
be useful and not too laborious in evaluating fairly
large distortion. The result is merely a more complex
pattern of echoes, not all related in pairs. The method
is still independent of the shape of the "undistorted"
output transient. The original spacing of echoes, in
this case, is retained in the final pattern. This is
generally true where the relative phase angle is zero
at the nominal cutoff frequency, so only even...order
echoes are present.

Theoretically, the echo pattern or the Fourier
components of phase distortion or both have the
form of an infinite series. This exact theory is outside
the scope of this treatment because it departs from
the simplicity of the method of paired echoes.

XI I. THE TOLERANCE OF DISTORTION IN
PICTURE TRANSMISSION

1 t is relatively easy to specify the tolerance in
terms of permissible amplitude of echoes, which ap-
pear as spurious lines, edges, or shadows in a pic-
ture. This manner of specification may be sufficient
in some cases, since any actual distortion in terms of
attenuation and phase can be resolved into its echo
pattern by the method of paired echoes.

There are some objects which are unusually sensi-
tive to distortion of the frequency characteristics.
These are objects which have repetitive lines or

edges close together in the horizontal direction. The
resulting signal has its power distribution unusually
concentrated in the higher part of the frequency
range, whereas the average power distribution is very
much concentrated in the extreme lower part. Ob-
jects of this type might be disregarded for the reason
that their probability of occurrence is very small,
except in resolution charts designed to be sensitive to
distortion. However, it is well to note how the nature
of such an object increases the effect of some echo
patterns more than that of others.

If several vertical lines are spaced equally by
such a pitch that each line image is augmented by
the echoes of other lines, the sharpness of 'definition
is augmented, which in itself is not objectionable. If
there are many echoes, however, the undesirable
echoes in the image, outside of the group of lines, are
also augmented. The relative accentuation of the
echoes, which are small for one line alone, is much
greater than that of the line images. The fewer the
echoes of each line, or the greater their rate of damp-
ing, the less they can accumulate outside the group
of line images. If the echoes in the pattern for one
line have hyperbolic damping, as in Fig. 15, the
augmentation of the image lines increases indefinitely
with the number of lines in the group. This case can
only be approximated in practice, where there is
always a definite limit on this process of building up
by echo summation. The exponential damping in
Fig. 16 or the limited number of echoes in Fig. 17
is possible in practice, with a limit on the amount of
augmentation. The amplitude step of Fig. 11 is a
special case of hyperbolic damping, in which the
augmentation of the desired image lines increases by
a limited amount with the number of lines, but that
of the echo lines increases gradually without limit.
This case is approximated in practice by a sharp cut-
off, which is known to cause great accentuation of
the echo lines adjacent to a group of lines such as
used in resolution charts.

Though useful, the statement of tolerance in

terms of echoes is indirect. Some general rules are
desired to link the echo amplitudes with the ampli-
tude and phase distortion. It is shown at the end of
Appendix B, that the total distortion (the quadratic
sum of the amplitude and phase distortion ill napiers
and radians) is related with the quadratic sum of the
echo amplitudes. The quadratic mean of the total
distortion, taken over the frequency range, is equal
to the quadratic sum of the echo amplitudes,

A/d2, N/a/2_1_b/2

.-N/2e12-1-2e22-1- -1-2c1/2-1-2e2'2-1-
(12)
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The mean -squared distortion over the frequency
range is d2. The echo amplitudes are el, etc.

It appears that the echoes are individually weaker
if the amount of distortion is divided among a larger
number of echoes. A large amount of distortion may
be tolerable if it is divided among a large number of

A

B

Trans. Rec.

L

-41crim4

tftfti...__
-,- iu- 0 -ic

Fig. 19-The distortion of a line image, which is inherent in the
scanning process.

echoes, each one sufficiently weak. This is exemplified
in Fig. 17, in which there are a large number of
echoes of the same amplitude. The amount of dis-
tortion is large in terms of amplitude and phase,
and in terms of their quadratic sum. An equal amount
of distortion concentrated in one echo would be
much more detrimental. It is impossible to state
definitely that a given amount of distortion is exces-
sive unless it is known how it is to be divided among
the echo components.

It is possible to state that a small amount of dis-
tortion is definitely permissible if that amount is
tolerable concentrated in a single echo. In this case,
the tolerance of distortion is of the order of 0.1 napier
or radian. This small a value for the entire system is
chosen because the single echo may be separated
from the desired signal sufficiently to fall in a differ-
ent region of the picture. An echo as weak as 0.01
might be visible in the picture under extreme condi-
tions of a very bright object on a very dark back-
ground.'3

The tolerance of distortion is related with the
amplitude characteristics of the entire system, in-
cluding the frequency distribution of components in

Is The relative illumination of light and dark areas might
differ in a ratio as great as thirty to one. An echo of the light area,
of relative amplitude 0.01, if it appeared in the dark area, would
have a relative brightness thirty times as great (0.3). This would
be visible under these conditions if the echo were sufficiently far
from the light object in the picture image.

June

the picture input signal. The latter being indefinite,
it cannot be counted on with certainty but may be
included if only the reasonable probability of distor-
tion is to be evaluated. It is logical that weaker com-
ponents, such as near the cutoff frequency, would be
subject to greater tolerance of relative attenuation
and phase shift. It can be stated with confidence
that the tolerance is inversely proportional to the
relative amplitude of signal components, assuming
that spurious components are equally visible at all
frequencies. This assumption is not far from the facts,
although components of very low and very high fre-
quencies are somewhat less apparent in the image.

To take into account the amplitude characteris-
tics, the distortion in terms of attenuation and phase
is multiplied by the amplitude factor. The product
Fd is called the "weighted distortion." Tolerance
should be stated in terms of weighted distortion.
Therefore the echo relations are not sufficient; they
do not take into account the shape of the signal pulse
which comprises each echo component. The ampli-

(a)

(b)

0

(C)

(d)

b, --

A.

tcFig. 20-The symmetrical cases of distortion in the scanningprocess, and the corresponding frequency characteristics.

tude factor implicitly takes this into account. Nearlyall of the output transient curves shown herein arebased on the cosine -squared shape of pulse whoseamplitude factor F has approximately the cosine -squared shape shown in Fig. 9(a). If the correspond-ing distortion d is to be interpreted with reference tothese transient curves, it should be multiplied by
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the weighting factor F. This is shown by way of illus-
tration in Figs. 15(c) and 16(c), in light lines under
the curves of total distortion. Conversely, having
specified the tolerance in terms of weighted distor-
tion, the actual tolerance of attenuation and phase
distortion is the specified tolerance multiplied by the
inverted amplitude factor, 1/F.

In picture -transmission systems using the scan-
ning process, this process introduces distortion which
is variable with picture conditions. For example, a
nearly horizontal thin line is not reproduced with
uniform width along its length. This effect is illus-
trated in Fig. 19, which does not need further de-
scription here." The width of reproduction is vari-
able between one and two times the width of a
scanning line, which is equal to the pitch of scanning
lines. The average width is -V2 times the pitch.

If a vertical line were reproduced in the same
manner, it would appear as if subjected to a variable
amount of attenuation and phase distortion. Figs. 19
to 22 are the basis for deriving in Appendix C the

(a)

(b)

(c)

(d)

(C)

(f)

F3

0

Fig. 21-The unsymmetrical cases of distortion in the scanning
process, and the corresponding frequency cha acteristics.

ta

amount of variable distortion represented. Since
this range of distortion is inherent in the reproduc-
tion of horizontal lines by the scanning process, the
reproduction of vertical lines need not be held
within a closer range.

" See figure 3 of footnote reference (3).

Fig. 22(b) shows the range of weighted amplitude
distortion which corresponds to that inherent in the
scanning process. The uppermost curve, with maxi-
mum amplitude at higher frequencies, corresponds

(a)

(b)

(c)

(d)
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Fig. 22-The range of weighted amplitude and phase distortion
corresponding to the distortion inherent in the scanning
process.
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to the narrowest image and sharpest reproduction.
The lowest curve corresponds to the widest image.
Fig. 22(c) shows the range of weighted phase dis-
tortion representing the departure from symmetrical
reproduction. Maximum phase shift is found with
minimum departure from normal amplitude, and
vice versa, so the total weighted distortion (quad-
ratic sum) shown in Fig. 22(d) does not vary greatly.
Its value, as shown, is within 0.3, while its quadratic
mean value is somewhat less.

Before concluding the discussion of tolerance, it is
desirable to have an example of the visual effect of

echo distortion in the reproduced image. Such an
example is to be given on the basis of two vertical
white lines as the object to be reproduced. Fig. 23(a)
shows the signal transient corresponding to the hori-
zontal scanning of such lines. The distortion of

such lines may be approximated by dividing each
line into several parts, each regarded as an instan-
taneous impulse. In Fig. 23(b) to (e), each line is re-
placed by two impulses as shown, and the Output
transient is built up from these impulses.
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Fig. 23(b) shows the effect of merely the gradual
cutoff of Fig. 9(a), while (c) shows the added effect
of the phase distortion of Fig. 12(b). (It is noted that
the echoes between the lines cancel out.) Fig. 23(d)
shows the effect of merely the sharp cutoff of Fig.
11(c), while (e) shows the added effect of the same
phase distortion, as in Fig. 14(c). Even the last case
is not so extreme as to be far from some of the prac-
tical experience.

The output transients shown are based on such
a cutoff frequency that the norminal width of re-
production (24 =1/2fc) is equal to the width of each
of the vertical lines. Therefore the distortion shown

(a)

(b)

(C)

(d)

(e)

Fig. 23-The distortion of a pair of vertical lines by various
combinations of cutoff and phase characteristics.

is that which is effective in the marginal reproduc-
tion of lines so close that they can just be distin-
guished clearly. (The width of each line is 1/2
times the pitch of scanning.)

In order to show the visual effect of such distor-
tion, the half -tone plates of Fig. 24 are given. They
correspond to the output transients of Fig. 23(a),
(b), and (e). The gray background illumination is
taken as one third of white, so the shadow in the
last case is nearly black. These conditions are in-
tended to show the extreme effects of such distortion
rather than the most probable effects. The plates
should be viewed from such a distance that the fine
lines disappear in the gray background. (The distance
need not be so great if the plate is viewed from one
side at an angle instead of from the front.)

June

These plates illustrate several properties of images
under various conditions. The lines are a sample from
the charts used to check the resolving power. In (b)
it appears that the gradual cutoff by itself gives an
image slightly blurred but entirely free of shadows

(a)

(c)
Fig. 24-Half-tone representations of the vertical lines ofFig. 23(a), (b), and (c).

or echoes. The opposite extreme in (c) shows lessblurring but a deep shadow and several other echoes.They are the combined effect of sharp cutoff andphase distortion. The sharp cutoff alone tends tosharpen the reproduction at all edges. The phasedistortion tends to blur the left edges and sharpenthe right edges. Both together produce distortion
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which is noticeable but might be tolerable during
the infrequent appearance of such sharply defined
objects.

If echoes of such great amplitude (about one half
as strong as the signal) were to appear much farther
from the signal, they would not contribute to the
sharpness of reproduction. Also they would be so
obvious as to be intolerable. This illustrates the de-
creasing tolerance of echoes of higher order, farther
from the signal, such as might accompany a great
delay of the signal. On the average, an echo one tenth
as strong as the signal (such as those on the left side)
and not too far from the signal should not be objec-
tionable. It would seldom be obvious because the
fine details of the signal seldom utilize a major part
of the available contrast between black and white,
and the background is seldom so plain and dark
that weak echoes are obvious.

With the various factors in view, it is submitted
that excellent reproduction (the best possible by the
Scanning process) would not be impaired noticeably
by a tolerance of 0.1 as the weighted total distortion
of the system. If amplitude and phase tolerance
must be expressed independently, the weighted peak
value of each may be stated as 0.1 napier or radian.
The actual tolerance is greater at the higher fre-
quencies, in proportion to the inverse amplitude
factor 1/F. Somewhat greater tolerance is per-
missible with a reasonable probability of excellent
reproduction. The amplitude tolerance is expressed
relative to the most desirable characteristics. The
phase tolerance is expressed relative to the straight
line (through the origin) relative to which the amount
of weighted distortion is the least.

XIII. CONCLUSION

Amplitude and phase distortion may be expressed
in terms of a pattern of echoes. The relations are
simple if the amount of distortion is small. The
separate evaluation of amplitude and phase distor-
tion requires pairs of echoes equally displaced before
and after the signal output, hence the "method of
paired echoes." Amplitude distortion leads to sym-
metrical positive pairs, phase distortion to skew -
symmetrical negative pairs. (These are analogous to
the sidebands produced by amplitude or phase
modulation of a carrier.) Any combination of distor-
tion can be evaluated as the sum of positive and
negative pairs.

The evaluation of distortion effects in terms of
echoes is useful with reference to picture transmis-
sion. The method of paired echoes is especially useful
as applied to a small amount of phase distortion,
where previous methods have been of little value.

It is fundamentally a simplified application of the
Fourier integral.

Some forms of amplitude and phase distortion
are similar in that their echo patterns are the same
except for the difference between positive and nega-
tive pairs. If similar forms are combined in equal
small amounts, the echoes on only one side remain,
those on the other side being canceled out. Such
similar forms are often found together in practice.

Since the method of paired echoes is valid only
for a small amount of distortion, a large amount
requires successive applications of the method. The
total distortion is divided into parts which are small
enough to come within the scope of the method. A
single application deals fairly accurately with dis-
tortion up to 1/2 unit (napier or radian), and ap-
proximately up to one unit.

The tolerance of distortion depends on how it is
divided among the echo components. It should be
expressed in terms of "weighted distortion," the
weighting factor being the relative amplitude. The
scanning process inherently causes an amount of
weighted distortion variable within 0.3 unit.

In general, the echoes may be farther from the
signal, and therefore more detrimental. The toler-
ance in terms of weighted distortion is stated to be
about 0.1 unit. It is probably much more in practice
if it is divided among several echoes, of which the
strongest are nearest the signal.
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APPENDIX A. THE DERIVATION OF OUTPUT
TRANSIENTS IN A SIMPLE EXAMPLE

Fig. 1(a) shows the amplitude curve and 1(b) the
phase curve of a simple example comprising a two -
stage amplifier having in each stage a parallel con-
nection of resistance 1? and capacitance C. The
complex relative transfer ratio is

P(i) =
(1 --1- j27rfCR)2

The relative amplitude is

F(1) =

1

1

1 + (271-fCR)l

and the phase angle is

b = 2 anti tan 2irfCR. (15)

(13)

(14)
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The area under the amplitude curve determines the
nonimal cutoff frequency

1f, = f F(Ddf =
0 4CR

In terms of the cutoff frequency, the relative
plitude and the phase angle are

F(f) = 1

1 + (12
2f,

rf
b = 2 antitan

21,

Assuming zero phase angle, the signal transient
E(t) in response to an instantaneous unit impulse is
obtained by the the Fourier integral of the symmetric
form'5."

E(t) = 2 f F(f) cos 27rft- df = 2 f
0

= 2f exp -14f, ti .

cos 2 rft  df

2ff) 2

(18)

This is plotted in Fig. 1(c). The nominal width of
this transient is the width of a rectangle of equal
height at the center and of equal area. The height
is 2f, and the area is unity. Therefore the nominal
width is

1

(19)
2f,,

The expression of the transient in terms of its nominal
width is

E(t) =
1

exp -
21, 1

(20)

The actual transient in response to the unit im-
pulse is readily derived by a solution of the circuit,
or by operational methods directly from the transfer
ratio. The actual transient is

E(t) = exp - exp - - (21)
C2R2 CR 1,2 t,

This curve is plotted in Fig. 1(d). The area is unity,
as in Fig. 1(c), but the peak is less in the ratio
2/e. Therefore the nominal width is greater in the
inverse ratio, e/2. The peak is delayed by 1, and the
center of gravity is delayed by 21, The latter is the
delay represented by the phase slope at zero fre-
quency, which is one-half period (7r) at f,, or one
period at 2f,. But one period at 2f, is equal to 21,
from (19) above. The peak is delayed less than the
center of gravity because the phase slope is less at
higher frequencies.

" See equation (36) on page 569 of footnote reference (3).
The definite integral is given by Peirce," page 63, number 490.

16 B. 0. Peirce, "A Short Table of Integrals," 1899,1910,1929.
(Definite integrals, pp. 62-65. Infinite series, pp. 88-96.)
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APPENDIX B. THE DERIVATION OF ECHO PATTERNS
OF MANY PAIRS

Fig. 11 shows the echo patterns caused by a step
in the amplitude characteristics. In Fig. 11(a), the
relative amplitude Fe exceeds the unit reference level
F0 by the amount c in the nominal pass band (0 tofc).
It is less by the same amount at higher frequencies
(fc to 2f,,). Since c is assumed much less than unity,
this step may be expressed as follows in terms of at-
tenuation a' (napiers) relative to the reference level:

- a' = c (0 < f < fc)
- a' = - c (f, < f < 2f,).

The step of attenuation is 2c.
In resolving the step into a Fourier series, it must

be appreciated that the amplitude characteristics
are inherently symmetrical about zero frequency;
that is, they are the same at equal positive and nega-
tive frequencies. Therefore only cosine terms are
available. This step is expressed by one of the well-
known Fourier series as follows:

- at =
IcosTr7rf

- 1-

2f, 3
cos

3 rf

2f,

1 57rf- cos
5 2f,

(22)

(23)

The angle in each cosine term identifies the term
with one pair of echoes in Fig. 5. Its coefficient
determines the amplitude of that pair of echoes.
Expressing the series in terms of paired -echo coeffi-
cients,

7rf 37rf- a' = 2e1 cos + 2e3 cos
2f, 2f,

57rf
2e5 cos + .

2f,

Therefore, there is a pair of echoes for each odd -numbered order, and the amplitudes of the echoesare

(24)

2c/7r; e3 = - 2c/ 37r; e5 =-- 2c/57r; . (25)

The echoes alternate in polarity and decay hyper-
bolically either side of the main signal in the center.The diagrams are drawn for a step of one napier:
c=1/2, e1= 1/7r, etc.

Fig. 11(b) has opposite attenuation so the echopattern is merely inverted.
Fig. 11(c) is derived directly by the symmetricFourier integral." The formula for the output transi-ent shown is
17 See Appendix D of footnote reference (3).



1939 Wheeler: Interpretation of Distortion by Paired Echoes 379

E(t) =
sin 27rfet sin 774/2t,

27rfct 77-1/21,
(26)

The latter expression follows from the fact that
2t, =1/2fe. This transient also has hyperbolic damp-
ing, like the echo pattern. At the points where
echoes appear in (a) and (b), at odd multiples of
te, the numerator is +1, so the curve has the ampli-
tude values 2/r, -2/37r, 2/57r, etc. These are inter-
esting as the extreme case of the amplitude step,
whereas the method of paired echoes is applicable to
a relatively small step.

Fig. 13(a) shows the echo patterns caused by a
small step in the phase characteristics. The phase
slope is the same on both sides of the step. The
amount of the step is 2c'. The step is expressed rela-
tive to the reference line bo, in terms of the relative
phase angle b', as follows:

b' = - cif/lc (0 < f < fc)

= 2c' - c'f/f, (f, < f < 2fc).
(27)

Since the phase characteristics are inherently
skew -symmetrical about zero frequency, only sine
terms are available. This step is expressed by another
well-known Fourier series as follows:

f2c'r 1 271
b' = (sin sin

fc 2 f,
1 3rf- sin - ).
3 f,

The angle in each sine term identifies it with one pair
of echoes in Fig. 6. This series is expressed in terms
of paired -echo coefficients:

27rf 47rf 67rf
b'=2c2 sin +2c4 sin +2co sin -+ . (29)

21,

There is a pair of echoes for each even-numbered
order, and their amplitudes are

c2 = - c'/7r; c4 = c'/27r; cr, = - c'/37r; . (30)

In the figure, the step is one radian, so c' =1 /2,
c2= -1/27r, etc. As in Fig. 11, the echoes alternate
in polarity and decay hyperbolically. These prop-
erties are characteristic of a step at the cutoff fre-
quency, in either amplitude or phase.

Fig. 13(b) shows the output transient for a phase
step of 7r radians, too large to be treated simply in
terms of paired echoes. It amounts to a reversal of
polarity at the nominal cutoff frequency, so it can
be treated as amplitude distortion. The new refer-
ence of phase is the line bo' which coincides with the
phase characteristic in the nominal pass band. The

(28)

difference of delay between bo and bo' must be taken
into account.

The resulting amplitude curve F' is shown in Fig.
13(c), and is defined as follows:

1-} cos rfl2f,
F1= cos2 711/4f, = (0 <f <JO

2 (31)
1+cos 7rf/2f,

F'= -cos' 71/4f, =
2

(fe<f<2.TO 

The resulting output transient is obtained by the
symmetric Fourier integral as follows:"

2fc

E(t) = 2 F' cos 27rft  df

sin 27rf, t sin (7r/2 - 2rfc t)21,fc
27rf, t 7r/2 - 271-fct

sin (7r/2 + 27rf, sin 47rf, t
+ fc 2f,

7r/2 + 27rf, t 47rf, t

sin (r - 47rf,t) sin (7r + 47rf,-fcfcr - 47rf, t r 4rf, t

The first line of terms gives the transient caused by
the reversal at f, while the second line gives that
caused by the gradual cutoff toward 2fc. The frac-
tions are given in the form for easy computation of
indeterminate values; that is, where both numerator
and denominator are zero. Where any denominator
is zero, that fraction has unit value. Combining
terms and substituting 2f,=1/2tc, this expression
becomes

1 sin 70 2t, 1 cos 7rtl2t,
E(t) -=

2t, 7rt/ 2t, 7rte 1 - (t/tr)2

1 1 sin rill,

(32)

(33)

21, 1 - (t/t,)2 7rt/t,

These three terms, respectively, decay as the first,
second, and third powers of the time WO found in
the denominators. The first term has the slowest rate
of decay (hyperbolic) and is related most closely
with the reversal at fe. The expressions simplify
greatly at multiples of lc, as follows:

t/tc=0 +1 +2 +3 +4 ±5
(34)

21,E(l)=2/7r 2/7r 2/37r - 2/37r - 2/157r 2/57r.

It is noted that the odd -multiple values decay
hyperbolically.

Fig. 13(b) shows a plot of this transient:, with echo
lines drawn where echoes would be located in (a). It
is shown in Section XI that large distortion in terms

18 Equations (48) and (49) on page 573 of footnote reference
(3) give the same derivation but without the reversal.
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of echoes retains the same spacing of echoes. They
merely lose the skew -symmetry which is character-
istic of the paired echoes. The center of the transient
in (b) is shifted to the left because the phase slopebo' relative to bo represents less delay by the amount
of tc.

The nominal cutoff frequency fc' in Fig. 13(c) is
reduced to (2/70f, by the reduction of net area occa-
sioned by the reversal. Therefore, the nominal widthof the output transient is correspondingly increasedfrom 2/, to 2t,' = (7r/2)2t,. The displacement off -center
and the widening of the output transient are theresults of the phase distortion.

Figs. 15 to 17, described in Section X, show similarforms of amplitude and phase distortion; that is,forms which lead to similar echo patterns. Themethod of attack differs in that the echo patterns
are given and the forms of distortion are to befound.

Fig. 15 is characterized by even -order echoes of
alternating polarity and hyperbolic damping. This
pattern already being found in Fig. 13(a), as to
phase distortion, it is duplicated in Fig. 15(a). Itshows a phase step at the cutoff frequency. There
remains to be found the amplitude distortion giving
the same echo pattern after the signal, and the samebut inverted pattern before the signal.

This form of phase distortion is expressed above in(28) as a Fourier series of sine terms. The similar
amplitude distortion is expressed by a series of cosine
terms having the same coefficients, because these
determine the echo pattern. Therefore, the amplitude
distortion, in terms of relative attenuation a', is
given by the series,

2c' 7rf 1 27rf

-
).

(35)

- a' = cos
7r fc 2

1-
3

cos
le
37rfcos -

The sum of this series is known :19

2 c' 7rf
log 2- a' =

7r
cos

(36)
log 2 cos

7rf

log 2

This is plotted as (Fe -1) in Fig. 15(b). The ampli-
tude reference dimension c is related to the phase
dimension c' as follows:

log 4
= c' =-- 0.44 c'.

7r

' See number 814 on page 96 of footnote reference (16).

= - 2e2
(1 r)2 - 4 cost 7rf/2f,

June

The coefficient of the first term in each series is
2e2, twice the amplitude of the first echo on either
side (n = 2). Therefore the dimensions are related with
the paired -echo amplitudes as follows:

e2= -c'/7r= -c/log 4; c'= -7re2; c= -e2 log 4. (38)

In Fig. 15(c), the one-sided echo pattern is caused
by the combination of the two similar forms of dis-
tortion, the first echo having the amplitude 2e2. The
figures are drawn for a phase step of one radian, so
c' = 1/2, c = 0.22, e2 = -1/27, etc.

Fig. 15(c) shows also the quadratic sum of the
phase distortion and the amplitude distortion :

d = (112 b"- . (39)

This is plotted as a thick line, while the thin line
just below shows the weighted distortion Fd.

Fig. 16 is characterized by even -order echoes of
like polarity and exponential damping. None of the
preceding examples has either of these properties,
although they are common in practical circuits.
The amplitude distortion is to be found first, as it is
of simpler form.

Fig. 16(b) has a pattern of paired echoes whose
amplitudes are in geometric progression, correspond-
ing to exponential damping:

: e4 : cc : 1 : r : r2 : (40)

in which the ratio r is less than unity and in this
case is positive. This relation determines the Fourier
series, which expresses the amplitude distortion,

27rf 37rf- a' =2e2(cos--1--r cos + r2 cos +

The sum of this series is known :20,21

cos 7rf/f, - r- a' = 7e.
- 1 + r2 - 2r cos 7rf/f,

(1 - r) - 2 sin27rE2fe
2c2

(1 - r)2 4r sine 711/2f,

(1 r) - 2 cost 71/21c

(41)

(42)

The second and third forms, respectively, are con-venient for positive and negative values of the ratio rnear unity, or for evaluation near the frequencieszero and f,. In the present case, r is positive and e2 isnegative, so the peak value of a' at zero frequency is
(37) 20 See number 6.833 on page 139 of footnote reference (21).21 E. P. Adams, "Smithsonian Mathematical Formulae,"1922. (Trigonometry: finite series, pp. 81-83. Infinite series:Fourier's series, pp. 137-140.)
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- 2c2
c = (43)

1 - r
The curves in (b) are plotted for c=1/2, r =1/2,
e2= -1/8, etc.

Fig. 16(a) shows the similar form of phase distor-
tion. It is expressed by a series of sine terms with, the
same coefficients:

b = 2e2(sin -+ r sin
2rf 37rf

+ r2 sin + ). (44)
fc

The sum of this series is also known :22

sin 7rf/fc
b = 2e2

1 + r2 - 2r cos 7rf/fc

sin 7rf/f,
= 2e2 (45)

(1 - r)2 + 4r sin2 71112f,

sin irf/fc
= 2c2

(1 + r)2 - 4r cos2 7rfl2fe

The extreme values occur where

1 - r2
sin Irf/f, =

1 + r2
cos irf/fc

2r

The peak dimension c' in the figure is

1+r2
(46)

- 2e2
c' = (47)

1 - r2 1 + r

It is noted that the spread of b' from peak to valley,
2c', is equal to that of the amplitude curve in (b).

Fig. 16(c) shows the quadratic sum of the phase
distortion in (a) and the amplitude distortion in (b):

d = \/a'2 b'2=
2c2

\/1 + r2 - 2r cos irf/fc
2c2

- r)2 + 9r sin2 7r1/2f,
(48)

2e2

\/(1 + r)2 - 4r cos2 7rf/2f,

This is plotted as a thick line, while the thin line

shows the weighted distortion.
Fig. 17 is characterized by even -order echoes of

alternating polarity and equal amplitudes (no clamp-
ing). Any number of echo pairs may be assumed.
The limits to be derived are independent of the
number. The amplitude distortion is to be found
first.

Fig. 17(b) shows the symmetrical pattern of
echoes, including one of zero order which serves to
simplify the expressions. Since all the amplitudes are

22 See number 6.830 on page 139 of footnote reference (21)

the same, they are denoted simply ±eo. The number
of echoes on each side is in, the total number of
echoes being 2md-1. The Fourier series expressing
the corresponding amplitude distortion is a finite
series in this case:

- a' =
07rf irf

Co cos 2C0 cos + 2e0
fc fc

inirf

27rf
cos

f,

± 2c0 cos (49)

The first term is constant, eo. The sum of this series
is23

- a' = e0(- 1)"'

irf
cos (2m +

2f,

irf
(50)

COS
2f,

This is plotted in (b) for m=4, and the echo pattern
is given for eo= -1/8. The peak value at the cutoff
frequency (f =f0) is

a' = (2m + 1)eo. (51)

The more interesting characteristic of Fig. 16(b)
is the envelope of the amplitude distortion a'. If the
envelope is denoted ±a", the relative attenuation
may be expresseda'7rf± a" cos (2m + 1) (52)

2f,

This envelope is independent of the number of
echoes (2m+1)

± a" = co (53)= co sec rf/ 2f, .

cos 7rf/2f,

It is plotted in dotted lines. The minimum spread is
2e0 at zero frequency.

Fig. 17(a) shows the similar phase distortion. It is
expressed by the finite Fourier series of sine terms
in place of cosine terms:

Or./ 7rf 2irf
b' = co sin - 2e0 sin -+ 2co sin - -

fc fc

in7rf
± 2c0 sin (54)

The first term is zero. The sum of this series is"

( - 1)ni sin (2m + 1)
7rf

sin
7rf

2f, 2f,
= co (55)

7rf

2f,

" See numbers 2 and 11 on pages 81 and 82 of footnote refer-
ence (21).

24 Adams, footnote reference (21), page 81, number 1, adapted
to alternating signs just as number 2 is transformed to number 11,
page 82.

COS



382
Proceedings of the I.R.E.

This is plotted in (a) for m =4, and the echo pattern
is given for eo= -1/8.

The phase envelope of Fig. 17(a) is unsymmetrical
so it requires two separate expressions, one positiveand the other negative at zero frequency:

1-sin 7rf/ r 7rfb+"=e0 =e0 tan (--
cos 71/ 2f, 4 4fd

-1-sin 7rf/2L
h_"=e0 rf

co&rE2f,
= co tan (

4 4f,

These envelopes are plotted in dotted lines. The
minimum spread is 2e0 at zero frequency.

Fig. 17(c) shows the quadratic sum of the phase
distortion and the amplitude distortion. It is easily
derived from the preceding expressions:

d = a" b" =

(56)

June

is general if the mean is taken over a frequency
band of width fc, which may be zero toff, the nominal
pass band.

APPENDIX C. THE DERIVATION OF THE DISTORTION
INHERENT IN THE SCANNING PROCESS

Fig. 19 shows the mechanism of scanning a nearly
horizontal line in a system for picture transmission."
The transverse intensity distribution depends on the
position of this line relative to the scanning lines,
so the distortion has a random variation within
limits. If a vertical line were reproduced with similar
intensity distribution, it could be resolved into the
corresponding frequency characteristics depending
on the transverse distribution in the horizontal
direction. This could be done directly by means of

7rf 7rf 7rf1 + sine 2(-1)m sin sin ( 2m + 1)
2fc

The envelope is the most interesting characteristic,
and it has the same form as for the phase distortion
b' in (a). It is plotted in dotted lines in (c).

In Section XII, there is stated the relation be-
tween the total distortion and all the echoes, assum-ing a small amount of distortion. The amplitude
distortion is expressed in terms of its Fourier series
of cosine terms, and the phase in terms of sine terms:

7rf 27rf- a' = 2e1cos- 2e2 cos + (58)
2f2

7rf 27rfb' = 2e1 sin + 2e2' sin + (59)

The sum of the squares of these two series, averaged
over a frequency range whose width is fc or a multiple
thereof, is known to be

d2 a/2 + b/2 2e12 2e22 . .

2e112 2e2'2 . (60)

The two first terms, 2e12 and 2e1'2, come from two
echoes of the first order, whose amplitudes are ei+ei',
and el-el'. The sum of the squares of these two
amplitudes is

(el ei')2 (el - ei')2 = 2e12 2e1'2 (61)

which is equal to the sum of the two first terms in
the preceding series. The same applies to the terms
of higher orders.

Therefore there is a general rule that the mean -
squared total distortion is equal to the sum of the
squares of the amplitudes of all the echoes. The rule

(57)

the Fourier intergal, but the general form involving
phase angle would be needed. It is simpler to treat
separately the two parts contributed by the two
scanning lines involved. That is the procedure to be
followed.

Fig. 20(a) shows the transverse distribution as atime transient, corresponding to the first point
(u= 0) on the line in Fig. 19. The nominal time widthof the transient 2ta corresponds to the width of a
scanning line, equal to the pitch of scanning lines.It has the cosine-squared distribution whose fre-
quency characteristic is very closely approximatedby the cosine-squared amplitude curve Fa. Itsnominal cutoff frequency is fa =1/4ta. Since thistransient is symmetrical about the center line, thephase shift is zero in the frequency characteristics.The other point where the distribution is sym-metrical is the third point (u =1/2) on the line inFig. 19. The contribution of one scanning line isshown as a time transient in Fig. 20(b) and of both

scanning lines in (c). Referring to (b), the pulse issimilar to (a) but half as intense, and is displaced intime by ta, half the width. This displacement doesnot affect the amplitude curve, which is drawn asF1= (1/2)Fa. It introduces a phase angle propor-tional to the frequency, the phase slope correspond-ing to the time 1a. The phase angle is denoted b1,and the slope is 27rta =---7r/2f,,.
In order to add the frequency characteristics ofthe two parts of the transient, only one part beingshown in (b), it is necessary to resolve the amplitude
25 See Fig. 3 of footnote reference (3).
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curve into its cosine (parallel) and sine (perpen-
dicular) components with reference to the time origin.

The cosine component of one part is

Al= F1 cos b1 (62)

plotted in (b). The sine component need not be com-
puted, because it cancels out in the frequency char-
acteristics of the two parts, whose resultant is sym-

metrical.
The frequency characteristics of the other part

are the same as (b), but for a reversal of the time
displacement. The phase angle is negative, so the
sine component cancels that of the first part. The
cosine components add together. Their sum is plotted
in (c) as F a" , which is, in the absence of a sine term,
the same as the cosine coefficient,

A" = 2A1 = Fa cos b1. (63)

Since
1 1- cos 7rf/2fa

 = cos2 7rf/4fa =
2

and
b1 = rf/2f

it follows that

Fa" = A" = cos2
7rfcos

4fa 2fa

The symmetrical transient is shown in (c), which
is the resultant of the two parts. It is twice as wide
as (a), so the nominal cutoff frequency fa" is half as
great as fa.

The average width of reproduction of the line in
Fig. 19 is known to be .Y2 times the pitch .of
scanning lines (21a).20 The extremes are one and two
times the pitch, as in Figs. 20(a) and (c). The mean
shape of the transverse distribution is approximated
by the cosine -squared shape shown in (d), with a
width" of 2/,=2/1/2. The nominal cutoff frequency
of the latter is f e=1/4tr, and its amplitude curve is
closely approximated by the cosine -squared curve F.

Returning to the expression of the transverse dis-
tribution in terms of frequency characteristics, Fig.
21 shows the case of the second point in Fig. 19
(u = 1/4). (The fourth point, u = 3/4, is the same
but reversed with respect to time.) The major part
is contributed by the nearer scanning line as shown
in (a), the minor part by the other line as shown in

(b). Their relative intensities are

(1 ± 1/N/2) = 0.85 and 0.15. (67)

See Appendix A of footnote reference (3).
27 It is on this basis that the nominal cutoff frequency of the

system has been specified in footnote reference (3).

(64)

(65)

(66)

The amplitude and phase characteristics of each
part are determined as described with reference to
Fig. 20(b). Those of the major part (a) are

1 + 1/\/2
F2 =

2
cos2 7111 4. fa

b2 = 7rfl4fa.

Those of the minor part (b) are

1 - 1/\/2
F3 = cos2 71774f a

b3 = - 37rf/4fa.

The cosine and sine coefficients of (a), as sliown in
(c), are respectively

1 1- 1/N/2
cos'

2 4fa

1 + 1/1/2 7r 7rf7r

cos' sin
2 4fa 4fa

Those of (b), shown in (d), are, respectively,

1 - 1/\/2 rf 37rf
A 3 = F3 COS b3 = COS2 COS -

2 4fa 41,,
(71)

1 - 1/-1-2 7rf 37rf
B3 = F3 sin b3 = cos2 sin

2 4fa 4fa

A2 = F2 COS b2

B2 = F2 sin b2 =

(68)

(69)

(70)

The resultant cosine and sine coefficients of (c) and
(d) together, as shown in (e), are

A' = A2 + A3j B' = B2 ± B3. (72)

The two parts together make the transient of Fig.
21(f). Its amplitude and phase .characteristics are,
respectively,

Fa' = -V A'2 B1 , be,' = antitan / A' . (73)

Fig. 22 shows the relative distortion inherent in the
transverse distribution caused by scanning lines. The
standard of reference is the pulse shape and the fre-
quency characteristics of Fig. 20(d), the amplitude
curve F being shown and the phase angle being zero.
The distortion components are to be expressed not
in terms of attenuation and phase, but in terms of
the departure of cosine and sine coefficients from
their "undistorted" values.

The curve F of Fig. 22(a) is the standard of refer-
ence for cosine coefficients, and zero is for sine coeffi-
cients. The cosine coefficients of the different tran-
sients are plotted on the same scale. Their departure
from F are plotted in (b). The sine coefficients are
zero except for the case of Fig. 21, and these are
plotted in Fig. 22(c) on the same scale as (a) and (b).
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The quadratic sum of cosine and sine distortioncoefficients is plotted in Fig. 22(d) for the severalcases:

D = \/-(71 - F)2 +132 ; etc. (74)
The phase distortion ba' is plotted in dotted linesin Fig. 22(c). It is increasingly greater than the sine

coefficient at higher frequencies, but its effect isnot proportional to its value. The amplitude of the
higher -frequency components is less, so more phaseshift is required to cause the same amount of distor-tion as appears in the picture image. The cosineand sine distortion coefficients are a weighted meas-
ure of the attenuation and phase distortion; they
are approximately equal to the latter multiplied by
the weighting factor F which is the relative ampli-
tude -frequency characteristic of the system.

Additional Bibliography
(1) S. P. Mead, "Phase distortion and phase distortion cor-rection," Bell Sys. Tech. Jour., vol. 7, pp. 195-224; April, (1928).(Facsimile transmission.)
(2) C. E. Lane, "Phase distortion in telephone apparatus,"Bell Sys. Tech. Jour., vol. 9, pp. 493-521; July, (1930). (Ex-amples of phase distortion and correction, oscillograms.)(3) J. C. Steinberg, "Effects of phase distortion on telephonequality," Bell Sys. Tech. Jour., vol. 9, pp. 550-566; July, (1930).

DISCUSSION
Charles R. Burrows:' This timely paper presents a novel lineof thought that should be fruitful in the study of distortion intelevision systems. The main purpose of this note is to present thegeneral solution of which the method of paired echoes is a specialcase. This follows directly from an exact solution due to L. A.MacColl which allows the evaluation of the magnitude of the ap-proximations in the method of paired echoes. A paragraph is ap-pended which discusses the paradox of the output preceding theinput in the absence of phase distortion. It is hoped that this willincrease the application of the method presented in the paper.While the method of paired echoes is presented as an ap-proximate method for small distortions it may readily be ex-tended to a method that is rigorous for any transmission char-acteristic. With this extension the method becomes an analysisof the output signal as a sum of echoes of the input signal, or, ifdesired, the output signal of any transmission characteristic whichmay be chosen as a standard of reference.

This may be proved by writing the input signal as a Fourierintegral,

g(t) = f: f(w)eiwedco
(1)

and the transmission characteristic

F (w) --= A (0 ei B (u') (2)
so that the output will be

G(I) = f f (OA &MO/ dco.
(3)

The amplitude and phase characteristics of the transmission net-work are then expressed as the Fourier series

and

ao 1
'°

A(to) = --E an cos ma) = - E aneinco, a_n = an (4)2 2

00

B(w) = - b E b, sin mcw
mml

I Bell Telephone Laboratories, Inc., Deal, N.J.

(5)

June

over a frequency range that includes all the components of the
input signal.2 (c z 1 /2f4, where fn is the highest frequency of the
components of the input signal.) Making use of the following ex-
pansion in Bessel functions,'

cir Hin 0 = E k(x)efko
k.-00

the output may be expressed as
CO

G(1) = fmciwo-bo E mb,)e-k-adw.2

If the reader will write out a few terms of the indicated series
it will be evident that this expresses the output signal as an in-.
finite sum of signals of the same shape as the input signal." The
principal signal is retarded by the time bo. The echoes occur both
before and after the principal signal by multiples of the time c.

To apply this method when the coefficients an and bn of theamplitude and phase -characteristic components are not small it
is expedient to consider first the effect of the amplitude character-
istic with the linear term of the phase characteristic and then thecomponents of the phase characteristic in the order of their am-plitudes. Hence

where

and

(w) = o(w)Fi(w)F2(w)

1

Fo(w) - 2_, ar,cinc.--boco
2

vi > 0.
00

=

(6)

(7)

The output of the first part of the network having the charac-teristic Fo(co) is

Go(t) = E g(t - bo nc) (11)2

which is a sum of "echoes" of the same wave shape as the inputsignal. The principal component has the amplitude ao/2 equal tothe constant term of the amplitude characteristic and is delayedby the time bo. This is flanked by "paired echoes" of amplitudeal/2 spaced c seconds before and after the principal component.Another pair of echoes of amplitude a2/2 are spaced 2c secondsbefore and after the principal component, etc.When this signal has been transmitted through that part ofthe network having the characteristic Fl(w) it has the form'
00

G,(0 = E mboGo(t kc). (12)

Here again the output is a sum of a number of components of thesame shape as the input but this time the input wave shape is theoutput of the first part of the network. This process may be re-peated until all of the bm's that are not small have been used.'The remaining b's may be treated all at once so that the finaloutput

G(t) = Gh(t) E 12i [Go 4- vic, + Go - mc)] (13)

where Gh(t) is output wave shape before this last operation and
2 It is not necessary that the sinusoidal

components of A (w) and .B(co) beharmonically related. Any predominate cosine components of A (w) or sine com-ponents of B(w) may be removed from them and the remaining functions ex-panded as cosine and sine series respectively. In this case these componentsmust be added to the sums in (4) and (5) wherever they occur.3 This follows directly from expressions 9.181 and 9.103 of E. P. Adams,"Smithsonian Mathematical Formulae and Tables of Elliptic Functions"Smithsonian Institution of Washington, Washington D. C., (1922).4 Here to is taken as 1 and the sum is written for all values of k. This ismultiplied by a similar sum with m =2, another with m =3, etc., through allvalues of m. Finally the result is multiplied by the sum in n. The integration isperformed by recognizing that each term is the same as the input signal exceptfor amplitude and time delay.g This exact solution for a phase characteristic of a single sine term andthe one corresponding to (11) for a single cosine term in the amplitude charac-teristic were derived in unpublished memoranda by L. A. MacColl of the BellTelephone Laboratories in 1931 which were available to the writer of thisdiscussion.
ta6 The general term is Gm(t) =E Jk(bm)Gm_1(i+kmc).
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TABLE I

bi=1/2 bi=1 b,=2

Paired Echoes
Applied Directly

Exact
Paired Echoes

Solution Direct 2 steps
Exact

Solution

Paired Echoes

Direct 2 steps 3 steps
Exact

Solution

4th leading echo
3rd leading echo
2nd leading echo
1st leading echo
Principle component
1st following echo
2nd following echo
3rd following echo
4th following echo

+0.00
+0.00
+0.00
+0.25
+1.00
-0.25
+0.00
-0.00
+0.00

+0.0002 +0.0
+0.0025 +0.0
+0.0619 +0.0
+0.2423 +0.5
+0.9385 +1.0
-0.2423 -0.5
+0.0619 +0.0
-0.0025 -0.0
+0.0002 +0.0

+0.0000
+0.0000
+0.0625
+0.5000
+0.8750
-0.5000
+0.0625
-0.0000
+0.0000

+0.0025
+0.0196
+0.1149
+0.4401
+0.7652
-0.4401
+0.1149
-0.0196
+0.0025

+0.0
+0.0
+0.0
+1.0
+1.0
-1:0
+0.0
-0.0
+0.0

+0.00
+0.00
+0.25
+1.00
+1.00
-1.00
+0.25
-0.00
+0.00

+0.0000
+0.0625
+0.3672
+0.8750
+0.3828
-0.8750
+0.3672
-0.0625
+0.0000

+0.0340
+0.1284
+0.3528
+0.5767
+0.2239
-0.5767
+0.3528
-0.1284
+0.0340

the summation is over all the b's that haven't been treated
previously.

The following definition of the Bessel functions allows an
evaluation of the error introduced by the assumption that b is
small either in the above or in the paper under discussion:

b y 1 b2 b4

JL(L) = (2 U! 221 ± 1)1 2421(k 2)!

L6 ). (14)
263!(k 3)!

For the principal component, k =0, b2/4 is neglected in respect to
unity; for the main echoes, k =1, b2/8 is neglected in respect to
unity. Echoes of the order of b2/4 are neglected in their entirety.
The last equation allows the evaluation of the approximation in-
herent in Fig. 18 of the paper. The exact solution is compared with
the method of paired echoes as used in the paper in Table I. It
shows that for a phase term of I /2 radian the method of paired
echoes ignores a reduction in the principal component of 0.6
decibel, gives an error of 0.2 decibel in the main echoes, and
ignores secondary echoes 23.6 decibels below the principal com-
ponent. This confirms Wheeler's statement that the method of
paired echos gives results of sufficient accuracy for television pur-
poses when applied to a small phase distortion. For larger phase
terms it is easier to use the exact solution given by (12) using (14)
or a table of Bessel functions than to apply the approximate
method a number of times.

The method of paired echoes as presented in the paper is exact
for amplitude distortion.' The limitation to small amplitudes is
unnecessary.

Fig. lc of the paper shows a finite output occurring before the
input signal when there is no phase distortion. This paradox is
readily explained when it is realized that the phase of Fig. 1(b)
accompanies the amplitude characteristic in the simple network
under consideration.8 In order to obtain a network without phase
distortion, all -pass networks may be added. Each all -pan net-
work adds a phase shift that is proportional to frequency at low
frequencies. In order to equalize the phase for all frequencies, an
infinite number of these all -pass networks is required so that the

7 From the equations in this discussion it is evident that when the ampli-
tude distortion is large the amplitude characteristic must be analyzed as a
ratio and not as the logarithm of this ratio (nepers or decibels).

8 For a clear presentation of the relationship between amplitude and
phase characteristics see H. W. Bode, U.S. Patent No. 2,123,178.

resulting network with no phase distortion has infinite delay. If
the phase is corrected over only a finite frequency range the out-
put signal will differ from Fig. 1(c) in such a way that it is identi-
cally zero for negative times numerically greater than the delay.

C. W. Carnahan:9 This paper is a substantial contribution
to the growing collection of approximate methods for calculating
the transient behavior of networks. Methods hitherto used for
sound communication systems have assumed ideal characteristics
which are rarely found in practice. Deviations of the actual char-
acteristics from the ideal are generally of no importance in sound
work, but in television, where a finer analysis of transients is re-
quired, these deviations are usually large enough to make of
doubtful value any close scrutiny of a solution obtained by as-
suming ideal shapes. Mr. Wheeler has removed this last difficulty
with his method of paired echoes, and has given us not only the
means for handling characteristics with irregularities, but a
physical interpretation of these irregularities of such simplicity
that it should go a long way towards divesting the Fourier integral
method of its mathematical strait jacket.

Wheeler's present paper applies his method to the problem of
network analysis. One hopes that this will be extended to the
equally urgent problem of network synthesis. One would like, for
instance, in the case of a low-pass filter for television use, to deter-
mine in advance the optimum characteristics of the filter with
regard to phase and amplitude distortion. Here the interdepend-
ence of the two types of distortion is emphasized, as a result of
the rule that the responses of any physically realizable network
must be zero prior to the application of a suddenly applied input.
Many of the examples shown by Wheeler in his paper probably
violate this rule, since they were used only for the purpose of il-
lustration, and were not drawn from specific networks. The rule
itself is not a part of the logical structure of the Fourier -integral
method, but acts to select out of the infinity of characteristics
pairs that possibly may be realized in physical networks. In the
low-pass filter problem, one might start with a known filter
characteristic, make a change in its amplitude characteristic, and
then find the compensating pair of negative echoes due to the
phase which would approximately cancel the response prior to
zero time. This would also require choosing a definite time delay
or reference phase slope. By surveying a sufficient number of
characteristics in this manner, the selection of an optimum set
with regard to total distortion, delay time, economical distortion
compensation, etc., should be possible.

9 Hygrade Sylvania Corporation, St. Marys, Pa.



Analysis of Load -Impedance Modulation'
HANS RODERt, MEMBER, I.R.E.

Summary-A new type of modulation for television transmitterswhich was proposed recently is investigated. The relations referringto the operation of the network, of the modulator, and of the radio -fre-
quency amplifier tubes are derived as well as the expressions for thesideband attenuation characteristic.

It is concluded from the results that the claims made for the newmodulation system are exaggerated. The modulator tubes are requiredto have a very high emission. This fact will limit the application ofthe new type of modulation to modulator tubes having thoriated-
tungsten filaments and consequently to relatively small power, sinceat present tubes of this type are built for low or medium output poweronly. The efficiency of the new modulation system is essentially thesame as that of grid -bias modulation. Contrary to expectations, theband width is not materially greater than that which is attainablewith grid -bias modulation. This is due to the sideband clipping tak-ing place in the quarter-wave line connecting the modulator tubes
with the remainder of the network. The modulation characteristic isstraighter than is customarily obtainable with grid -bias modulation;this is achieved by working the modulator grids in the positive regiononly, a mode of operation which requires high driving power andmodulator grids capable of dissipating that power. The outputcapacitance of the modulator tubes is substantially smaller than theoutput capacitance of a grid -bias-modulated amplifier, but so is alsothe damping effect contributed by the internal resistance of the modu-lator. In consequence, the beneficial effect is frustrated which thereduction of the output capacitance otherwise would have upon thesideband transmission characteristic.

INTRODUCTION

THE design and operation of a new and very in-
teresting type of modulation system has been
described by W. N. Parker,' but unfortunately

an analysis of it was not included. However, for a
transmitter development engineer the analysis is of
great interest because it will enable him to design
new equipment and to determine whether or not the
new method is superior to previous, more conven-
tional systems.

An analysis will be presented here in as short a
space as possible and a comparison will be made ver-
sus the more orthodox grid -bias modulation system.
The new method will be referred to as plate -load -
impedance modulation, since the power -amplifier
tank looks out into a variable impedance. Despite
the apparent simplicity of the system, the analysis
is by no means very brief and simple.

NOMENCLATURE

Terms not found in this tabulation are shown in
Fig. 1.

/1 =fundamental radio -frequency component of
modulator -tube plate current, root -mean -
square

* Decimal classification: R148. Original manuscript received
by the Institute, August 8, 1938.

Formerly, General Engineering Laboratory, General Elec-
tric Company, Schenectady, N. Y.; now, Telefunken Labora-
tories, Berlin, Germany.

1 W. N. Parker, "A unique method of modulation for high-
fidelity television transmitters," PROC. I.R.E., vol. 26, pp. 946-
962; August, (1938).
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/to =maximum value of I,, occurring at modula-
tion peak, root -mean -square

/0 =direct -current component of modulator-tube
plate current

µ= amplification factor of modulator tube
plate resistance of modulator tube

E,-- radio -frequency plate swing, root -mean -

square, for 1 modulator tube
Ro=2E,,,//i = resistance represented by modulator

tubes

z:i=surge impedances, see Fig. 1
ZaJ

0 =electrical length of Z, transmission line
Zo -Z. sin
R= input resistance of antenna transmission -line

system, seen when looking in from junction
Pa =antenna power, at modulation peak
Po =maximum modulator plate dissipation, per

tube, occurring during modulation cycle
Eu= radio -frequency voltage allowed to develop

between grid and filament of modulator tubes
(per tube)

a =.E0/E,
ED= bias voltage on grids of modulator tubes

wo/2ir = carrier frequency
= ratio of video frequency over carrier fre-

quency (percentage frequency deviation)
R. =internal resistance of modulation generator

network
/".'n =constant input current of modulation gener-

ator network
C=output capacitance of modulator tubes

X,0 = reactance of C at carrier frequency
= band width (between carrier and 2-0 value)

ANALYSIS

The analysis is divided into three parts, the net-work, the modulator, and the calculation of the side -band attenuation.
A. The Network

The nomenclature is illustrated in Fig. 1. All volt-ages and currents are root -mean -square values offundamental harmonic frequency. We assume for ouranalysis first, the input impedance R of the antennasystem, when seen from AA', shall be constant andpurely resistive, and second, the voltage 2Em shall beessentially sinusoidal. This will be true for all practi-
Proceedings of the I.R.E.

June, 1939
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cal purposes, because the Zn, line will act similarly to

a tank circuit. The MM's are the output terminals

of the modulator. The ratio

2Em
Ro =

II

(1)

is the variable radio -frequency resistance repre-
sented by the modulator tubes. C is the output capac-
itance of the modulator. When looking from the junc-
tion AA' towards the modulator, the impedance seen
should be purely ohmic. To achieve this, the follow-
ing tuning conditions must be fulfilled: first, one has
to make the electrical length of the Z. line somewhat
shorter than a quarter -wave line, such that

Z.
= ctg

X,
(2)

and, second, one has to add a capacitance CI at the
inner end of the Z. line, making C1= C. (The inser-
tion of Ci can be omitted if the power-amplifier tank
is slightly detuned.) We put for brevity

and find now

G

Zo = Z, sin 0 = X, cos 0

ZT

1 R0 1

Z7
= -

Zo
T. 

r

Fig. 1-Schematic diagram for plate -load -impedance
modulation.

(3)

(4)

The input impedance seen when looking out from
the terminals of the voltage ET becomes

1 Ro
= Zr'(- I -

R Z02)
(5)

since the ZT line is a one-fourth wave long. It is thus
seen that the tank load impedance consists of the
fixed portion ZT2/R and the variable portion

Em

It IT ET

- VARIABLE DURING MODULATION CYCLE

CONSTANT DURING MODULATION CYCLE.

Fig. 2-Phase relations between currents and voltages.

(ZT/Z0)2Ro. The Z. line, with its input and output
capacitances C1 and C, respectively, behaves now
like a quarter -wave line of surge impedance Zo.
Next, we can readily derive the following relations:

Zo
Er = jZoI1 = j - 2Em (6)

Ro

RO
ET - ZT --)f 1

R Zo

ET = jIrZT

Er

ZT

(7)

(8)

(9)

It is seen from (8) that I,. is constant. The quarter -
wavelength section between the tank and the junc-
tion simply serves to convert from the constant volt-
age ET into the constant current jr

Fig. 2 is a vector diagram showing the mutual
phase relations.

Writing now absolute magnitudes in place of vec-
tors we derive from (1) and (7)

- -1 Z02

2 ZT
Zo - I1 (1)

This equation represents the dynamic load line for the
modulator tube which is a straight-line relation.

The network efficiency of the system becomes
(from (10))

n =
Er2

R

Ere

R

I1

ZoI1 I
J

The efficiency is proportional to Ix which is the cur-
rent flowing through R. Ix becomes equal to Ir, and
the network efficiency equal to 100 per cent, if B,
becomes zero. This condition is not quite attainable
(because it would require making Ro= 0), but values
up to 90 per cent can be obtained (if Bo is operated
in the positive region only). This means that the net-
work efficiency is about 45 per cent at carrier level
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and the over-all efficiency is 27 per cent if the effi-
ciency of the power amplifier is 60 per cent. This
efficiency is about equal to that obtainable with a
class B amplifier, or with a bias -modulated stage.

The loss of the modulator tube is

ET Er'plate loss for two tubes = /12/20= Er Er - (12)
ZT

As Er varies from zero to maximum during the modu-
lation cycle, the loss goes through a maximum. This
occurs when

1 ET
Er = - R

2 ZT

By substitution into (12) we obtain the

maximum loss per tube = P0=1 R(q=-1RI,'  (13)
8 ZT 8

I1

Fig. 3-Output capacitance of the modulator.

The input power supplied by the tank circuit is

Pinput = Erir

The input power increases in linear proportion with
the antenna current. The power supplied to the an-
tenna is Erg/R; the difference (equation (12)) is dis-
sipated on the plates of the modulator tubes.'

For design purposes we are not so much interested
in the maximum loss Po as we are interested in
knowing the modulator plate loss at carrier level,
that is, with no modulation, as well as in knowing the
plate loss for sustained 100 per cent modulation.

We put
/10= value of I3. at modulation peak
P a =value of antenna power at modulation peak
Pa=(1-10Z0)21R

Amax = network efficiency at modulation peak.
We find from (11) that

1

nrnax =
2 Y 2P0

Pa

At carrier level, /3.= -i/io and from (12)
plate loss at carrier level, for one tube
2 Figure 5 of reference 1.

4 ZT 2

= 1\/TP-aPo (2 - nr..)

For sustained 100 per cent modulation we find

Er = + sin vt),

where v is the modulation (or video) frequency. The
loss during one complete modulation cycle is:

average plate loss for 100 per cent modulation, for
one tube

v t=27r 1 Er
- - (RIr - Ef)d(v1)

vi_o 2 R
= 1V2P0P.(1 -2

(14)

(15)

Comparing (14) and (15) we find that the loss is al-
ways greatest with no modulation. The same condi-
tion holds true for grid -bias modulation.

B. The Modulator

1. Output Capacitance. The modulator consists of
two tubes working in push-pull with respect to radio
frequency. The grids work in parallel with respect to
the modulation frequency. The arrangement is
shown in Fig. 3. Both grids are joined by a wire con-
nection whose center tap is tied to the filaments
through the source of modulation voltage Eo. The
inductance of this wire connection between grids is
called 2L. The radio -frequency impedance between
grid and filament becomes

where

Zgf
1

1 - (-
Wu

COO is the frequency at which L and Ca will
resonate with each other. A portion of the total plate
swing Em will lie across grid and filament. The ratio
a of the two voltages is given by the relations

E, Zgfa =
Em 1

Zof -
wC

The effective capacitance C between PP is readily
computable if L is known. In many cases L is verysmall. We then have for two tubes, as shown inFig. (3),

C = 1(C7,1 C). (16)

This may be contrasted to the output capacitancefound in a neutralized push-pull output stage forgrid -bias modulation. Here we have for each tube
C = 2C (17)
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Hence, for the same number of tubes, the output ca-
pacitance is about twice as high as for plate -load -im-
pedance modulation. In practice, however, the ratio
is usually smaller than 2:1 on account of the un-
avoidable stray capacitances which are present for
either type of system.

2. Tube Operation. For computing the operation of
the tubes we shall make use of idealized in- en rela-
tions. We put

1

in = (en Ile())
Rp

which is valid only for positive values of in and en
and is limited to the region where en> eg. In the region
where e,, <e, the plate current is independent of eg
and given by the relation ("diode characteristic)

1 +
ip = eP. (18)

R,

We thus obtain the idealized i,- e, diagram shown in
Fig. 4, upper half.

If the tubes are operating, we have

en = E. sin a:,

e, = E0 + 1/2 a.E. sin X.

Upon substitution

1- ((1 µa).\/-2- E, sin x + p.E0) . (19)
R,

In the region where en < eg (equation (18))

- 1 + A /2 sin x.R
These relations are shown in Fig. 4, lower half.

For computing the direct current and the funda-
mental radio -frequency component of in we must dis-
tinguish between three different conditions.

1. The region where e,, <e (Equation (20)).

1 1 +
/0 = f idx /A

,V2 E, (21)
27r 0 7/?7,

1 + ,V2
-Y2 /1 =if Ti7 xdx =,

sinE,. (22)
0 R 2

2. The region where E0 is positive (equation (19)).
In this region the flow of plate current is limited to

the positive half cycle of e,,,

10 =
1 f

2
idx

7r 0

1 tai)1/2 E,
(23)

R 7r 2

1-0= -2P II
J.? 4

µEo

7r

1 7.

1/2 Ii = -f ip sin xdx
0

1 (1 + _ 2
1/2 E. + -12E0)'V. -J. -*Rp 2

(24)

In deriving (23) and (24) we have used (19) as if it
were valid all the way down to en = 0. In other words,

op

Fig. 4-Operation of modulator tubes.

(23) and (24) refer to an operating line OA 'B instead
of OAB (Fig. 4, upper diagram). This error should
not be very large, particularly in the case of

3. The region where E0 is negative (equation
(19)).

Operating conditions are to some extent similar to
grid -bias modulation in this case, which, therefore,
will not be discussed here.

The energy dissipated on the plate of each tube is:

plate loss =
3. Modulation Characteristic. The most important

and interesting operating condition of plate -load -im-
pedance modulation is obtained if 1+,12(1=0. This
requires to give L (Fig. 3) a suitable value such that
a becomes equal to -1/µ and /114=-E,. Thus the
voltage E, which is allowed to develop between grid
and filament, is in phase opposition to the plate volt-
age and will cancel the control effect which the plate
voltage normally has upon the plate current. The
radio -frequency plate current becomes, from (24),
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1/2 µ
1.1

71" R,
Hence, /1 depends upon Eo only, and not: upon E,,.;
that is, not upon the network. According to (6), Er
and II are directly proportional. Consequently, we
have, in this case, a linear relation between the modu-
lation voltage E0 and the antenna current. The plate
current ip consists of square lumps of current whose
height is µEo/R, and whose duration is half a
radio -frequency cycle. The voltage Eo is positive
throughout the full modulation cycle.

We now draw the diagram of Fig. 5 in which we
plot II versus Eo (equation (24)) and also the load
line 1.1 versus E, (equation (10)). We plot, further-
more, (22) into the E, - /1 diagram. Now, .1-1 cannot

EQU.15
CIRCUIT

fi\EQU.28
TUBE Al

E.,

Ern
p- pimc

EQU.33

POINT OF MAX.
MODULATOR

PLATE LOSS; SO% where,

Fig. 5-Modulation characteristic, Ii versus E0.

rise above the point where the two lines, (10) and
(22), intersect. At that point ep becomes smaller than
ei resulting in Eo losing control over Ii. The modula-
tion characteristic, 1-1 versus Eo, becomes the broken
straight line shown in Fig. 5. Actually, the break is a
more gradual one (dotted in Fig. 5) for the reasons
previously outlined. The curve thus drawn is the
equivalent of the lower curve in Fig. 8 of Parker's
paper.

It is highly unconventional to operate a triode with
positive bias, as is done for the modulators in the case
of positive Eo operation. Since the grids draw current
all the time, the required driving power of video fre-
quency is appreciable. The plate dissipation should
be adjusted conservatively in order to allow for this
additional grid dissipation.

C. Sideband Attenuation Between Modulator and An-
tenna

The next step in our study will be to investigate as
to how the system is capable of transmitting the wide
frequency band required for television.

Referring to Fig. 1, we must now consider the com-
plete mechanism of generating modulated radio fre-

quency. The modulator ill represents the sideband
generator, while the power amplifier G supplies the
radio -frequency carrier plus the power lost in the
modulator. The sidebands travel through the trans-
mission lines Z Z,, and Z to the antenna. A certain
fraction of sideband energy, however, will pass along
the line ZT to generator G, despite the fact that the
current Ir and the voltage ET are not modulated mag-
nitudes. The reason for this is evident from two facts:
first, both Er and 17. are modulated magnitudes and
second, the electrical length of transmission line ZT
differs from j71- at sideband frequencies. The side -
band components of IT must pass through the gener-
ator network G, while the output voltage ET and the
generator voltage EG must remain unmodulated car-
rier voltages. This is evidently impossible, unless
either LC is a very "stiff" tank, representing a short
circuit at modulation frequencies, or R,, i.e., the
"regulation" of the power -amplifier tubes, is zero.

We shall introduce now modulated currents and
voltages by putting

= WOO + (25)

w - wo video frequency= (26)
wo carrier frequency

5 is a small quantity; thus terms including 52 and
higher powers of S can be neglected in general.

1. The Zr Line. When looking back towards the
tank from the ET terminals, we see the impedance

1

=Z, R0
(27)

wherein cooL =1/co0C-- VL/C. This impedance, when
seen from the terminals AA', becomes

Z a cos y61-1-- jZT sin cbi
Z uT = ZT (28)

Z7' COS (1)1 iZg sin 491

The electrical length 431 is at sideband frequencies

= + 5)
Since S is a small quantity, we may write

cos 0, = -
sin of = 1,

and (28) becomes

ZT / 1

z07, = zr
2ZT

1 Zr1 + j 71-6 - v -Z7
2 R, S-

= -- (29)
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The last two terms in the denominator (29) are usu-
ally very small in comparison with 1. If R, or -/L/C
is zero, (29) becomes

1

Z yr = - jZT
278

with(30)

Thus, the line Z T always reflects an impedance across
the junction terminals AA'. It is desirable that this
impedance be as large as feasible. This can be
achieved by making Z T as large and R. or N/L/C as
small as possible.

2. The Z x and Z. Line. Let R. be the input resist-
ance of the antenna transmission line.

If R equals R., then no quarter -wave matching line
is required and we have simply

ErI = 1  = - 
R

If R and R. are not equal, a quarter -wave match-
ing section is required. The surge impedance of this
section becomes

Zx = VRR. (31)

Between input and output currents and voltages we
have the relation, respectively,

2E, = Er cos 0 -1- NZ,. sin 0 (37)

Er
11' = cos 0 j sin 0 (38)

Zm

0 = 00(1 + (39)

Finally, we have to derive a relation between Il and
Er, but before we can proceed we must know more
about the behavior of the modulator as a sideband
generator.

4. Equivalent Network of the Modulator. The cur-
rent /1. is not an independent magnitude. It depends

upon both the voltage drop Em and the modulation
voltage E0. Only E0 is an independent magnitude.
Therefore, we shall break up /1 into two components;
one of which depends upon E. only, while the other
one depends upon E0 only.

For positive E0 we obtain from (24), after intro-
ducing modulated magnitudes,

1+Aa
/lc -I- /in' sin vt - (E.r - Emmsin vt)

2R,,

2 II
(E0c Eorn sin vt).

r R,,

The exponent c indicates carrier components; the ex -

Ea = Er (32) ponent na, modulation vector components. v/2ir is the
video frequency. Emm has a negative sign, because
during modulation E. drops if Il increases. The mod-
ulator acts as a generator for the sidebands. The in -

(33) ternal resistance of this generator is, by definition,

dEmm 2R, 1

The input impedance becomes
Ri = - - R,. (40)

1 + pa 2

1

1 Z x
- -7(3 j

2 R,,

R
= 1(

2
- rb + j Z

x

1 Z x .,

- - 76 + j For the currents, we have
Er 2 Ra
--= Z x
I x 1 Z x I im + -- = I min

'To +j Ri
2 R

=

4Z x 1

+ j 76). (34)
R 2

3. The Zr. Line. At the inner end of the Z., line we
have

1 + (3 1

Tr' = I f + Er( ;-) (35)
- jX,0 Z UT

and at the outer end
1 +

= j2E,
X,0

(36)

Xro is the reactance of C or CI at carrier frequency.
We have, furthermore, the relations

1mm
µ= E0"'. (41)

,r R,

Thus, for the generation of sidebands, the modulator
behaves like a constant -current generator, whose in-
ternal resistance, for one pair of tubes, is 2Ri=R. as
shown in Fig. 1. The feeding current I.'n depends
only upon the independent magnitude Eom.

If 1-}-µa =0, the internal impedance R, becomes
infinite. In this case, the generator does not exert
damping upon the circuit. This is quite undesirable,
because a damping resistor R, will contribute to a
better sideband characteristic.

5. Sideband Attenuation Formulas. We are now
going to express the output voltage Er in terms of
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the independent modulated input current I,,,"'. Flom
Fig. 1,

')-Efo= I + 1 1 +
11' + - +

I? , X,0

After substituting the expressions for /,', and
2E,,, Nvhich were derived above and after introducing
(2), (3), and (39), one obtains the following relation
after a lengthy manipulation:

Er ZIm"=-r-I-jcos 60o- -(sin600+6(cos00)sin (00+600))Zo R,
-j ctg 00((1+26) sin ,600-1-52(cos 00) sin (00+600))
+zo(Ix 1 V sin 600

Er Z ,,TA sin 00

+
j(+j 6) sin (00+600)1.l?, Xe0

(42)

In this expression, we have the dependent magnitude
Er as a function of the independent magnitude i,"1.
The bracketed term represents the attenuation for a
frequency deviation of 6 per cent in both amplitude
and phase angle. Equation (42) represents the exact
expression for the sideband attenuation of the com-
plete network. For numerical calculations, we shall
limit ourselves to the following conditions:

no Zz line; i.e. , Ra = R
1 1 1Ro very small; i.e. , = j --

Z pT ZT 2
For sin 600 and cos 66+0 we substitute the first terms of
their respective power series. We thus obtain from
(42) after some additional manipulation a simplified
expression, which is easier to handle and still yields
only a small error,

and R, becomes infinite. Neglecting the 62 term in
(43) as well as the j component of the coefficient of 6,
we get for the band Width the following approximate
relation:

-Ir 1? sin 00

/0 0-I- sin 0 cos 00

I3and width fb is defined as the spacing between the
carrier frequency, and that sideband at which the
attenuation is N./2 times the value at carrier fre-
quency.

Equations (42), (43), and (44) permit the calcula-
tion of the band width for the transmission -line-mod-
ulation system.

Paragraph added in proof: Without having to refer
to these formulas, it is evident that the Zm line has
about the same sideband clipping effect as has a tank
circuit in the case of grid -bias modulation. The claim
made in the original paper of the tank decrement
limitation being removed is thus unfounded. The
Z0, line is in fact equivalent to a it -type filter section.

For comparison purposes we shall need the corre-
sponding formulas for grid -bias modulation. These
may be given here without proof. We assume a single
tuned tank. The band width is

L ( 1 11

fb = -2 (45)CR, R )
L and C are the inductance and capacitance of the
tank, respectively. R is the useful resistance (in paral-
lel to L and C), i.e., the coupled -in antenna resistance
plus any loss resistance of the tank. It can be shown,
that a grid -bias -modulation stage has an equivalent
network identical with that shown for the modulator
lI iii Fig. 1. R, is the internal resistance of the modu-
lation generator. It is found to be

Er

Imm-Z0L

+6{

Zo2( 1

o)
R /I

Zo2

R, = 1.05(2R1,) approximately (46)

per tube. In other words, for two tubes in push pull
with each tube having an R of 2000 ohms, 1?,, be-
comes about 8400 ohms.

COMPARISON BETWEEN LOAD -IMPEDANCE MODU-
LATION AND GRID -BIAS MODULATION

We shall first apply the above -derived analysis to

+
RR,,,/

e°
-Z°00)(+cos(sim+ZR

1 Z02 oil
7r

2 ZTR7. RR.)

+62{-00 00(-2-1-Zi+Zrn) Parker's arrangement and shall later compare itagainst a corresponding grid -bias modulation sys-

cos2
R, R

1 ZoZ, 1 Z0 Oo
00 00

tem. :NI r. Parker's kind co-operation in supplying the
necessary circuit data is gratefully acknowledged.

Data given: The modulator consists of four Eimac

7r cos r -{-cos 00)j(
2 ZTRm 2 Zr sin 00

+ctg 00(200+sin 00 cos 00))}1 (43)
450 TL tubes whose constants are as follows:

Rp= 2000 ohms
,u =13

An important case is the one in which (1 -1-sua) =0 Maximum direct plate current -500 milliamperes
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Maximum plate dissipation -450 watts
Cpf =1 micromicrofarad
C = 4 micromicrofarads
Carrier frequency -50 megacycles
Output power at modulation peak =4000 watts
R=52 ohms
No Zx line used
Zm =500 ohms estimated
0 of Zm about 30 degrees, corresponding to 50 centi-

meters length
ZT = 70 ohms
E0 max =about 150 volts

The E0 operation is positive through the full modu-
lation cycle and sufficient radio -frequency grid volt-
age is allowed to develop on the grid such that
1 +µa =O.

We find from the above data that

Z,a/ctg0 = 290 ohms
Z0 =Z, sin 0 = 250 ohms
X, =Z,/ctg 0=290 ohms
C=11 micromicrofarads at 50 megacycles.

This value of total output capacitance which was cal-
culated from the above given data leaves 6 micro-
microfarads for stray capacitance after subtracting
the output capacitance of the four tubes. The figure
of stray capacitance appears quite reasonable for the
actual arrangement. From

we get

Because

we find

Pa = (I10Z0)21 R

/10=1.83 amperes (for two tubes),
Ji/i0= 0.915 ampere (for one tube).

ET

Zr

ET R
j10 =

ZT ZO

Z0
Tr = /10 = 8.8 amperes

ET = ZTIr = 616 volts

1 ET

ZT
Z0 = 1100 volts

2

PO = 1110E... = 504 watts for two tubes.

Plate dissipation, carrier level, for one tube = 252
watts. From (24)

N/2
fir) = '10 max,

7T R,,

thus

R,
The manufacturer's data give a gm of about from 6
to 7 milliamperes per volt per tube.

When computing the band width, we must remem-
ber that 1+µa =0 and Rm is infinitive. Formula (44)

yields
fb = 5.40 megacycles .

If the exact formula, (42), is used, we find +5.7 and
-5.3 megacycles for the band width.

Leaving now /10 constant, we vary R. We obtain a
curve of power output versus band width, which is
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Fig. 6-Comparison of plate -load -impedance modulation (LIM)
versus grid -bias modulation.

Plate -load -impedance modulation:
Two tubes Eimac 450 TL for carrier.
Four tubes Eimac 450 TL for modulator.

Grid -bias modulation:
Two groups of three tubes Eimac 450 TL in push-pull.

In Fig. 6(B), plate loss for plate -load -impedance modulation
refers to one modulator tube.

Curve A: Grid -bias -modulation plate -current peak (at modula-
tion peak) per tube is the same as plate -load -imped-
ance -modulation plate -current peak.

Curve B: Ditto, but plate radio -frequency current at modulation
peak is the same.

Curve C: Ditto, but plate direct current at modulation peak is
the same.

Plate Current
Plate -load -
impedance
modulation

Grid bias modulation

A B

Peak current
Radio -frequency current (r -m -s)
Direct current

2.04
0.915
1.02

2.04
0.72
0.65

2.60
0.915
0.825

C

3.2
1.13
1.02

plotted in Fig. 6 (A). In Fig. 6 (B), we plot the plate
loss per tube at carrier level.

In the above numerical analysis of Parker's ar-
rangement it will be noted that /10 per tube is about
915 milliamperes (corresponding to Jo about equal to
820 milliamperes) while the plate dissipation is 252
watts. The rated plate -current value for the Eimac
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450 Tl, is equal to 450 milliamperes, while the dissi-
pation is 450 watts. Thus, he uses about twice the
rated plate current, but only 56 per cent of the rated
plate dissipation. The tube filament: is thoriated
tungsten with high emission, making this mode of
operation perfectly safe, as far as the plate circuit is
concerned. This throws an interesting light on the
type of tube required for plate -load -impedance -mod-
ulation service: the tube should have very high plate
current, but need not have a very large anode. Fur-
thermore, it should be capable of dissipating sub-
stantial power on the grid. In choosing the Eimac 450
TL for his modulator, Parker undoubtedly selected a
tube which is well suited for this type of service.

Thoriated-tungsten-filament tubes are available for
carrier powers in the order of from 1 to 2 kilowatts.
For higher power, one has to resort to water-cooled
tubes with tungsten filament. These tubes represent
high -impedance devices because their filaments do
not have the large excess emission which is character-
istic of thoriated tungsten. In plate -load -impedance
modulation a high modulatOr impedance is converted
to a low impedance by the inversion action of the Z.
line and thereby a matching problem is presented
which becomes extremely difficult to solve. For in-
stance, when using two suitable 20 -kilowatt water-
cooled tubes for modulators to generate a peak power
of 40 kilowatt, one will find an output impedance R
in the order of from 4 to 8 ohms. Since Z will be in
the order of from 50 to 100 ohms, a step-up trans-
former would be required (Zz line). The sideband
loss in this transformer would be so unreasonably
great as to rule out plate -load-impedance modulation
entirely. Thus, unless special tubes are developed,
plate -load -impedance modulation seems to be limited
to the power range for which tubes with thoriated-
tungsten filaments are available.

Finally we come to the controversial subject of
comparing load -impedance modulation with grid -
bias modulation. In grid -bias modulation the wave
shape of the plate current at modulation peak is a
half sine wave. In plate -load-impedance modulation
the wave shape of the modulator plate current is a
square -topped wave. On the basis of equal radio -
frequency currents, grid -bias -modulation peak cur-
rent will be 28 per cent higher than the plate -load-
impedance -modulation peak current, while at the
same time the direct current for plate -load -impedance
modulation is 25 per cent higher than the direct cur-
rent for grid -bias modulation. In case of emission -lim-
ited tubes, that is, for tubes with tungsten filaments,
it would be logical to base the comparison upon equal
peak currents. However, with thoriated-tungsten fila-

ments, the filament emission is so ex I remely high that
a consideration of peak currents is immaterial and in
this case, the comparison should be based only on in-
put direct current and plate loss. Furthermore, we
must consider that in plate -load -impedance modula-
tion the modulator supplies the sidebands only, while
in grid -bias modulation the tubes have to supply car-
rier plus sidebands.

An acceptable solution seems to be therefore to
place ourselves in the position of a man who has a
certain number of tubes available and has to decide
whether he will design a plate -load -impedance-modu-
lation or a grid -bias -modulation system utilizing
these tubes. Let us assume that we have, say, six
tubes, type Eimac 450 TL.

If we choose plate -load -impedance modulation, we
have to reserve two tubes for supplying the carrier.
These tubes can be operated class C with an esti-
mated efficiency of about 60 per cent at the plate loss
of 450 watts per tube, yielding useful output, 1000
watts; tank loss, 360 watts; plate loss, 900 watts; in-
put, 2260 watts; and efficiency, 60 per cent. The tank
must have very large C, for reasons outlined previ-
ously; hence, its losses will be relatively high. The
remaining four tubes are assumed to constitute a
modulator equivalent to the one just previously an-
alyzed. The plate loss of the modulator tubes is 252
watts per tube. This rating is very conservative but is
preferably not exceeded in view of the additional
losses on the grids. The peak value, the direct-
current, and radio -frequency component of the plate
current are tabulated in the legend of Fig. 6 and the
curve of output versus band width (for variable R) is
plotted in Fig. 6 (A).

If choosing grid -bias modulation we would utilize
the tubes in groups of three in push-pull. We get a
total output capacitance of 22.5 micromicrofarads if
we assume, in addition to the tube -output capaci-
tance (equation (17)) a distributed capacitance of
6 micromicrofarads per tube (i.e., the same value asfor plate -load-impedance modulation). We now can
compute the curves "band width versus peak out-put" and "plate loss versus peak output" taking theload resistance R as the independent variable. These
curves are shown in Fig. 6. Three sets of curves areshown having, respectively, the same peak current,the same direct current, or the same radio -frequency
current as the curve for plate -load -impedance modu-lation. Taking for instance curve A we note that at 4
kilowatts peak output, the input of the plate -load -im-pedance -modulation arrangement is 2260 watts, whilethat of the grid-bias -modulation arrangement is 2680
watts. Thus, at that point plate -load -impedance mod-
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ulation is more efficient than grid -bias modulation,
but the fact must not be overlooked that for plate -
load -impedance modulation additional energy is dis-
sipated on the modulator grids. If the requirement
"equal peak currents" is dropped it will be noted
when considering curves B and C that by means of
grid -bias modulation more power and greater band
width may be obtained from our six tubes without
exceeding the dissipation limit than is possible with
plate -load -impedance modulation. Thus, if we need
only 1 kilowatt carrier and about 5 megacycles band
width, we may use either plate -load -impedance modu-
lation or grid -bias modulation, our preference de-
pending upon other items such as efficiency, tube life,
grid dissipation, ease of adjustment, etc. However, if

we want to get the utmost in power and band width
from the tubes, then grid -bias modulation appears
preferable.

Additional comparative calculations have been
made, based on equal current /10 for grid -bias modu-
lation and plate -load -impedance modulation. The re-
sults will not be given here because of lack of space.
In no case was it found that plate -load -impedance
modulation was substantially superior to grid -bias
modulation in power or band width. In many cases,
it was inferior.

One point which is in favor of plate -load -impedance
modulation has not yet been mentioned. In grid -bias
modulation, even with perfect tubes, the modulation
characteristic shows a certain amount of curvature.
In plate -load -impedance modulation the modulation
characteristic is, at least theoretically, a straight line

(Fig. 5). Parker's curves show that the actual curve
has good linearity.

We may now summarize our results:
1. The output capacitance in plate -load -impedance

modulation is substantially smaller than in grid -

bias modulation. This advantage, however, is
practically canceled because in plate -load-im-
pedance modulation with positive E0 opera-
tion the generator does not exert any damping
upon the circuit. In grid -bias modulation, the
circuit damping contributed by the generator, is

quite effective.
2. Power output and band width in plate -load -im-

pedance modulation are comparable or some-
what inferior to those obtainable with grid -bias
modulation if low -impedance, high -current tubes
are available for the modulator. If high -imped-
ance tubes have to be used, plate -load -im-
pedance modulation is decidedly inferior in

output and band width in comparison to grid -
bias modulation. This fact limits plate-load -
impedance modulation to relatively low car-
rier power.

3. Positive E0 operation yields a practically
straight modulation characteristic which can-
not be obtained in grid -bias modulation. This
advantage, however, is confronted by the ne-
cessity of operating the grids with positive bias
during the full modulation cycle and thereby
dissipating a large amount of valuable video -
frequency energy on the grid.



Oscillations in Certain Nonlinear Driven Systems*
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Summary-The development of the theory of nonlinear oscillat-ing systems has given rise to some rather intractable nonlinear
differential equations. The formerly used isoclyne method of solution
is inadequate for the solution of the equation of the nonlinear system
producing relaxation oscillations under the influence of an impressedperiodic force. In this paper, using the specific example of a triodeoscillator with impressed sinusoidal electromotive force, differentialanalyzer solutions of the governing differential equation, are given.A brief study of the phenomena of automatic synchronization and

frequency demultiplication is made on the basis of the nonlineartheory.

I. INTRODUCTION

AS pointed out by van der Pol' in 1934, the
analytical investigation of systems producing
relaxation oscillations under the influence of

an impressed periodic force had at that time hardly
begun. The intractable nature of the nonlinear differ-
ential equations governing such systems affords a

Fig. A-The fundamental circuit.

ready explanation for the slow progress encountered.
Within recent years, however, with the increased de-
velopment and use of mechanical means for the solu-
tion of mathematical problems, the mechanical solu-
tion of these equations is made possible. This paper
presents differential -analyzer solutions of the equa-
tion of oscillation in certain nonlinear driven systems.
These solutions, which have been obtained with the
Moore School differential analyzer,2,3 illustrate the
phenomena of automatic synchronization and fre-
quency demultiplication. The nonlinear theory of

* Decimal classification: R140. Original manuscript received
by the Institute, May 5, 1938. Revised manuscript received bythe Institute, March 6, 1939.

f Formerly, Moore School of Electrical Engineering, Univer-sity of Pennsylvania, Philadelphia, Penna.; now, Massachusetts
Institute of Technology, Cambridge, Mass.

1 Balth. van der Pol, "Nonlinear theory of electric oscilla-
tion," and appended bibliography, PROC. I.R.E., vol. 22, pp. 1051-
1086; September, (1934).

2 V. Bush, "A differential analyzer, a new machine for solv-
ing differential equations," Jour. Frank. Inst., vol. 212, p. 447;October, (1931).

3 Irven Travis, "Differential analyzer eliminates brain fag,"
Machine Design, p. 15; July, (1935).
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oscillating systems, as summarized by van der Pol
several years ago, has served as the basis of the work
described herein.

II. DERIVATION OF THE GENERAL EQUATION

The development of the general equation govern-
ing certain simple nonlinear systems with periodic
impressed force follows. Similar derivations have ap-
peared previously,' but because of certain points of
physical reasoning contained therein it seems de-
sirable to repeat the development. For the sake of
specific example and because of its practical impor-
tance, consider the system depicted in Fig. A. Here
D is a nonlinear electrical device, such as a vacuum
tube, having a parallel LCR oscillatory circuit located
in its anode circuit; el is an impressed electromotive
force whose presence may be due to induction from
another system or it may be an actual generator at
the location indicated.

In the following analysis the total current through
D (total plate current of a triode in this case) is as-
sumed to be a function of the single variable

(va

where va is the plate voltage, 7), is the grid voltage,
and p. the amplifying factor of the tube. Grid current
is neglected. Denote by v the varying part of the plate
potential and by ID the variable part of the plate
current. Further, assume that, over the portion ofthe characteristic of the tube in which operation isto occur,

iD = - av Ov2 yv3,

where a, /3, and y are constants, having respectivelythe dimensions (R)-', (RT72)--', (R) denoting
resistance and ( V) denoting voltage.

By Kirchhoff's first law, the currents indicated onFig. A are related by

iL -F ic -F iR d- ip = 0.
Since

1 diLv=- icdti RiR = L
dti

where tl denotes time in seconds, it follows that
d'v 1 c 1 ( 1clti2 Ca/ v Ov2 yv3}
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Simplify (1), after the manner of van der Pol, by the

substitutions

There results

d2v

(1112

1

C

(a
R

213

= i3i

3y

(a' - (3'v - y'v2)

C

1

LC

dv

di,

al,

=_- w02.

W027.1 - COO2ei (2)

For practical reasons, assume the impressed electro-
motive force to be

where
el = K2.E1 sin molt),

K2 =
n2'012

CO02

and null is the periodicity of el.
For further simplicity, make the substitutions

'1/v2
= y2,

b,

=

= 1.
Then (2) becomes

d2y dy

dt2-
6(1- by- y2)

dt
-+y= - a'

K2E1 sin Kt. - (3)

Finally, letting

E =

there results
d2y dy

dt
E(1 by - y2) y = K2E sin Kt. (4)2dt

The quantity y is the disturbance resulting from the
application of a sinusoidal electromotive force of
periodicity ncoi to the system above defined, the "nat-
ural frequency" of which is oh. In the synchronized
state the periodicity of y is col. It must be here
pointed out that coo is not the frequency of the oscil-
lating triode circuit when self-excited. This latter
frequency will hereinafter be called the free relaxation
frequency in the case of e>>1. The above derivation
has been made in terms of a frequency ratio for

reasons of generality. If we regard the E contained in
van der Pol's equation' as being n2 times the E con-
tained in (4), the two expressions are identical.

III. DIFFERENTIAL EQUATION FOR THE SELF-

EXCITED TRIODE OSCILLATOR

Before discussing the solutions obtained for (4),
certain considerations of the case for E = 0 are timely.
For this condition (4) becomes

d2y

dt2

dy
- 6(1 - by - y2) - y = 0,

dt
(5)

which may be regarded as the basic differential equa-
tion for the self-excited triode oscillator. As van der
Pol,4 and van der Pol and Appleton6 have shown,
(5) also describes the operation of a tetrode or pen-
tode with the oscillatory circuit in the grid circuit,
as well as the operation of the dynatron oscillator.
Moreover, if the triode is working on an inflection
point of its characteristic, b =0=13, giving for this
case

d2y

d12

dy
- e(1 - 1'2)

dt
y 0. (6)

The oscillations governed by (6) are symmetrical in
the steady state. For e = 0, these oscillations are
sinusoidal.

Much has appeared in the literature discussing (6)
fully, both for the so-called "interchange" case' with
e<<1, and for the so-called "relaxation" case6 with
e>>1. The method of solution of (6) employed in the
past has been a combination of analytical and graphi-
cal means, since to date no formal analytical solution
with e other than zero has been found.

Brainerd and Weygandt,7 by means of a differential
analyzer, made some studies of (5), for b= 0 and e in
the neighborhood of unity. Such systems constitute
so-called "mixed" systems. In those studies curves
having as co-ordinates y and y' (y' denoting the first
derivative of y with respect to 1) were presented as
cycles descriptive of energy changes." The physical

Balth. van der Pol, "The effect: of regeneration on the
received signal strength," Puoc. I.R.E., vol. 17, pp. 339-346;
February, (1929).

5 E. V. Appleton and Balth. van der Pol, Phil. Mag., vol. 43,
p. 177; (1922).

13alth. van der Pol, Physica, vol. 6, p. 154, (1926); Tidj-
schr. Ned. Rad. Gen., vol. 3, p. 25, (1926); vol. 4, p. 94, (1927);
Phil. Mag., vol. 2, p. 978, (1926); .Lahr. der Arabi. Tel, and Tel.,
vol. 28, p. 178, (1926); vol. 29, p. 114, (1927); Exp. Wire., vol.
3, p. 338, (1926).

J. G. I3rainerd and C. N. Weygandt, "Unsymmetrical
self-excited oscillations in certain simple nonlinear systems,"
Puoc. I.R.E., vol. 24, pp. 914-922; June, (1936),

" F. Dacos and J. FrenIcel, "lAquation des ph6nomenes
oscillatories," Bull. de l'ilssn. des Ing. Sortis de l' Institute Montrlfi-
sore, December, (1934).



398 Proceedings of the I.R.E. June

significance of y in this paper is different from that
in the 13rainerd-Weyp,andt paper, in which y is associ-
ated with quantity of electric charge. In the deriva-

Fig. 1-Free relaxation oscillation for a=8, E=0.

tion of the general equation given in part II above,
y is associated with the voltage appearing across the
shunt RLC circuit of the triode oscillator and, con-
sequently, energy changes in the system are now
associated with the quantities y and fydt in the
following manner.

The instantaneous kinetic energy and the instan-
taneous potential energy of the self-excited triode
oscillator are, respectively, 1/2 LiL2 and 1/2 Cv2.
However, since E=0,

iL = f-
Hence, the instantaneous kinetic energy and the
stantaneous potential energy are, respectively,

1
211, f vdtlY and

2
- Cv2,

which, in the units employed in (5) become

)ydt and
Ca'Ca' ( 2

27' 2-y'
3,2

IV. SOLUTION OF TIIE DIFFERENTIAL EQUATION FOR
A RELAXATION OSCILLATOR WITH IMPRESSED

Si NUSOIDA L FORCE

Consider (4.) with b= 0, which is the case for the
triode working about an inflection point of its char-
acteristic, with an impressed sinusoidal electromotive
force. There results

d2), dy
- c(1 - y2) -- y = K2E sin Kt, (10)

/2 dt

or, in the notation employed hereafter,
y" - e(1 - y2)y' y = K2E sin Kt. (10a)
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Denote by p, the radius vector at any instant to a
point on the y-fy dt curve. Then the sum of the
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Fig. 2-Wave form and related curves for E=0.5, K=1.25, e=8.

instantaneous kinetic and potential energies is given
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for E=2, K=1.25, e=8.

For e>>1, the system becomes a relaxation oscil-
lator, and for the purposes of the study described
herein the sufficiently large value of e = 8 is chosen.

In the following analysis, several terms will be em-
ployed which it is well to define at this point. By a
"synchronized oscillation" is meant one the period of
which is some fixed integer multiple (denoted by "n"
in the accompanying figures) of the period of the im-
pressed electromotive force. A "drifting oscillation"
is one which never achieves the periodic synchronized
steady-state condition. This type is denoted by the
symbol "11.S." (nonsynchronized) on the accompany-
ing figures. The impressed electromotive force will
hereafter be termed the "driving force."

Fig. 4-Wave form and related curves for E =-- 5, K =1.25, E = 8.
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Differential -analyzer solutions of (10a) for various
values of E and K are given in Figs. 1 to 20 inclusive,'
and the corresponding time periods are graphically
shown in Fig. 21. The corresponding y-y' cycles also
appear, and, for additional reference, Figs. 2, 3, and 4
include fydt - t curves. When the oscillation is of the
"drifting" type a typical unsynchronized cycle is
shown (Fig. 8, for example).

In Fig. 1 is shown the free relaxation oscillation for
6=8 and no driving force impressed.

Figs. 2 to 4 depict the response of the system to an
impressed electromotive force of periodicity K=1.25,
and E = 0.5, 2 and 5, respectively. In the units of
employed in the derivation of (10a), the period of the
driving force for K =1.25 is 5 units. For E= 0.5, the
oscillation was found to be of the drifting type, am-
plitude and period varying each cycle. A "typical"
cycle of this "drifting" oscillation is shown in Fig. 2.
In Fig. 3, E has been increased to 2 and a synchro-
nized third subharmonic (n =3) is produced, the
period of which is, consequently, 15 units. Increasing

se" E(I-Y1Y+ Y  KEIwiKt

E-8 K-1 E-05 RS

C.8 K.I E- 2 0 n-3

E8 K1 C5 ni

Figs. 5, 6, and 7 --Wave form for E = 0 .5 , 2.0, and 5.0, and
K= 1.00, c=8.

the amplitude still further to E=5, there results the
synchronized first subharmonic (n =1) depicted in
Fig. 4. In the units employed, the period of this syn-

" The light curves on Figs. 2 to 20 are sinusoids obtained
directly from the analyzer, on which I he integral of equation
(I0a) was set. In consequence these curves arc 90 degrees to the
right of the actual sinusoidal applied electromotive force.

chronized subharmonic is 5 units and is the same as
the period of the driving force. It is to be noted that
the synchronized subharmonics shown in Figs. 3 and
4 are symmetrical.

C(1 -Y1 seY 5.nKt

C-8 K-15 E-05 OS.

C-8 K=15 E- 2 0 0.3

15
Y

(.8 K15 Er -50 n-i

Figs. 8, 9, and 10-Wave form for E =0.5, 2.0, and 5.0, and
K = 1.50, c=8.

For K=1, the period of driving force in the units
used in this paper is 6.25 units. Fig. 5 again illustrates
the production of a drifting unsynchronized oscilla-
tion, in this case the relative frequency of the driving
force has been decreased to K=1, and E = 0.5.

In Fig. 6 is shown a synchronized oscillation (E = 2)
the time period of which is 18.75 units; it is conse-
quently a third subharmonic (n =3) of the driving
force. Increasing the amplitude still further to E=5,
the synchronized oscillation shown in Fig. 7 is pro-
duced. The period is 6.25 units, the same as the
period of the driving force, and consequently, the
oscillation is that of a synchronized first subharmonic
(n =1).

For K=1.5, the period of the driving force is 4.17
units. In Figs. 8 to 10, drifting, synchronized third,
and synchronized first subharmonics of the driving
force are successively depicted, for the respective am-
plitudes E =0.5, 2, and 5. It is to be noted that in-
creasing the value of E increases the amplitude of the
resulting driven relaxation oscillation very little.
This is typical of relaxation systems, for which c>> 1.

For values of K=1, 1.25, and 1.50 only third and
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first subharmonics have appeared. For K=1.75 and
E= 0.5, the synchronized oscillation shown in Fig. 11
results. Its period is 17.85 units or five times the
period 3.57 units of the driving force with K=1.75.
The synchronized oscillation is then a fifth subhar-

C-8 K.175 E-20

sie0.-Ase.Y-MESInitt

n.3

C.8 K.175 E=40 n-i

-4-6-6 lb-- It a i6

E-8 K.175 E-50 r1.1

Figs. 11, 12, 13, and 14-Wave form for E =0.5, 2.0, 4.0, and 5.0,
and K=1.75, e=8.

monic (n =5) of the driving force. For successively
larger values of E=2, 4, and 5, third and first sub -
harmonics are produced as shown in Figs. 12 to 14.

The period of the driving force having a relative
frequency K =2 is 3.125 units. In Fig. 15, K=2,
E= 0.5, the resulting synchronized oscillation has a
period of 15.6 units or five times that of the driving
force; consequently the cycle depicted is that of a
fifth subharmonic (n =5) of the driving force.

Figs. 16 to 18 show the production of third and first
subharmonics, for K =2, as the amplitude of the
driving force is increased.

4

.,- --'--4 --/6 ,u/ \v/,

 -`6141'. SOU

-se

C K2 E-05 n-5

C-8 K2 E 2 0 n3

6 a io 16 .7Y
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15,
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Figs. 15, 16, 17, and 18-Wave form for E =0.5, 2.0, 4.0, and 5.0,and K=2.00, e=8.
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Figs. 19

T
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T
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and 20-K=1.25. Solutions for two other values of E.In Fig. 21 the time periods of the driven oscilla- tinuous curves between the discrete points enclosedtions herein depicted are plotted against E for various by circles.
values of K. The solid lines joining all points having In Figs. 19 and 20 are shown two third subhar-the same value of K are not to be regarded as con- monics for values of E different from 8.
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V. CONCLUSION

It is observed that in going from
the drifting to the synchronized
state, synchronization is suddenly
effected on the nearest odd sub -
harmonic. Other analyzer solu-
tions, not included in this paper,
confirm this. Further, for particu-
lar values of K and E, which
finally produce synchronization,
the resulting steady-state wave
form and phase relation with the
impressed sinusoid appear to be in-
dependent of the initial phase of
the sinusoid and of other initial
conditions. The only apparent ef-
fect of varying the initial phase
angle is to hasten or retard by a
few cycles the appearance of the
steady synchronized state. Inspec-
tion of (10a) shows that all such
synchronized subharmonics are
symmetrical oscillations.
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Fig. 21-Variation of time period with
K and E.

All of the above phenomena are
in agreement with the experimen-
tally observed properties of relaxa-
tion oscillations. Especially do
they confirm the phenomenon of
automatic synchronization over a
frequency range as great as an oc-
tave (K=2), as mentioned by van
der I'ol.' They also confirm the
physical fact that the phenomenon
of resonance is practically absent
in the case of relaxation oscilla-
tions, and that the application of
an external electromotive force
has as its main effect the variation
of time period of the resulting os-
cillation. This effect is seen to give
rise to the phenomenon of sub -

harmonics over a wide range of
frequency dem ul tiplication
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In the course of these studies, employing (10a),
only odd -order subharmonics have appeared. The
greater the relative frequency of the driving force the
higher the order of odd subharmonics it is possible to
produce. Increasing the amplitude of the driving
force results in successive "driving through" to a
lower order of odd subharmonic. It must be stressed
that the more general equation (4) is probably the
one governing the production of both even- and odd -

order subharmonics. Further work in this direction
should be undertaken to establish the greater gener-
ality of (4) or of a somewhat similar differential
equation.

These results should be of value in the further de-
velopment of the nonlinear theory of electric oscilla-
tions and in application to the design of relaxation
oscillators with an impressed sinusoidal electromo-
tive force.
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APPENDIX

A. For reference, the quantities appearing in (4)
are redefined in terms of the elements of the system
studied:

=

b

3 (a R1 )

1

t = li = wolf, ti in seconds;
1/LC

Y

E

K= nwl

wo

3-y

(1
a)

v, v in volts;

E1, E1 in volts;

B. Fig. B gives the schematic diagram of the
differential -analyzer arrangement used in the course
of these studies.
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Characteristics of the Ionosphere at Washington,
D.C., April, 1939*

T. R. GILLILAND t, ASSOCIATE MEMBER, I.R.E., S. S. KIRBYt, ASSOCIATE MEMBER, I.R.E.,

AND N. SMITH t, NONMEMBER, I.R.E.

DATA on the critical frequencies and virtual
heights on the ionosphere layers during April
are given in Fig. 1. Fig. 2 gives the monthly

average values of the maximum usable frequencies
which could be used for radio sky -wave communica-
tion by way of the regular layers during undisturbed
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Fig. 1-Virtual heights and critical frequencies of the ionosphere
layers, April, 1939. The solid -line graph is the undisturbed
average; the dotted -line and dashed -line graphs are for the days
of April 19 and 20, respectively. April 19 was a day of high f7.
preceding the severe ionosphere storm of April 20.

periods. Fig. 3 gives the distribution of the hourly
values of F- and F2 -layer critical frequencies about
the average for the month. Fig. 4 gives the expected
values of the maximum usable frequencies for trans-
mission by way of the regular layers, average for
July, 1939. The ionosphere storms and sudden iono-

* Decimal classification: 8113.61. Original manuscript re-
ceived by the Institute, May 11, 1939. These reports have
appeared monthly in the PRocEEDINGs starting in vol. 25, Sep-
tember, (1937). See also vol. 25, pp. 823-840, July, (1937).
Publication approved by the Director of the National Bureau of
Standards of the U. S. Department of Commerce.

1- National I3urcau of Standards, Washington, D. C.

sphere disturbances are listed in Tables I and II,
respectively.
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Ionosphere storms during April were both numer-
ous and severe. Of the 720 hours of the month, 265
hours were disturbed. The high A on April 19 pre-
ceding the severe ionosphere storm of April 20 should

June, 1939 Proceedings of Ihe I.R.E. 403
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be noted. Similar effects have previously been re-ported by the National Bureau of Standards for
June 18, 1936,' May 11, 1938,2 and March 29, 1939.3
This phenomenon appears to be characteristic of the
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Fig. 4 -Predicted maximum usable frequencies for dependableradio sky -wave transmission by way of the regular E, F, F1,and F2 layers, for July, 1939. The F layer will ordinarily deter-mine the maximum usable frequencies at night, and, except fornearly vertical incidence, the E and F2 layers will determinethem during the day. The effect of the E and F1 layers is shownby the humps on the graphs during the middle of the day. Thevalues shown will be considerably exceeded during irregularperiods by reflections from clouds of sporadic -E layer.

early stages of severe ionosphere storms in this lati-
tude, the stages preceding the blowing up of the
ionosphere or the turbulent phase of the storms.

Prolonged periods of low-layer absorption, for
several hours in the middle of the day, were observed
on many days during April. This effect was especially
pronounced on April 26, 28, 29, and 30.

Phys. Rev., vol. 50, p. 258, (1936).
2 T. R. Gilliland, S. S. Kirby, and N. Smith, "Characteristics

of the Ionosphere at Washington, D. C., May, 1938," PROC.I.R.E., vol. 26, pp. 909-913; July, (1938).
3 T. R. Gilliland, S. S. Kirby, and N. Smith, "Characteristics

of the Ionosphere at Washington, D. C., March, 1939," PROC.I.R.E., vol. 27, pp. 348-349; May, 1939.

TABLE I
IONOSPHERE STORMS (APPROXIMATELY IN ORDER OF SEVERITY)

Date and hour
E.S.T. 1939

April

hP
before
sunrise
(kin)

 Mini-
mum .6
before
sunrise

(kc)

Noon
-4,1

(kc)

Magnetic
character' lono-

sphere
char -
acter,

00-12
G.M.T.

12-24
G.M.T.

19 302 5500 11700 0.9 1.1 -20 368 3850 5500 0.8 0.7 1.821 356 4100 7300 0.6 0.6 0.722 358 3600 6300 0.4 0.6 1.123 388 3600 <5400 1.8 1.7 1.924 (until 0500) 350 3300 - 0.3 1.9 0.9
(after 2200) - - - 0.0 0.4 1.9I7 412 3700 5800 2.0 1.9 1.9

{16

18 (until 1000) 364 3600 - 1.0 1.3 0.9
J24 (after 1300) - - - 0.3 1.9 1.9125 (until 1500) 402 3200 8200 1.8 1.0 1.1
J 1 (after 0100) 360 3400 6800 0.7 0.7 1.01 2 (until 0500) 326 3000 - 0.4 0.6 0.5

6 (0200 to 2200) 324 4700 7600 0.2 0.1 0.8
3 (0300 to 0800) 340 3300 - 0.4 0.4 0.3

12 (until 0600) 354 4200 - 0.9 0.4 0.2
28 (0100 to 1200) 334 5850 8800 0.4 0.4 0.2

For comparison:
Average for undis-

turbed days 304 4817 10160 0.3 0.4 0.0
1 American magnetic character figure, based on observations of seven ob_serva t ories.
2 An estimate of the severity of the ionosphere storm at Washington on anarbitrary scale of 0 to 2, the character 2 representing the most severe disturb-ance.

TABLE II
SUDDEN IONOSPHERE DISTURBANCES

Date
1939

G.M.T.
Locations of
transmitters

Relative
intensity
at mini-
muml

Other
phenomena

Begin-
ning End

April
15 1540 1600 Ohio, Mass., Ont., D. C. 0.0515 1925 1945 Ohio, Mass., Ont. 0.116 1910 1930 Ohio, Mass., Ont., D. C. 0.0 Ter. mag. pulse

1910 to 192021 1659 1920 Ohio, Ont., D. C. 0.0 Ter. mag. pulse
1650 to 172523 1558 1740 Ohio, Mass., Ont.. D. C. 0.023 1823 1940 Ohio, Mass., Ont., D. C. 0.025 2035 2050 Ohio, Mass., Ont. 0.129 1715 1810 Ohio, Mass., Ont., D. C. 0.030 1520 1557 Ohio, Ont., D. C. 0.1

Ratio of received field intensity during fade-out to average field intensitybefore and after; for station W8NAL, 6060 kilocycles, 650 kilometers distant.

Sporadic -E layer reflections were observed at eightmegacycles or above on only three hours, and abovesix megacycles on only eight hours, during the month.
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PACIFIC COAST CONVENTION
San Francisco, California

June 27-30, 1939
The first convention of national scope of the In-

stitute to be held on the Pacific Coast is scheduled
for San Francisco during the last four days of June.
Headquarters will be at the Mark Hopkins Hotel.
In the two previous years, meetings were held in
Spokane and Portland and gave unmistakable evi-
dence of a substantial interest in a meeting of national
character. The San Francisco World's Fair makes
that city particularly attractive as a meeting place.

To one who knows San Francisco, a renewal of
acquaintanceship is all that needs be suggested to
start making plans and recalling pleasant memories.
To one who has never been there, comes indistinct
visions of its many charms. Chinatown, the largest

city outside Fisherman's
Wharf where the fishing fleet, back from its morning
venture, lies at rest, Market Street with its famed
clock -towered ferry building at one end and Twin
Peaks at the other, are but a few of its world -famed
attractions.

To these one must add Treasure Island and its 400
man-made acres devoted to recreation and education.

Registration

Tuesday, June 27
9:00 A.M.

10:00 A.m.-12:00 NOON

Sponsored by eleven western states, fifty .million
dollars have been invested with one thought-to
make the visitor want to return for more. An island
that may be reached by automobile by way of the
new San Francisco -Oakland Bay Bridge, it harbors
the giant clipper ships which bring Asian cities within
days rather than weeks of America and recall to
mind the earlier clippers which once passed through
the Golden Gate now bridged by the longest single
span in the world.

Our Convention will be held at the same time as
the combined Pacific Coast and Summer Convention
of the American Institute of Electrical Engineers.
Twenty-seven paperswill be presented at six technical
sessions. Eight are contributions from Pacific coast
authors, sixteen have been prepared by authors from
the eastern part of this country, two are from Europe,
and one from Puerto Rico. Thus, the program which
follows is of broad geographical and topical interest.
None of the papers have been preprinted and there is
no assurance that they will be presented elsewhere or
published in the PROCEEDINGS.

PROGRAM

Opening address by R. A. Heising, President of
theInstitute.

1. "Communications Engineering in Geophysical
Exploration," by I lerbert Hoover, Jr., United
Geophysical Corporation, Pasadena, Calif.

2. "Federal Communicat ions Commission Engineer-
ing Regulations and Standards of Good Engi-
neering Practice for Broadcast Stations," by
S. L. Bailey, Jansky and Bailey, Washington,
I). C.

3. "Columbia's West ('oast Operations," by L. 11.

Bowman, Columbia Broadcasting System
Hollywood, Calif.

2:00 p.m. -4:30 P.M.

4. "Recent Developments in Aerial Navigation,"
by H. H. Willis, Sperry Gyroscope Company,
Brooklyn, N. Y.

5. "Aircraft Instrument Landing Research at the
Massachusetts Institute of Technology," by
E. L. Bowles, Massachusetts Institute of

Technology, Cambridge, Mass.
(. "Study of the Effects of Mountains in Radio-

goniomctry and of the Combined Use of Radio
Beacons and Radio Compasses for Aerial
Navigation," by Andre, Busignies, Le Materiel
Telephonique, Paris, France.

June, 1939 Norceilings of the 405
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7. "Acoustic Models of Radio Antennas," by E. C.
Jordan and W. L. Everitt, Ohio State Univer-
sity, Columbus, Ohio.

8. "Recent Advances in Receiving Equipment for
Transoceanic Telephony," by F. A. Polking-
horn, Bell Telephone Laboratories, New York,
N. Y.

Wednesday, June 28
9:00 A.M.-11:00 A.M.

9. "Electron Optics in Television," by V. K. Zwory-
kin, RCA Manufacturing Company, Camden,
N. J.

10. "Current Division in Plane -Electrode Triodes,"
by Karl Spangenberg, Stanford University,
Stanford University, Calif.

11. "Functions of Electron Bombardment in Tele-
vision," by I. G. Maloff, RCA Manufacturing
Company, Camden, N. J.

12. "Surface -Controlled Mercury -Pool Rectifier," by
T. M. Libby, Pacific Telephone and Telegraph
Company, Seattle, Wash.

11:30 P.M. -2:00 P.M.

Trip to Pan American Airways terminal and in-
spection of Boeing Clipper.

Giant redwoods

Redwood Empire Association

Proceedings of the I.R.E. June

Redwood Empire Association
Along the California coast

2:00 p.m. -4:30 P.M.

13. "Direct -Current and Audio -Frequency Ampli-
fier," by L. J. Black and H. J. Scott, Univer-
sity of California, Berkeley, Calif.

14. "Golden Gate International Exposition Radio
and Sound Distributing Systems," by C. A.
Lahar and L. Hewitt, RCA Manufacturing
Company, Camden, N. J.

15. "Radio -Frequency Spark -Over in Air," by P. A.
Ekstrand, Heintz and Kaufman, South San
Francisco, Calif.

16. "Solar Cycle and the F2 Region of the Iono-
sphere," by W. M. Goodall, Bell Telephone
Laboratories, Deal, N. J.

17. "Atmospherics and Radio Transmission Phe-
nomena in Puerto Rico," by G. W. Kenrick
and P. T. Sammon, University of Puerto Rico,
Rio Piedras, P. R.

18. "Transmission on 41 Megacycles," by S. S. Mac-
Keown, B. M. Oliver, and A. C. Tregidga,
California Institute of Technology, Pasadena,
Calif.

Thursday, June 29
9:00 A.M.-11:30 P.M.

(Joint Session with American Institute of Elec-
trical Engineers)

19. "The Klystron as a Generator of Very Short
Waves," by W. W. Hansen, R. H. Varian,
S. F. Varian, D. L. Webster, and J. R. Wood-
yard, Stanford University, Stanford Univer-
sity, Calif.

20. "Instruments and Methods of Measuring Radio
Noise," by C. V. Aggers, Westinghouse Elec-
tric and Manufacturing Company, East Pitts-
burgh, Penna.; D. E. Foster, RCA License
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Clyde H. Sunderland

A clipper ship over Treasure Island

Laboratory, New York, N. Y.; and C. S.
Young, Pennsylvania Power and Light Com-
pany, Allentown, Penna.

21. "Methods of Controlling Radio Interference,"
by C. V. Aggers, Westinghouse Electric and
Manufacturing Company, East Pittsburgh,
Penna.

22. "Technical Framework of our Television," by
E. W. Engstrom, RCA Manufacturing Com-
pany, Camden, N. J.

23. "A New Standard Volume Indicator and Ref-
erence Level," by H. A. Chinn, Columbia
Broadcasting System; D. K. Gannett, Bell
Telephone Laboratories; and R. M. Morris,
National Broadcasting Company; all of New
York, N. Y.

12:30 P.M.

Trip to Stanford University jointly with Ameri-
can Institute of Electrical Engineers.

2:00 p.m. -4:30 P.M.

24. "Electronic -Wave Theory of Velocity -Modula-
tion Tubes," by Simon Ramo, General Electric
Company, Schenectady, N. Y.

25. "Recent Ultra -High -Frequency Developments,"
by B. J. Thompson, RCA Manufacturing
Company, Harrison, N. J.

26. "Simple Television Antennas," by P. S. Carter,
RCA Communications, Rocky Point, L. I.,
N. Y.

27. "Continuous -Wave Interference with Television
Reception," by C. N. Smyth, Kolster-Brandes,
Sidcup, Kent, England.

Friday, June 30
10:00 A.M.-12:00 NOON

Trip to the tube manufacturing plants of Eitel
and McCullough, San Bruno, and Heintz and
Kaufman, South San Francisco.

2:00 P.M. -5:00 P.M.

Trip to the University of California.

TRIPS

Pan American Airways Terminal

This trip will be started from the hotel at 11:30
A.M. on Wednesday. The terminal is on Treasure
Island and the Radio installation on one of the giant
Boeing clipper ships will be inspected. A tour will

then be made of the radio maintenance shop, instru-
ment calibration laboratory, and ground communica-
tions facilities.

Stanford University
We have been invited to participate in a trip to

Stanford University arranged by the American In-
stitute of Electrical Engineers. Busses will leave the
hotel at 12:30 o'clock on Thursday afternoon. The
high -voltage laboratory and electrical engineering
department will be visited.

Tower of the Sun and Court of the Moon

Golden Gate International Exposition
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Manufacturing Plants
On Friday morning, a trip will be made to the

tube -manufacturing plants of Eitel and McCullough
at San Bruno and to Heintz and Kaufman at South
San Franciso. We shall return to the hotel in time
for lunch.

Berton W. Crandall
Stanford University's high -voltage laboratory

University of California
On Friday afternoon, the radiation laboratory of

the University of California will be visited and a
demonstration of the Cyclotron will be given.

SUMMARIES OF TECHNICAL PAPERS
The following summaries of technical papers to be

presented are arranged alphabetically by the names
of the authors. The numbers correspond to the order
of presentation. No preprints are available nor is
publication of any paper in the PROCEEDINGS definite.

21. METHODS OF CONTROLLING RADIO
INTERFERENCE

C. V. AGGERS
(Westinghouse Electric and Manufacturing Company,

East Pittsburgh, Penna.)

Man-made radio interference only is treated. It
may originate in both rotating and stationary equip-
ment, the commonest forms of the latter being high -
voltage line insulators and low -voltage porcelain
insulators.

Three methods of attacking the problem are
treated and are: (1) suitable design of equipment to
reduce the generation of interfering radio currents,
(2) application of low -impedance shunt filters, and
(3) application of high -impedance series filters.

The filter methods confine the otherwise disturbing
currents to restricted portions of the equipment
which generates them and thus reduces their sphere
of influence.

20. INSTRUMENTS AND METHODS OF
MEASURING RADIO NOISE

C. V. AGGERS, D. E. FOSTER, AND C. S. YOUNG
(Respectively: Westinghouse Electric and Manufacturing Com-

pany, East Pittsburgh, Penna.; RCA License Laboratory,
New York, N. Y.; and Pennsylvania Power and

Light Company, Allentown, Penna.)

Radio noise effects are produced by extraneous
electrical fields associated with transient conditions
in an electric circuit. In order that apparatus produc-
ing radio noise effects can be treated and described
in precise terms and the most satisfactory method of
radio noise suppression employed in a given case, it
is necessary that there be some means of measuring
the radio noise voltage and electric fields of the type
referred to in a manner which, as far as possible, is
appropriate to the special characteristics of these
voltages and fields and their significance in relation
to radio reception. Further, in view of certain com-
mercial and national aspects of the matter, it is
desirable that there shall be a national understanding
and agreement as to the method of measurement.

This paper embodies the relevant agreed recom-
mendations of the Joint Coordination Committee on
Radio Reception of EEI, NEMA, and RMA, as to
the nature, essential characteristics, and performance
of an instrument for the measurement of radio noise
voltages. It further gives detailed descriptions of the
recommended practices for measuring radio noise
directly from low- and high -voltage apparatus, for
making noise measurements along overhead lines,
for determining broadcast field -strength levels and
methods of collecting data for the establishment of
radio noise standards.

Plant of Eitel-McCullough at San Bruno

2. FEDERAL COMMUNICATIONS COMMISSION
ENGINEERING REGULATIONS AND STAND-
ARDS OF GOOD ENGINEERING PRACTICE

FOR BROADCAST STATIONS
S. L. BAILEY

(Jansky and Bailey, Washington, D. C.)
This paper discusses briefly the development of

broadcast allocation standards as applied to coverageand interference. This is followed by a discussion of
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some of the salient points of the proposed engineering
rules and the Standards of Good Engineering Practice
with an explanation of the types of stations provided
for and the protection limits accorded each type. An
analysis is then given of the possible effect of these
standards and methods of classification on existing
broadcast stations.

13. A DIRECT -CURRENT AND AUDIO -
FREQUENCY AMPLIFIER

L. J. BLACK AND H. J. SCOTT
(University of California, Berkeley, Calif.)

An amplifier suitable for the amplification of small
direct -current and low -frequency transient potentials
to a usable level is described. In this amplifier two
multielement tubes are used as balanced modulators.
A carrier voltage is applied in push-pull to two of the
grids of these modulators. The plates of these modu-
lator tubes, operating in parallel, are connected to a
high -gain amplifier designed for the carrier frequency.
Any carrier unbalance appearing in the modulator
is amplified to a sufficient level in the carrier-fre-
quency amplifier and applied to a linear detector.
The amount of carrier unbalance is determined by the
magnitude of the direct -current or low audio -fre-
quency voltage applied to the control grid of one of
the modulator tubes. By proper choice of operating
conditions a linear relationship between impressed
signal voltage and detector output voltage can be
obtained. The paper is concluded with a discussion
of the performance of the amplifier, its sensitivity,
and its stability.

rp,74. rixoro747q.77,7,7

I leintz and Kaufman plant at South San Francisco

5. AIRCRAFT INSTRUMENT LANDING RE-
SEARCH AT THE MASSACHUSETTS

INSTITUTE OF TECHNOLOGY

E. L. BOWLES
(Massachusetts Institute of Technology, Cambridge, Mass.)

The Massachusetts Institute of Technology has
for some time been conducting a research on the
instrument landing of airplanes under the sponsor-
ship of the Civil Aeronautics Authority. One of the
objectives of this program is the development of a

system in which the landing information is given to
the pilot on a single instrument in the form of an
image simulating three light sources on the runway.
Assuming three light sources, two placed in equally
elevated positions, one on each side of the leading
edge of the runway, and a single light source on the
center line of the runway at a distance from the
leading edge, a visual landing arrangement results.

The Cyclotron at the University of California

For example, these three lights may be so arranged
that a plane passed through them contains a straight-
line landing path the angle of which may be made
equal to the normal glide angle of a landing airplane.
The pilot gliding an airplane down this plane in the
proper path and with proper altitude, will see these
three ground lights through his windshield as three
light spots in line and equally spaced. The appearance
of the lights for different altitudes and positions of
the ship can readily be visualized.

The Institute was asked to produce the equivalent
of this Metcalf three -light landing scheme by radio
means to adapt it to use as a landing system for use
under conditions of adverse visibility.

In its work on the solution of the problem, the
Institute has made use of ultra -short radio waves
and of gyro -instruments on the airplane. The combi-
nation, as now visualized, includes the use of Barrow
horn radiators and high -frequency generators of the
Stanford type. The program has involved interesting
features of co-operation between departments at the
Institute and close co-operation with branches of
industry. These as well as the general technical
aspects of the problem will be presented.

3. COLUMBIA'S WEST COAST
OPERATIONS

L. IL BOWMAN
(Columbia Broadcasting System, I follywood, Calif.)
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The engineering developments of the Columbia
Broadcasting System's West Coast engineering divi-sion will be summarized. Technical procedure and
the functioning of the various engineering depart-
ments will be described. Facilities include transmit-
ters for standard broadcast, intermediate broadcast,
and high -frequency operation. A brief description of

Golden Gate International Exposition
Pacific House, Lake of Nations, and Johare Pavilion

the recently completed Columbia Square installationwill reveal the latest commercial developments in
broadcast facilities.

6. STUDY OF THE EFFECTS OF MOUNTAINS IN
RADIOGONIOMETRY AND OF THE COM-

BINED USE OF RADIO BEACONS AND
RADIO COMPASSES FOR AERIAL

NAVIGATION

ANDRE BUSIGNIES
(Le Materiel Telephonique, Paris, France)

During the course of tests effected with an auto-
matic radio compass aboard a commercial -type trans-
port plane of American Air Lines, both in New Yorkand in Washington, as well as during the course of
flights effected between Salt Lake City and Chicago
on the "Flight Research Plane" of the United Air
Lines, some very important observations were made
in connection with the combined use of radio beacons
and radio compasses and on radiogoniometry as well
as the effect of mountains on radiogoniometry. These
effects are the object of this study.

The author examines all signaling errors or bearing
fluctuations due to the use of frame -aerial and vertical -
antenna radio beacons in radiogoniometry and dem-
onstrates that the results of calculations correspond
to those observed. He then continues to examine the
effect of mountains and studies the reception ob-
tained with a "direct" and a "reflected" wave by

means of a direction -finder loop. Results of calcula-
tions agree with experiments carried out during the
flight effected over the Rocky Mountains and explain
the regular signaling oscillations characteristic of
mountain effects. Details of similar observations re-
corded in Switzerland between Berne and Basel are
also given. Then follows an outline concerning dem-
onstration of the effects of mountains, on a reduced
scale, by the use of an ultra -short-wave direction
finder and a deflecting system. The author then indi-
cates observations noted on the "cone of silence" as
well as the detection of passage over a station (broad-
cast or radio beacon) by means of a direction finder
or of a radio compass. The author terminates with a
few words relative to the organization of radio navi-
gation in the United States and on current progress.
The author cites some of the advantages of the use
of the radio compass combined with radio beacons in
air navigation illustrating his point of view with
observations obtained during the tests effected be-
tween Omaha and Chicago.

26. SIMPLE TELEVISION ANTENNAS
P. S. CARTER

(RCA Communications, Rocky Point, L. I., N. Y.)
The frequency band widths demanded by high-

definition television are of a considerable range when
considered in relation to resonant circuits. The trans-
mitting antenna and transmission -line systems must
therefore meet rather stringent requirements ifmultiple images or ghosts in the received picture areto be avoided.

Before discussing the characteristics of particular
antenna systems the transmitting and receiving an-tenna problems are considered. The input impedanceof a transmission line, even when loaded with aresonant circuit having a Q as low as 2, undergoes
considerable variation with frequency within thetransmission band. If the television receiver is de-signed to present a pure resistance to its transmissionline, equal to the characteristic impedance of thelatter throughout the transmission frequency band,the receiving antenna requirements are not difficultto meet.

The measured impedance -frequency characteristicof a half-wave dipole of large-diameter conductors,when compared with that obtained for a similarantenna of small -diameter conductors, shows theadvantages of the former.
A method of impedance matching has been devisedwhereby the usual narrowing of the useful frequencyband caused by impedance transformation is over-come.
The "folded dipole" antenna and combinations of
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these units are superior to ordinary dipoles for tele-
vision purposes. Measurements indicate that ground
and other reflecting surfaces considerably affect the
impedance -frequency characteristics of antennas.

The use of a type of antenna called the "double -
cone" or "hourglass" antenna results in a very flat
impedance -frequency characteristic at the input ter-
minals of a transmission line over a wide range of
frequency. By properly proportioning the dimensions
of this antenna its impedance can be made to match
the characteristic impedance of all practical open
wire transmission lines. The current and electric -
field distributions along the surfaces of the conical
conductor have been measured. The theory of this
antenna is briefly considered.

Curves of the characteristics of the systems dis-
cussed are included. For comparison purposes the
measurements of line reflection versus frequency for
the several antenna systems considered are shown by
a family of curves in a single figure.

23. A NEW STANDARD VOLUME INDICATOR
AND REFERENCE LEVEL

H. A. CHINN, D. K. GANNETT, AND R. M. MORRIS
(Respectively: Columbia Broadcasting System, New York, N.Y.;

Bell Telephone Laboratories, New York, N.Y.; and National
Broadcasting Company, New York, N.Y.)

On May 1, 1939, the Bell System, the Columbia
Broadcasting System, and the National Broadcast-
ing Company initiated the use of a new standard
volume indicator, a new reference volume level, and
the term "vu."

Although the new standards directly and immedi-
ately affect only the broadcast branch of the com-
munications industry, it is believed that others in the
recording, the motion picture, and the general com-
munications field will be interested in and wish to
adopt the new volume indicator and new reference

level.
The development work which led to the adoption

of the new instrument, and its physical and electrical
characteristics will be presented together with an
explanation of the significance of the new term "vu."

15. RADIO -FREQUENCY SPARK -OVER
IN AIR

P. A. EKSTRAND
(Heintz and Kaufman, Ltd., South San Francisco, Calif.)

The trend in radio transmitters is toward higher
power. This means that transmitters must operate
at higher voltages, so there is a need for a better
knowledge of the dielectric strength of air. This paper
presents the result of measurements on spark -over
at approximately 700 and 1700 kilocycles.

The spark -over voltage was generated by a large
air-cooled tube in a conventional oscillator circuit.
The tank circuit was a large high -Q coil and used a

gas -filled condenser. The voltage was measured by
impressing the voltage across a known capacitance,
and measuring the current which flows. Then, also
knowing the frequency, the voltage was calculated.
The measuring capacitance was carefully shielded
from stray fields, and the only dielectric in the meas-
uring capacitance was air.

Curves are presented on the spark -over of needle
points, blunt electrodes, and spheres in air. These are
compared with curves for 60 cycles. It was found that
the spark -over of needle gaps was very erratic until
the electrodes were irradiated with ultraviolet light.
This was also the case with blunt electrodes. The
lowest value of spark -over is always that obtained
when the electrodes are irradiated with ultraviolet
light. This indicates that when checking spark -over
of air condensers, they should be irradiated with ul-
traviolet light.

Measurements are also given for sphere gaps, both
of the standard 2.0- and 6.25-centimeter spheres, and
these results are compared with published 60 -cycle
spark -over data. The results show that the spark -
over of spheres is considerably lower for radio fre-
quency than for 60 cycles.

Golden Gate International Exposition
Twin Towers of the East and Lake of Nations

22. THE TECHNICAL FRAMEWORK
OF OUR TELEVISION

E. W. ENGSTROM
(RCA Manufacturing Company, Camden, N. J.)

A modern television system is complex in its or-
ganization of facilities and its assembly of apparatus.
A high degree of standardization is necessary in order
to assure proper and interchangeable receiver opera-
tion. It is important that performance be such that
the final image be adequate to portray and tell the
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story it is desired to present. Freedom in the use ofthe apparatus is needed to develop interesting and
worth -while programs. It is the purpose of this paper
to review these factors and to explain and describecircuit and apparatus to meet today's television re-
quirements.

16. SOLAR CYCLE AND THE F2 REGION
OF THE IONOSPHERE

W. M. GOODALL
(Bell Telephone Laboratories, Inc., Deal, N. J.)

This paper presents a method of analyzing F2"region critical -frequency data in a way that shows in
a clear-cut manner the correlation that exists be-
tween monthly average values of these critical fre-
quencies for undisturbed days and solar activity
as measured by the central-zone character figures for
calcium flocculi. Curves are presented which show for
each month the expected diurnal variation of f°F2
for two values of solar activity. Other curves show
for a number of different hours the expected values off°F2 at a constant time of day for the same values of
solar activity.

19. THE KLYSTRON AS A GENERATOR
OF VERY SHORT WAVES

W. W. HANSEN, R. H. VARIAN, S. F. VARIAN,
D. L. 'WEBSTER, and J. R. WOODYARD

(Stanford University, Stanford University, Calif.)
The ability to generate and detect radiation of a

wavelength of 10 centimeters or less would greatly in-
crease the available wave band, make practical nar-
row beams of radiation and radiating systems of
enormous gain, and in many other ways would be
most valuable.

Though waves of this length have been worked
with since the time of Hertz it is only recently that
results have been obtained which compare favorably
with those obtained at longer wavelengths with the
triode. One successful method is that in use at Stan-
ford where development is being done on a new type
of oscillator and amplifier which works well at such
wavelengths. This device, which has been termed
the klystron operates as follows: A beam of electrons
of uniform velocity transit a region in space where
there is an oscillating electric field parallel (or anti -
parallel) with the beam. In passing through this field
some electrons are accelerated, others retarded.
Proceeding in the direction of electron travel it is
possible to find a place in space where the faster
electrons will have caught up with the slower elec-
trons from the previous half cycle, with the result
that electrons pass this point, not in a uniform stream
but in a series of groups or bunches. These groups

are used to drive a resonator from which the power is
extracted. Both this resonator and the one contain-
ing the field which varies the velocity of the electrons
are of the hohlraum type and have come to be called
rhumbatrons. As a consequence the apparatus is of
size comparable with the wavelength so that even
at very short wavelengths considerable power is
available.

1. COMMUNICATION ENGINEERING IN
GEOPHYSICAL EXPLORATION

HERBERT HOOVER, JR.
(United Geophysical Corporation, Pasadena, Calif.)

In recent years the geologist has been aided greatly
in the exploration for new oil fields by the reflection
seismograph. The modern instruments developed for
this technique have been largely contributed by com-
munications engineers and physicists. By applying
to this new field the lessons learned in communica-
tions work, new oil fields have been found at a much
faster rate than the old fields are being depleted. Infact the large amount of new oil thus discovered
presents the most difficult economic problem that the
petroleum industry faces today.

The seismograph method consists briefly in de-
tonating a small charge of explosive in the ground,thereby initiating a seismic impulse in the earthwhich travels downwards and outwards in all direc-tions. A small portion of this impulse is reflectedback to the surface each time that the wave en-counters one of the numerous strata or beds com-prising the earth's crust. These reflections are de-tected, amplified, and recorded simultaneously fromtwelve or more positions. Computations based uponthe time intervals involved and the directions of thereturning wave fronts permit exceedingly accurate

determinations of the geologic structures that lieburied beneath the surface of the ground. From theinformation thus obtained, geologists have been ableto reduce the hazards of drilling by a very consider-able extent.
This paper is devoted to a general description ofthe equipment and some of the design problemsthat have faced the communications engineers andphysicists who have been active in the developmentof this industry.

7. ACOUSTIC MODELS OF RADIO
ANTENNAS

E. C. JORDAN and W. L. EVERITT
(Ohio State University, Columbus, Ohio)

Models have been extensively used in the studyof radio antennas. These models have been con-
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structed by the use of high frequencies. As the fre-
quency is increased the difficulties in making ac-
curate measurements increases. Wave models may
also be made by decreasing the velocity of propaga-
tion instead of increasing the frequency and this
can be accomplished by the use of acoustic models of

directional antennas.
Acoustic waves have phenomena of interference

which are analogous to the phenomena in electro-
magnetic waves. At the same time the compressional
waves of sound have points of difference from the
electric waves and account must be taken of the
differences as well as the similarities.

Directional antenna arrays have a number of inde-
pendent variables under the control of the designer
such as the number of elements, the separation of
the elements in wavelength, the height of each ele-
ment in wavelengths, the current distribution on
each antenna, and the magnitude and phase of the
currents in each antenna. Although straightforward
methods are available for the determination of the
field pattern of a given array, the number of the inde-
pendent variables makes analytical analysis of the
effect of these variables long and tedious. In the case
of power networks a similar situation exists and has
resulted in the network analyzer. An acoustic an-
alyzer permits the rapid exploration of the effect of
the independent variables in an antenna array, and
hours of computation are reduced to minutes of
measurement.

Acoustic radiators which simulate antennas can
be produced by using closed pipes with lines of holes
drilled along their length. Since the radiation of an
element or hole is proportional to the pressure behind
it, the distribution of pressure in the pipe should cor-
respond to the distribution of current in the antenna.
This can be accomplished by using a quarter -wave
section at the top of the antenna which contains no
holes so that the pressure node will occur at the last
hole.

Multiple arrays can be phased by trombone slides
and their current adjusted by valves or acoustic
attenuators. Special current distributions may be
secured by varying the sizes of the radiating holes
and by additional pipe arrangements. The effect of
incomplete standing waves on the antenna and finite
ground conductivity are also simulated.

Since the measurements can be made at a single
audio frequency, selective networks may be used.
For this reason absolute quiet is not necessary during
measurements.

This method of study opens new fields in the study
of current distribution and heights of antennas in
the design of directional arrays.

17. ATMOSPHERICS AND RADIO
TRANSMISSION PHENOMENA

IN PUERTO RICO
G. W. KENRICK and P. J. SAMMON

(University of Puerto Rico, Rio Piedras, P. R.)

This paper summarizes results obtained from
studies conducted at the Radio Laboratory of the
University of Puerto Rico from 1935 to 1939. A
study of the geographical distribution of atmos-
pherics in the tropics is presented and the results
are shown by an investigation of the noise levels
due to atmospherics at different frequencies.

Variations in the field strength of radio signals in
the range from 16 kilocycles per second to 42.5
megacycles per second are discussed. The field
strength of signals whose paths extend into the
tropics is compared with transmissions through non-
tropical paths. Low -frequency observations on WCI
(18.4 kilocycles per second) indicate the existence of
"rise phenomena" during certain high -frequency
fade-outs. The susceptibility to magnetic disturb-
ances of both low- and high -frequency channels is
found in general to be distinctly less in the tropics
than for paths in northern latitudes. Marked sea-
sonal and diurnal variations are noted in medium -
and high -frequency -signal intensities, and these
changes are, in general, greater in the tropics than in
northern latitudes.

Characteristics of the ionosphere over Puerto Rico
for a frequency of 4797.5 kilocycles per second are
discussed and critical -frequency observations show
that they are lower in Puerto Rico than at Washing-
ton, D. C.

An automatic recorder for registering the diurnal
variation in the relative intensity of the ionosphere
reflections is described and illustrative records ob-
tained by its use are also included. These records
show the diurnal variation in the intensity of signals
returned from the ionosphere.

14. THE GOLDEN GATE INTERNATIONAL
EXPOSITION RADIO AND SOUND -

DISTRIBUTING SYSTEMS

C. A. LAIIAR and L. HEWITT
(RCA Manufacturing Company, Camden, N. J.)

This will include a brief history of exposition radio,
give the objectives to be covered, discuss State spon-
sorship of studio and equipment facilities, and
describe the development of the system used. De-
scription of the master -control facilities, studios,
remote pickup system, and field equipment will be
given. The problems and experiences to date will
also be described. A summary will be given of the
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exposition grounds sound-distributing system. This
will include a brief history of past exposition sound
systems, the.objective of the sound -distributing sys-
tem used at the exposition, and the development of
the system used. The plan of coverage for the ex-
position grounds will be described as well as the
specific parts of the equipment such as the master -
control equipment, program source to distribution
lines, loud speakers, and associated equipment. Prob-
lems and experiences obtained as a result of the opera-
tions to date will be given.

12. SURFACE -CONTROLLED MERCURY-
POOL RECTIFIER

T. M. LIBBY
(Pacific Telephone and Telegraph Company, Seattle, Wash.)

A vertical water -jacketed pyrex cylinder having
an anode at the upper end, a mercury -pool cathode
in the lower end, and a large vapor -pressure gradient
between the anode and cathode constitutes a new
type of high -voltage controlled rectifier and switch.

A boiler and deflector or nozzle system maintains
a relatively high vapor pressure and corresponding
low sparking potential in the region of the cathode
while the water -jacket temperature maintains a low
vapor pressure and corresponding high sparking
potential in the region of the anode.

When the water jacket is electrically connected to
the cathode its shielding action prevents the estab-
lishment of significant potential gradients through
the high-pressure region by the anode potential and
the sparking potential is very high. When a moderate
alternating voltage is impressed between the water
jacket and cathode, the high-pressure vapor is ion-
ized periodically and the rectifier passes current
during the positive half cycle of anode voltage, the
value of the average current being limited by the
voltage, circuit resistance, and duration of the con-
ducting period. By varying the phase relation be-
tween the voltages impressed upon the water jacket
and the anode, the instantaneous value of the anode
voltage at which the arc is initiated for each cycle
can be varied at will over approximately the entire
positive half cycle of anode voltage.

When the water jacket is electrically connected to
the anode, the rectifier passes current during the
positive half cycle of anode voltage and effectively
shields the anode from significant potential gradients
during the negative half cycle. This shielding action
greatly reduces the probability of inverse discharges.

The device has been used for rectifying voltages
from 3000 to 86,000 volts and currents up to the
capacity of the available voltage supply.

11. FUNCTIONS OF ELECTRON BOM-
BARDMENT IN TELEVISION

I. G. MALOFF
(RCA Manufacturing Company, Inc., Camden, N. J.)

Electron bombardment performs two very impor-
tant functions in television. In the television trans-
mitter electron bombardment translates variations
in brightness into electrical signals. In the television
receivers it converts the electrical signals into varia-
tions in brightness. The paper outlines and discusses
these functions from an engineering angle.

In the pickup tube (iconoscope) electrons fall
upon an insulated metal mosaic charged by the in-
cident light. The continuous discharge of the mosaic
is accomplished through the medium of secondary
emission and is accompanied by several major and
minor effects, all affecting the main function of bom-
bardment at the transmitter: conversion of light
into an electrical signal. Among the accompanying
effects are redistribution of the secondaries, rate of
their collection, charges on the mosaic and glass,
saturation of the mosaic, space charge, etc. These
factors are treated functionally and also quantita-
tively and are illustrated by examples taken from
specific cases encountered in practice.

In the receiving tube (kinescope) electrons fall
upon a luminescent dielectric, exciting its fluores-
cence and phosphorescence, heating the material
and glass, and giving rise to secondaries which are
scattered and finally gathered by the collectors. The
secondary electron emission determines the potentials
and energy losses of the electrons in various stages
of their travels. The potentials and energy losses
determine the efficiency of the main function of the
electron bombardment at the receiver; transforma-
tion of electrical energy into light. The above effects
are discussed and quantitative as well as functional
relations between essential factors are given for spe-
cific cases encountered in practice.

18. TRANSMISSION ON 41 MEGACYCLES
S. S. MACKEOWN, B. M. OLIVER and A. C. TREGIDGA

(California Institute of Technology, Pasadena, Calif.)
Measurements of the field strength received at

Pasadena from a 41 -megacycle transmitter located at
Mount Palomar have been made over a considerable
length of time. The distance between Pasadena and
Mount Palomar is 90.5 miles and the elevation ofMount Palomar is such (5600 feet) that a direct
optical path would exist between the two stations
except for a mountain range lying between these two
stations. These mountains extend for a distance ofabout 15 miles and are located at a distance of 30 to45 miles from Pasadena. Early qualitative measure-
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ments indicated considerable variation in the signal
strength during the day. Quantitative measurements
of the field strength were consequently made by
means of a signal -strength generator and a cali-
brated attenuator. Since the fall of 1938 measure-
ments made have shown very little variation of field
strength, either throughout the day or from day to
day. A continuous run of 48 hours has shown a maxi-
mum variation from the mean of 2 decibels. The
signal strength received at Pasadena is approximately
36 decibels above 1 microvolt per meter with radi-
ated power of 50 watts. These measurements will be
continued throughout the summer, during which
season the earlier measurements indicated large
changes in the signal strength.

The dielectric constant of water vapor at 41 mega-
cycles is being measured at the Institute to determine
the index of refraction of water vapor at this fre-
quency. Preliminary measurements indicate no large
difference between the index of refraction of water
vapor at 41 megacycles and in the optical range.

8. RECENT ADVANCES IN RECEIVING
EQUIPMENT FOR TRANSOCEANIC

TELEPHONY

F. A. POLKINGHORN
(Bell Telephone Laboratories, Inc., New York, N. Y.)

Improvements in equipment used on the trans-
oceanic telephone circuits from the United States to
Europe during the past ten years have resulted in a
large improvement in the reliability of the circuits
and a material improvement in the quality of the
received signals. Rhombic antennas have practically
superseded other types. By the adoption of the
single-sideband method of transmission substanfial
improvement in signal-to-noise ratio has been ob-
tained. More recent advances have been in the direc-
tion of large steerable antenna systems which are
capable of sufficient resolution in the vertical plane
so that selective fading is substantially reduced.

24. ELECTRONIC -WAVE THEORY OF
VELOCITY -MODULATION TUBES

SIMON RAMO
(General Electric Company, Schenectady, N. Y.)

Following a discussion of the Hahn small -signal
theory of velocity modulation in which the basic
performance of velocity -modulation tubes is ex-
plained by means of space -charge waves propagating
along the electron beam in its drift tube, the theory
is reformulated by means of the retarded scalar
electric and magnetic vector potentials. The use of
the potential functions is believed to lead to sufficient

simplification to merit consideration in choosing the
best attack on the theory. The theory is valid for the
very high magnetic focusing fields used in practical
tubes.

The electronic -wave concept is clarified by a de-
scription of the types of space -charge waves which
theoretically may propagate along an electron beam.
The beam, in its shielding, coaxial, conducting
cylinder is seen to serve as a medium in which waves
of various types may be excited by the input volt-
age, after which they will propagate down the drift
tube with beneficial change, finally serving to induce
an output current in the output circuit. The waves
are seen to occur in pairs, one wave of each pair
having a velocity somewhat less than that of the
beam while its mate travels somewhat faster than the
beam. Present methods of starting and utilizing the
waves are shown to favor one particular pair of waves
of the infinite series that are possible.

It is shown how this pair of space -charge waves is
excited by an input voltage across a gap in the
shielding drift tube surrounding the beam. The
process of conversion from velocity modulation in
the waves to conduction -current modulation as the
waves propagate away from the input gap is made
clear. Numerical results are given for a special case
to illustrate the computation of optimum drift -tube
length and transconductance by the wave theory.

27. CONTINUOUS -WAVE INTERFERENCE
WITH TELEVISION RECEPTION

C. N. SMYTH
(Kolster-Brandes, Ltd., Sidcup, Kent, England)

An experimental study has been made of continu-
ous -wave interference as it affects the picture quality
on the screen of a television receiver. Various other
types of interference are mentioned and discussed. A
series of photographs show clearly the effect of vari-
ous proportions of interference superimposed on the
desired signal. It is concluded that a signal-inter-
ference ratio of 40 decibels represents very satis-
factory reception conditions, a figure which closely
resembles the level of interference which can be

tolerated in sound transmission.

10. CURRENT DIVISION IN PLANE -
ELECTRODE TRIODES

KARL SPANGENBERG
(Stanford University, Stanford University, Calif.)

Although the negative -grid characteristics of tri-
odes are well established, comparatively little is

known of the positive -grid characteristics because of
the complications introduced by the division of the
space current between the positive grid and plate.
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Such relations as do exist are almost entirely em-
pirical.

In this paper the law of primary -current division
between a positive grid and plate is deduced from a
study of the electron paths within the tube. It is
found that the ratio of plate to grid current may be
expressed in the form = (L+Ale,,/e)(P -Qep/eu).
When plotted on logarithmic paper against e/e,
the curve of the ratio i,,/i has a slope varying be-
tween 1/4 and 3/4 and assuming the slope of 1/2 over
a considerable range. This form checks the em-
pirically observed form, ip/i,=-5(epleu)'12, which holds
well in the presence of space charge and a slight
amount of secondary emission.

The effective grid area for the condition of equal
positive grid and plate voltages is found to vary
between 120 and 180 per cent of the actual grid
area for ordinary triodes. The effective grid area in
terms of the electrode dimensions is conveniently
expressed by means of a nomograph as is also the
current -division factor. By means of these nomo-
graphs the essential factors related to the positive -
grid currents may be rapidly determined for any
tube.

In comparing experimental and theoretical values
of current division it was necessary to correct for
secondary emission. The method of de la Sabloniere
for determining primary-current division from cur-
rent division in the presence of secondary emission
was modified for application to triodes.

Values of effective grid area and current -division
factor were checked experimentally and found to be
in good agreement with the theoretical values. An
excellent check between the predicted and measured
current -division law was obtained. Measured and
observed values checked within two or three per cent
for all factors.

The relations giving the current division in terms
of electrode dimensions were applied in illustrative
examples to show how grid currents in some typical
tubes may be reduced by changing the electrode
dimensions without reducing the amplification factor
or mutual conductance of the tubes.

25. RECENT ULTRA -HIGH -FREQUENCY
DEVELOPMENTS

B. J. THOMPSON
(RCA Manufacturing Company, Harrison, N. J.)

The last few years have seen a rapid increase in
interest in the application of frequencies above 300
megacycles to practical services. This increase in
interest has stimulated invention, development, and
refinement of tubes and circuits suitable for the actual
or proposed applications. As a result, the require -

men ts of these applications have been satisfied or
enough progress has been made to justify optimism
as to the near future. This paper describes some of
the present or proposed applications, and discusses
the advances which have been made in satisfying
their requirements.

The applications for ultra -high frequencies may be
divided into two general classes: communications
and "perceived radiation." For communications, the
requirements are substantially the same as for longer
wavelengths with respect to amplification, modula-
tion, frequency stability, etc., with the additional
requirement of directivity with small radiating struc-
tures. This last requirement indicates the choice of
the shortest wavelength which can be successfully
handled as regards the other requirements.

The second class of applications, that of "perceived
radiation," usually requires only a source of directed
radiation and a means of detecting it, either directly
or after reflection. Again, the shortest practical
wavelength is required.

Both transmitting and receiving tubes suitable for
these fields of application have been developed. In
some cases, refinements of conventional tubes are
suitable for use up to 500 megacycles. For higher
frequencies and for wide -band operation at 500
megacycles, unconventional tubes are required. The
inductive -output power amplifier is the most promis-
ing unconventional transmitting tube. Voltage-con-
trolled electron multipliers and beam -deflection tubes
have desirable characteristics as receiving tubes.

It appears that present and prospective develop-
ments will meet the requirements of most of the
proposed applications at frequencies approaching
1000 megacycles. There is reason to believe that the
future will see continued advances in the direction
of more suitable apparatus at higher frequencies as
long as the stimulus of urgent prospective applica-
tions is supplied.

4. RECENT DEVELOPMENTS IN
AERIAL NAVIGATION

H. H. WILLIS
(Sperry Gyroscope Company, Inc., Brooklyn, N. Y.)

After a brief introduction, the general problem of
navigating an airplane from Point A on the earth's
surface to Point B, likewise on the earth's surface,
is stated. This problem is stated in a manner such
as to demonstrate the instrumentation require-
ments of the case wherein the pilot knows his posi-
tion relative to the earth at every instant of time,and must obtain this information under conditions
of zero visibility.

Following this statement of the general problem
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the instrumentation based upon the physical prop-
erties of the earth's magnetic and gravitational fields
is described and its limitations noted.

After this discussion new instrumentation is dis-
cussed which has as its basis:

1. Simplification of the pilot's duties in respect to
watching a multiplicity of instruments by com-
bining these indications in a single instrument.

2. A more adequate utilization of existing and
future radio facilities both for en route flying

and instrument landing. Instrumentation de-
scribed in these categories is a new type of
cathode-ray instrument and the automatic
radio compass.

9. ELECTRON OPTICS IN TELEVISION

V. K. ZWORYKIN
(RCA Manufacturing Company, Inc., Camden, N. J.)

The use of electronic pickup and reproducing de-
vices has freed television of the inherent limitations
of optical -mechanical systems, both with respect to
resolution and sensitivity and bulk and complexity
of manipulation. At the same time it has laid new
emphasis on the field of electron optics, concerned
with the motion of electrons in electric and mag-
netic fields. As the name implies, this motion closely
resembles that of light rays in a refractive medium.
The possibility of varying the effective refractive
power of a field for electrons by externally applied

E. J. Sterba Dies
Ernest Joseph Sterba died suddenly of

heart trouble on April 24, 1939. He was
born in Iowa City, Iowa, on June 29, 1896,
and received the B.E. degree from the
State University of Iowa in 1920.

E. J. STER BA

signals removes the necessity of mechanically moving
elements in the scanning mechanism.

Among electronic pickup devices the iconoscope
and the dissector tube play a leading role. The former
possesses the advantage of considerably greater sen-
sitivity owing to its ability to utilize signals reaching
its photosensitive mosaic throughout the time of
exposure; the signals transmitted by the dissector
and mechanical systems, on the other hand, corre-
spond to the amount of light reaching the picture ele-
ment during the instant of scanning.

The full gain in sensitivity theoretically possible
cannot be attained in the standard iconoscope be-
cause of unfavorable field conditions. To improve
these and otherwise improve the performance of
the iconoscope, various modifications thereof have
been constructed, such as the two-sided iconoscope,
the image tube iconoscope and the multiplier icono-
scope. The two latter modifications make use of

electron -optical devices which are of value also out-
side of the field of television.

In the reproducing tube, or kinescope, both the
electron gun forming the beam which recomposes the
received picture on the luminescent screen and the
deflecting organs must be designed on the basis of
electron -optical principles. The design problem be-
comes most difficult in the case of the projection
kinescope, where an extremely brilliant high -defini-
tion picture has to be formed on a very small area.

Mr. Sterba was with the Western Elec-
tric Company from 1921 to 1929 when he
became a member of the technical staff of
the Bell Telephone Laboratories. For the
past fifteen years his work centered at the
radio transmitting laboratories of the Bell
System at Deal, New Jersey. He was best
known for his work on antennas and trans-
mission lines.

In 1920 Mr. Sterba joined the Institute
of Radio Engineers as an Associate and
was transferred to Member grade in 1938.

Nominations
The Board of Directors submits below

its nominations for the following elective
offices:

For President -1940
L. C. F. Hoyle

For Vice President -1940
F. E. Terman

For Directors -1940-1942
Austin Bailey H. M. Turner
I. S. Coggeshall A. F. Van Dyck
E. W. Engstrom H. A. Wheeler

ARTICLE VII
NOMINATION AND ELECTION OF PRESIDENT,

VICE PRESIDENT, AND THREE DIRECTORS,
AND APPOINTMENT OF SECRETARY,

TREASURER, CHAIRMAN OF THE
BOARD OF EDITORS, A D

FIVE DIRECTORS
SEC. 1-On or before July first of each

year, the Board of Directors shall submit
to qualified voters a list of nominations,
containing at least one name each for the
office of President and Vice President and
at least six names for the office of elected
Director and shall call for nominations by
petition.

Nominations by petition may be made
by letter to the Board of Directors setting
forth the name of the proposed candidate
and the office for which it is desired he be
nominated. For acceptance a letter of peti-
tion must reach the executive office before
August fifteenth of any year and shall be
signed by at least thirty-five voting mem-
bers.

Each proposed nominee shall be con-
sulted and if he so requests his name shall
be withdrawn. The names of proposed
nominees who are not eligible under the
Constitution shall be withdrawn by the
Board.
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On or berme September first, the Board
of Directors shall submit to the voting
members as of August fifteenth, a list of
nominees for the offices of President, Vice
President, and elected Director, the names
of the nominees for each office being ar-
ranged in alphabetical order. The ballots
shall carry a statement to the effect that
the order of the names is alphabetical for
convenience only and indicates no prefer-
ence.

Voting members shall vote for the can-
didates whose names appear on the list of
nominees, by written ballots in plain
sealed envelopes, enclosed within mailing
envelopes marked "Ballot" and bearing
the member's written signature. No ballots
within unsigned outer envelopes shall be
counted. No votes by proxy shall be
counted. Only ballots arriving at the exe-
cutive office prior to October twenty-fifth
shall be counted. Ballots shall be checked,
opened, and counted under the supervision
of the Tellers Committee between October
twenty-fifth and the first Wednesday in
November. The result of the count shall
be reported to the Board of Directors at
its first meeting in November and the
nominees for President and Vice President
and the three nominees for Director re-
ceiving the greatest number of votes shall
be declared elected. In the event of a tic
vote the Board shall choose between the
nominees involved.

SEC. 2-The Secretary, Treasurer, and
Chairman of the Board of Editors, shall
be appointed by the Board of Directors
at its annual meeting to serve until the
next annual meeting.

SEC. 3-The Board of Directors is
authorized to fill a vacancy occurring in
the governing body.

Membership
The following indicated admissions to

membership have been approved by the
Admissions Committee. Objections to any
of these should reach the Institute office by
not later than June 30, 1939.

Admission to Associate (A),
Junior (J), and Student (S)

Armstrong, D. E., (S) 323 Whitney Ave.,
Wilkinsburg, Pa.

Baker, K., (A) 875 S. Main St., Kankakee,
Ill.

Banks, T. G., Jr., (A) Section 159, Civil
Aeronautics Authority, 1015-
14th St., N. W., Washington,
D. C.

Barlow, W. H., (A) 500 S. Paulina St.,
Chicago, Ill.

Baughman, R. N., (A) 210 S. Ashland
Blvd., Chicago, Ill.

Belles, H. W., (A) 809 Louisiana St.,
Amarillo, Tex.

Bock, W. E., (A) 2931 N. Monitor Ave.,
Chicago, Ill.

Boyce, C. F., (A) Chief Engineer's Office,
G.P.O., Pretoria, South Africa.

Boyd, 11. R., (A) Box 165, West Liberty,
W. Va.

13roderson, L. V., (A) 515 Salinas National
Bank 13Idg., Salinas, Calif.

Broersma, C. B., (A) Radio-Holla ml,
Tandjong-Priok, Java, D.E.I.

Clarke, G. F., (A) 27 Fairfield Ave., Felix-
stowe, Suffolk, England.

Condom Sastre, A., (S) Calle 10 No. 410,
entre 17 y 19, Vedado, Havana,
Cuba.

Cook, G. 13., (A) 2559 Seegar Ave., Cin-
cinnati, Ohio.

Corwin, J. E., Jr., (A) 2651 N. Dayton
Ave., Chicago, Ill.

Daly, C. J., (A) 13ox 22, Jamaica Plain
Station, Boston, Mass.

Del Vecchio, S., (A) 3200 Webster Ave.,
New York, N. Y.

Doak, F. C., (A) Box 59, Rimouski, Que.,
Canada.

Doll, W. F., (A) 931 Amsterdam Ave.,
New York, N. Y.

Elkin, B. P., (S) 523 Beacon St., Boston,
Mass.

Elkin, M. B., (A) The Mountain Sana-
torium, Wilcox 2, Hamilton,
Ont., Canada.

Ennes, H. E., (A) 2821 z Guilford Ave.,
Indianapolis, Ind.

Ewing, B. G., (A) Bawdsey Manor, Wood-
bridge, Suffolk, England.

Fick, A. R., (A) 447 N. Clark St., Chicago,
Ill.

Fischer, F. E., (A) Gloriastrasse 35, Zurich
7, Switzerland.

Fitzgerald, H. J., (A) Pan American Air-
ways, Inc., Brownsville, Tex.

Flarity, W. H., (S) 12493 Racine Ave.,
Detroit, Mich.

Goldbach, A. C., (A) 2805 Baker St., Bal-
timore, Md.

Guitian, J. E., (A) Calle Real Quebrada
Honda No. 41, Caracas, Vene-
zuela.

Hale, C. R.,. (S) 156 O'Connor St., Palo
Alto, Calif.

Hall, A. C., (A) Massachusetts Institute of
Technology, Cambridge, Mass.

Hansen, W. \V., (A) Box 1124, Stanford,
Calif.

Hooper, D., (S) 84 Midland Ave., High-
land Park, Mich.

Jones, D. L., (S) 303 N. 17th St., Corvallis,
Ore.

McDonald, J. F., (A) 1716 Hobart Ave.,
New York, N. Y.

Muller, E. G. R., (A) Cite Universitaire
Bd. Jourdan, Paris 14, France.

Myers, R. 1-I., (S) 103 Glenwood Ave.,
Leonia, N. J.

Newton, L. W., (S) Phi Kappa Delta
House, Northfield, Vt.

Paulson, R. \V., (S) 6826 -16th, N.E.,
Seattle, Wash.

Peterson, M. F., (S) 2526 Hearst Ave.,
Oakland, Calif.

Rajan, K. S. V., (A) "Laxmi-Nivas," Tum-
kur P. 0., South India.

Reitz, L. P., Jr. (A) Massachusetts Insti-

tute of Technology, Cambridge,
Mass.

Reynolds, J. ('., (A) R.F. D. 3, Charleston,
Ill.

Ring, 13. T., (A) Ocean Ter., East Long
Branch, N. J.

Robinett, 1). 13., (S) 2550 Oregon Ave.,
Long Beach, Calif.

Rodick, ( 11., (A) Ocean I louse Rd., Cape
Elizabeth, Maine.

Roy, K. K., (A) 26 Windsor Rd., Ealing
\V. 5, London, England.

Rylsky, G. V., (A) Pioneer Instrument
Co., Inc., Bendix, N. J.

Seabrook, FL 13., (A) 1365 W. 11th Ave.,
Vancouver, B.C., Canada.

Sheridan, E. \V., (S) 12 Wyoming Pl.,
Malden, Mass.

Showers, R. M., (S) 516 Oxford Rd.,
Upper Darby, Pa.

Siegmund, E. L., (A) 4508 Homer Ave.,
Cincinnati, Ohio.

Sokoloff, P. W., (S) M.I.T. Senior House,
Cambridge, Mass.

Sorkin, S. A., (A) c/o National Geo-
physical Co., 3609 Commerce St.,
Dallas, Tex.

Speaker, D. M., (S) 117 S. 37th St.,
Philadelphia, Pa.

Sylvester, G. E., (5) 4335 Thackeray Pl.,
Seattle, Wash.

Tarzian, V., (5) 3004 N. Howard St.,
Philadelphia, Pa.

Thomas, A.G. G., (A) H. M. Signal School,
Portsmouth, England.

Tifford, A. N., (S) 133 Austin St., Cam-
bridge, Mass.

Tobin, G. C., (A) 1325 W. Third St., Los
Angeles, Calif.

Turner, C. W., (A) 166 Embarcadero, San
Francisco, Calif.

Uren, D. E., (S) 170 Arlington Ave.,
Berkeley, Calif.

Warriner, R. R., (S) 117 St. Joe St., Rapid
City, S. D.

Watson, B. P., (S) Virginia Polytechnic
Institute, Box 568, Blacksburg,
Va.

Zimmerman, H. J., (A) 3447 Halliday
Ave., St. Louis, Mo.

Zitzman, K. F., (S) 1996 Summit St.,
Columbus, Ohio.

Books

The Elements of Radio Com-
munication (Second Edi-
tion), by 0. F. Brown and
E. L. Gardiner.
Published by The Oxford University

Press, London and New York. 551 plus 7
pages. 5i inches by 8;1 inches. Price $6.00.

The ever-increasing importance of vac-
uum tubes in radio communication has
rendered necessary considerable changes
in preparing this second edition. The order
of chapters is new and much new material
relating to the developments of the last
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ten years has been added. The apparatus
and methods of the earlier stages in the
development of radio communication re-
ceive attention in the present edition only
to that extent which is requisite for indi-
cating the historical background of each
section of the subject.

The vacuum tube and a consideration
of the fundamental phenomena which take
place in it are introduced early in the book,
in fact immediately after the introductory
chapters on elementary alternating -cur-
rent circuit theory and the production of
electrical oscillations.

Chapters then follow on the primary
functions of the vacuum tube as generator
of continuous waves, as detector, as am-
plifier, and as modulator, in the order
named. Basic receiving circuits are de-
scribed and analyzed, but no attempt is
made to include a multiplicity of possible
circuits.

The principles of band-pass and crystal
filters are treated in a section on Selectiv-
ity in Radio Reception, and microphones
and loud speakers in a section entitled
Faithful Reproduction in Radio Teleph-
ony. There then follow sections on the
propagation of waves through space and
on directional reception and aids to navi-
gation. In conclusion, chapters on the basic
principles of television and present trends
in the development of this infant branch
of the communication industry are added.

The subject matter throughout is
brought up to date, in so far as is possible
in a subject which is undergoing such rapid
growth, and the authors have attempted
to cover practice on both sides of the
Atlantic.

The mode of presentation is nonmathe-
matical, but is firmly based on funda-
mental alternating -current theory. Cir-
cuit diagrams and illustrative diagrams
are well chosen and adequate for their
purpose. From a literary point of view, the
book furnishes an example of unusually
clear, exact, and interesting exposition of
a highly technical subject. In format,
type, and flexible binding the work is at-
tractive.

In writing the book, the authors have
had especially in mind the requirements of
candidates for examinations such as given
for the City and Guilds, Graduates of the
Institute of Electrical Engineers, and the
Institute of Wireless Technology. In ac-
cordance with this object, selections of test
questions and problems arc appended to
each chapter. The book is, however, suit-
able to serve as a text for a first college
course in radio communication.

FREDERICK W. Gltov'sR
Union College

Schenectady, N. Y.

International Electrotechnical
Vocabulary.
Published for the International Elec-

trotechnical Commission by the Comit6

Electrotechnique Frangaise. 1938. Printed
in France. Cloth bound, 311 pages. To be
obtained from the General Secretary of
the I.E.C., 28 Victoria Street, Westmin-
ster, London, S.W. 1. Price, 10s.

This substantial volume was some
thirty -odd years in the making, having
had its inception, as told in the introduc-
tion, in a resolution adopted by the St.
Louis International Congress in 1904,

"That steps should be taken to secure the
co-operation of the technical societies of
the world by the appointment of a repre-
sentative commission to consider the ques-
tion of the standardization of the Nomen-
clature and Ratings of Electrical Appara-
tus and Machinery." Thus came into being
the International Electrotechnical Com-
mission, which in time set up a Nomen-
clature Committee. The result of the many
years of labor of this committee, in co-
operation with the efforts of corresponding
national bodies, is a comprehensive dic-
tionary of electrotechnical terms that are
found to have international usage, begin-
ning with those of a fundamental nature
and covering the power field, communica-
tions, electrochemistry, and electrobiology.

The definitions in the main are char-
acterized by brevity and simplicity. Con-
ducive to this result is the nonrepetition
of the term itself in the body of the defini-
tion, in contrast to the style insisted upon
by some of our national organizations. The
general impression made upon this re-
viewer is that for the most part they are
couched in somewhat less restrictive and
more interpretative phraseology than
those of the American Standards Associa-
tion in the same field (now about ready
for publication), and the legalistic flavor
seems to be less in evidence. To illustrate
these particular points by selecting a
single item for comparison may be inade-
quate and misleading, but the following
sample may be ventured, at the same time
showing the difference in form:
(I.E.C.) 60-05-145 Oscillatory circuit: A

circuit in which free electrical oscilla-
tions can occur.

(A.S.A.) 65.20.050 Oscillatory Circuit
An oscillatory circuit is a circuit con-
taining inductance and/or capaci-
tance and resistance, so arranged or
connected that a voltage impulse will
produce a current which periodically
reverses.

In parallel columns the definitions are
given first in French, in which language
they were originally drafted, and then in
English. In another column the term it-
self, but not the definition, is given in
four other languages, German, Italian,
Spanish, and Esperanto. At the end of the
book there is a separate index of terms for
each of the above languages, six in all.

The list is divided into a number of
major groups into which 1:he terms natu-
rally fall, each further subdivided into sec-
tons, with a numberng system that iden-
tifies group, section, and definition and

allows for future interpolations by using
only multiples of five (a system adopted
by the American Standards Association).
It would be a convenience if a table of
contents were included in the volume, list-
ing these main divisions. These can now
be found only by paging through the book.

In further comparison with the forth-
coming American Standards Association
work of similar scope, we find many dif-
ferences in the choice of terms to be de-
fined, and fewer definitions in the Inter-
national Electrical Commission Vocabu-
lary. This is naturally to be expected when
we consider the lack of ability to come to
an agreement in many cases and the fact
that not every term in one country has its
exact equivalent in all other countries, or
has come into as general use. In addition,
there is of course a certain amount of
arbitrariness involved in any such selec-
tion.

As stated in the introduction to the
book, the committee regards this first
edition as a preliminary effort and will
welcome constructive criticisms for the
improvement of subsequent editions.

J. BLANCHARD
Bell Telephone Laboratories

New York, N. Y.

Einfiihrung in die Siebschal-
tungstheorie (Introduction
to Filter Network Theory),
by R. Feldtkeller.
Published by S. Hirzel, Leipsig, Ger-

many. 174 pages. Price, bound Rm 12.00,

paper Rm 10.80.
This book is one of a modern science

series under the editorship of Dr. Heinrich
Fassbender. It follows a volume on "In-
troduction to the Theory of Four -Terminal
Networks" and by footnotes makes fre-
quent reference to the developments in it.
The present volume is, however, suffi-
ciently complete and presents the material
in such form that it can be used without
reference to the earlier volume.

The first two chapters present the basic
concepts of filters, discuss the character-
istics of networks having only a series or
shunt reactance, and point out the impos-
sibility of building a good filter in that
form. In view of this impossibility, it is

perhaps unfortunate that the author, in
common with many American engineers,
continues to call them "filters" (Sieb-
schaltungen).

The next two chapters, forming over
half the book, take up the lossless four -
terminal network as a filter section, and
then consider the joining of several sec-
tions together to form a complete filter.
The more modern method is followed, in
that the lattice is taken as the basic or
general filter network and the T and II
sections are then considered as special
cases, which can be realized under certain
conditions. Contrary to American custom,



420
Proceedings of the I.R.E.

the T section, and the U section are each
considered as the combination of two L
half sections, and the notation is based on
this viewpoint. This brings out the simi-
larities of the two forms, and eliminates
a large number of unnecessary 2's and 4's
from the formulas. The matching of im-
pedances and avoidance of internal reflec-
tion losses is considered.

Chapters V and VI deal with m -de-
rived sections and their use in flattening
the characteristic impedance curve and
steepening the attenuation curve.

The final chapter considers the effects
of dissipation in the filter.

The work is illustrated by numerous
diagrams and curves, and by numerical
examples. Its usefulness, particularly as a
reference work, could be greatly increased
by tables or diagrams summarizing the
characteristics and formulas for the differ-
ent forms of filters. These would be par-
ticularly welcome to the engineer who,
though not a specialist, must occasionally
design a filter.

Complicated forms and difficult mathe-
matics are avoided. No use is made of the

Contributors

complex -function theory and hence many
of the refinements that could be gained
thereby are missed.

The book as a whole is rather easy to
follow. It lives up to its name: "An Intro-
duction."

E. B. FERRELL
Bell Telephone Laboratories, Inc.

New York, N. Y.

High -Frequency Alternating
Currents (Second Edition),
by Knox Mcllwain and J.
G. Brainerd.
Published by John Wiley and Sons,

440 Fourth Ave., New York, N. Y. 530
plus 15 pages. Price $6.00.

In this second edition of a work which
appeared in 1931 the theoretical treatment
has been expanded to include a treatment
of class A, B, and C amplifiers and high-
level modulators, and a standard notation
proposed by the Institute of Radio En-
gineers for vacuum tubes has been adopted

throughout. A further development in the
new edition has been the use of Lagrange's
equation in the chapter on electromechani-
cal systems.

The chapters on vacuum tubes follow
introductory chapters on fundamental
high -frequency apparatus, resonance, and
coupled circuits. About half of the book is
devoted to a thorough mathematical an-
alysis of the various functions of vacuum
tubes based on the equivalent circuit of
the tube.

Further chapters deal with electric-
wave filters and waves in transmission
lines. The sections on electromagnetic
waves and wave propagation are especially
complete.

The treatment throughout the book is
highly mathematical, and general, rather
than approximate, solutions are obtained.
It is a work especially adapted to the needs
of the graduate student and the research
worker in communication engineering.

FREDERICK W. GROVER
Union College,

Schenectady, N. J.

D. L. HERR

Donald Lincoln Herr (S'37) was born
February 12, 1916, at Ephrata, Pennsyl-
vania. In 1937 he received the B.S. degree
in electrical engineering from the Moore
School of Electrical Engineering of the
University of Pennsylvania, and in 1938
he received the M.S. degree in electrical
engineering. From 1937 to 1938 he re-

ceived the Charles A. Coffin Foundation
Fellowship, Moore School Scholarship,
and from 1938 to 1939 he was the recipient
of the Tau Beta Pi Fellowship. Mr. Herr
was with the RCA Manufacturing Com-
pany during the summer of 1936 and Bell
Telephone Laboratories in the summer of
1937. He is an Associate member of Sigma
Xi and a Member of Tau Beta Pi, Sigma
Tau, Eta Kappa Nu, Pi Mu Epsilon, and
Delta Phi Alpha, and a Student member of
the American Institute of Electrical Engi-
neers.

Hans Roder (M'29) was born at
Mengersreuth, Bavaria, Germany, in
1899. He received the degree of Diplomin-
genieur (M.S.) from the Institute of
Technology at Munich in 1923. From 1923
to 1929 he worked on transmitter develop-
ment and research for the Telefunken
Company in Berlin and from 1930 to 1938
he was with the General Electric Com-
pany; 1930 to 1932 in the radio trans-
mitter engineering department; 1932 to
1937 with the radio receiver engineering
section at Bridgeport; and 1937 to 1938,
general engineering laboratory at Schenec-
tady. Since 1938 Mr. Roder has been in

HANS RODER

charge of the transmitter research labora-
tory at the Telefunken Laboratories in
Berlin.

For biographical sketches of T. R.
Gilliland, S. S. Kirby, Newbern Smith,
and H. A. Wheeler see the PROCEEDINGS
for January, 1939.





Commercial Engineering Developments
These reports on engineering

developments in the commercial
field have been prepared solely on
the basis of information received
from the firms referred to in each
item.

Sponsors of new developments
are invited to submit descriptions
on which future reports may be
based. To be of greatest useful-
ness, these should summarize,
with as much detail as is practical,
the novel engineering features of
the design. Address: Editor, Pro-
ceedings of the I.R.E., 330 West
42nd Street, New York, New York.

Unidirectional Dynamic
Microphone
A unidirectional moving -coil dynamic

microphone in which directivity is secured
by a phase -shifting acoustical network*
has just been announced by Shure Broth-
ers. t This construction results in a simpli-
fied structure which makes available the
advantages of unidirectional sound pickup
for many applications where high cost has
previously been a limitation.

The moving coil construction is unique.
The elongated coil -form extends forward
beyond the domed dural piston to form an
auxiliary acoustic mesh. The operating
principle requires that the moving system

* "Microphone directivity by phase -shifting
acoustical network." PRoc. I.R.E., vol. 27, p. xii;
January, (1939).

t Shure Brothers, 225 West Huron Street, Chi-
cago, Illinois.

An acoustical phase -shifting network is
responsible for the unidirectional charac-

teristic of this dynamic microphone

be very compliantly supported and this is
accomplished without sacrifice of mechan-
ical stability by the use of two metallic
spiders widely spaced on the coil axis.

The microphone, called the "unidyne,"
provides wide -range reproduction from 40
to 10,000 cycles over a wide angle at the
front of the unit. Rear response is down
approximately 15 decibels, thus minimiz-
ing feedback, audio and background noise,
and reducing reverberation energy pickup
by approximately two-thirds. Models are
available for 35 -to -50 ohm, 200 -to -250
ohm, and high -impedance input circuits.
The output level of the low -impedance
models into rated load is approximately 62
decibels below 6 milliwatts for a 10 -bar
signal, with slight loss of output for line
lengths up to approximately one thousand
feet. The high -impedance model is designed
for use with amplifiers having an input of
100,000 ohms or more, and provides a level
of 58 decibels below 1 volt per bar.

Radiator for Empire State
Television Transmitter
On March 3 television was transmitted

for the first time from a new antenna sys-
tem recently installed at the top of the
Empire State Building, New York. The

Radiators for the Empire State television
system. The ellipsoidal elements are for
the video channel; the ring -shaped structure

is for the audio channel

new antenna was developed and con-
structed at the Rocky Point Transmitter
Laboratory of R.C.A. Communications,
Inc. for the Radio Corporation of America*
and will be operated by the National
Broadcasting Company as a part of its
Empire State Building television broad-
casting station, scheduled to go into opera-
tion this Spring.

* Radio Corporation of America, 30 Rockefeller
Plaza, New York. New York.

Parts used in assembling one of the ellip-
soidal elements of the video radiator

The system t provides means for radi-
ating the power of both vision and sound
transmitters by means of radiators which
have no coupling between them, even
though they are mounted on a common
support and operate on closely adjacent
frequencies. Both sets of radiators radiate
horizontally polarized waves which are
uniform in strength in all horizontal di-
rections.

An outstanding feature of the new an-
tenna system is that the radiator system
for vision transmission has a uniform fre-
quency response and constant input im-
pedance over a band of frequencies very
much greater than the band width as-
signed to any one television channel. In
fact the vision radiator system is broad
enough to accommodate five or six tele-
vision channels of the width recommended
for standardization by the Radio Manu-
facturers' Association. The antenna input
impedance is not only constant but is also
equal to the characteristic impedance of
the transmission line which connects it
with the transmitter, over the wide band
of frequencies. This makes it unnecessary
to locate the transmitter close to the an-
tenna to avoid large transmitter -load im-
pedance variations and to prevent mul-
tiple images due to waves reflected back
and forth over the lines.

The generally elliptic shape of the
components of the vision antenna is deter-
mined by the requirement that the an-
tenna elements consist of an inductive and
a capacitive member of such proportions
that the square root of the inductance -
capacitance quotient equals the radiation
resistance of each radiator -element mem-
ber. Under these conditions the radiators
will present constant input impedance over
a wide frequency band. An ideal lumped
circuit having this relationship between
inductance, capacity and resistance will
have an input impedance totally indepen-
dent of frequency.

Due to the great band width of the ra-
diators only a few standardized radiator
sizes will be necessary to provide for op-
eration at any frequency set aside for
television broadcasting. This will bring
about a reduction in cost due to economy
permitted by standardization of dimen-
sions.

All parts of the new antenna system are
t N. E. Lindenblad, "Television transmitting

antenna for Empire State Building," RCA Review,
vol. 3, pp. 387-408; April, (l939):

ii June, 1939 Proceedings of the I. R. E.
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CRYSTALS
HOLDERS

OVENS
FOR BROADCAST SERVICE

Both the compact
BC46T tempera-
ture controlled
variable air -gap

mounting and
the low -drift
Bliley Crystal

are approved by
the F.C.C. Correct
design and pre-

cision manufac-
ture assure full
dependability.

121 U -
FOR GENERAL SERVICE

The VP4 steatite
adjustable pressure
holder, complete
with Bliley Crystal,
is widely employed
in general fre-
quency control ap-
plications through-
out the range from
240kc. to 7.5mc.

FOR HIGH AND ULTRA -HIGH

FREQUENCIES

The M02 unit, for
crystal frequencies
from 7.5mc. to
30mc., is designed
to withstand the se-
vere operating con-
ditions encountered
in portable and
mobile services.

FOR FREQUENCY STANDARDS
Precision frequency
control for primary
or secondary stand-
ards is economically
obtained with the
SOC100 mounted
100kc. bar. The
crystal is rigidly
clamped between
knife edges and is

ground to have a

temperature coeffi-
cient not exceeding
3 cycles/mc./°C.
Catalog G-10 contains
complete information.
Write for your copy.

BLILEY ELECTRIC CO.
UNION STATION BUILDING ERIE, PA.

Audio radiator assembly showing the sleet -
melting heater units. Four of these folded
dipoles make up a radiator that has little

mutual coupling with the video radiator

connected to the central tower through
short connections, which provides protec-
tion from the effects of lightning. Provi-
sion is made for melting ice off the radia-
tors by means of internal electrical heaters.

The Empire State Building antenna
system weighs about 6000 pounds and is
designed for a wind pressure of 40 pounds
pei square foot of projected area, with a
factor of safety of 5. It will operate in the
44 to 50 megacycle television channel.

Associated with the antenna system
are new transmission lines of greatly im-
proved design which provide greater
power rating per unit of cost and which do
not detract from performance of the sys-
tem due to electrical reflections along the
lines.

Phase Monitor for
Directive Antenna Arrays
Directive antenna arrays have proved

particularly useful in broadcasting service
for reducing interference with other sta-
tions and have provided a means for in-
creasing sign11 strength in densely popu-
lated areas where highlevel noise con-
ditions generally prevail.

The adjustment of the electrical cir-:
cults of these arrays is difficult because of
the many factors which must be considered
In general, the unpredictable mutual ef-
fects of the individual radiators make it
impossible, from merely theoretical com-
putation of phase angle and current ratio,
to arrive at adjustments which will pro-
duce the desired pattern with the accuracy
usually required.

Realization of this fundamental diffi-
culty led to the development* by the Bell
Telephone Laboratories of a simple means
for measuring the phase and current rela-
tions in the elements. This method adapted
to meet the special requirements of a
monitoring device, is embodied in the
Western Electrict 2A Phase Monitor. A
station operating with one pattern at night
and another during the day may, after the
correct adjustments for the two patterns
have once been determined, check by the

* J. F. Morrison, "Simple method for observing
current amplitude and phase relations in antenna
arrays," PROC. I.R.E., vol. 25, p. 1310; October,
(1937).

f Western Electric Company, 195 Broadway,
New York, New York.

A New
AC and DC
Pocket
Volt-Ohm-
MIlllammeter

$14.50

Net Price

5000 VOLTS SELF-CONTAINED

RI 61.17r---
ANEW Triplett High Range Pocket
Volt-Ohm-Milliammeter that will handle
voltages to 5000 volts without external
multipliers. It will check the high volt-
ages and circuits of transmitters and
receivers.

Ranges: AC -DC Voltage at 1000 Ohms
per volt 0-10.50-250-1000-5000; DC
Milliamperes 0.10-100-500; Resistance
0.300 ohms shunt type 10 ohm reading
at center scale; 0-250,000 ohms series
type, 3700 ohms at center scale.

Model 686-uses same case as 666-H.
Reads to 1000 volts at 1000 ohms per
volt. Net Price $14.00

DANGER!
You must make high voltage tests
-but you can't afford to take
chances. Insist on the protection
afforded by Triplett's complete in-
sulation-molded panels and cases.

op   
'1'11N:TRIPLIM ELECTRICAL

INSTRUMENT CO.
216 Harmon Ave., Bluffton, Ohio
Please send me more information on
 Model 666H;  Model 666.
Name

SEE THE NEW TRIPLETT 1939-
40 LINE AT THE JUNE NA-
TIONAL RADIO PARTS
TRADE SHOW BOOTHS 403-
405

WRITE FOR CATALOGI

Address

City .

111 MIS MI MINIIIIIIIMI11111,

State
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o IMAMATE
New High Amperage

TAP SWITCHES

10, 20, 40 and 15 Ampere Models

* Silver -to -Silver Contact
* Compact, All -Enclosed
* Ceramic Construction
* Many Contacts
* Low -Contact Resistance
* Self -Cleaning Contacts
* High Current Ratings
* Back -of -Panel Mounting
* "Slow -Break" Action for

Alternating Current

New Ohmite development in
switch design greatly improves
and simplifies high current
circuit switching. For, never
before have so many high cur-
rent taps been so compactly
arranged yet perfectly insu-
lated.
These new Ohmite Tap
Switches are high amperage,
load -break, multi -point, rotary
selectors particularly designed
for alternating current. They
are the answer to circuit switching
requirements for battery chargers,
x-ray and diathermy equipment,
tapped transformers, radio transmit-
ters, facsimile apparatus, motor con-
trols, and many other applications.
Available in 4 models (Nos. 212, 312,
412, 608) from VA" to 6" diameter,
from 10 amp. to 75 amp., conserva-
tively rated for A.C. non -inductive
circuit. Easily connected in tandem
assemblies.

Write for DATA SHEET 114.

OHMITE MANUFACTURING CO.

4862 Flournoy Street, Chicago, U. S .A.

RHEOSTATS RESISTORS TAP SWITCHES

(Continued from page iii)

use of the phase monitor the accuracy of
transfer from one operating pattern to the
ot her wit hout interrupting service.

The monitor provides a means of deter-
mining the ratios and relative phase angles
of the currents in the towers. Measure-
ments are made upon true samples of
actual tower currents derived from fixed,
rigid loops securely attached to the towers.
Insulated towers have the loops attached
with stand-off insulators. The measure-
ments are therefore independent of tuning
adjustments within the transmitter and
are made directly upon those quantities
which determine the pattern of the distri-
buted energy.

Front view of the phase monitor, showing
antenna current ratio meters (upper -left
and center) and combined null -indicating
galvanometer and test meter. Rotary source
selector and testing switches are located onthe center -left and the direct -reading,
360 -degree phase indicating dial appears

through the small center window

The principle of operation is briefly as
follows: One of two samples is passed
through a phase shifter and an amplifier
with adjustable gain to a detector. The
other is directly connected to the detector.
By adjusting the phase and magnitude of
the first sample it may be made to oppose,
exactly and completely, the second sample.
When this condition is obtained a sharp
null or minimum is observed on a gal-
vanometer associated with a detector in
the instrument. The phase angle is then
read directly and without mental com-
putation from a 360 -degree dial. Ambigu-
ity is impossible since the dial is calibrated
with red figures for leading currents and
black for lagging currents.

The relative magnitudes of the two
samples are read from two radio frequency
milliammeters mounted adjacent to each
other. By interchanging these two meters
and their associated circuits by means of a
single control on the front of the panel,
the operator may not only check the accur-
acy of the meters but may repeat the phase
measurement using the adjacent quadrant
of the phase shifter.

The phase measuring element in the
monitor is the unique "multiple sinusoidal"
condenser described in the paper by Mor-
rison. Used in a suitable circuit it produces
phase shifts equal to the angular displace-
ment of the rotor, therefore the dial at-
tached may be engraved in degrees which
accurately measure the electrical phase
angle. It consists of four sets of stator
plates, each at the same radio -frequency
potential above ground but mutually
exactly 90 electrical degrees apart. A spe-
cially shaped rotor meshing with the stator

stations

... is proof that C.R.E.I.
training pays!

Chief engineers want men who
posssess modern technical training.
The fact that more than 275 broad-
casting stations employ one or
more CREI students and graduates
is evidence of the respect the in-
dustry maintains for this institute
and the men it trains.

C.R.E.I. courses in Practical Radio
Engineering and Television are avail-
able in three plans: Home -Study

. Residence ... or Combination
of both. Men who train now are
not only safeguarding their present
jobs, but insuring their futures in a
field where training pays.

Take "time out" and read this inter-
esting booklet; or perhaps you have a
friend or an associate who will find an
inspirational message in its pages. Write
today for "A Tested Plan for aFuture
in Practical Radio Engineering and Tele-
vision." Mail your request to the per-
sonal attention of Mr. E. H. Rietzke,
President.

E. H. RIETZKE, Pres.
Dept. PR -6

3224 Sixteenth St., N.W.
Washington,

D.C.
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IRE membership offers

many services

to the radio engineer
Proceedings-An outstanding pub-

lication in the radio engineering field.

Over a quarter of a century of service

to the world in publishing important

radio engineering discoveries and de-

velopments, the PROCEEDINGS presents

exhaustive engineering data of use to

the specialist and general engineer. A

list of its authors is a "Who's Who"

of the leaders in radio science, re-

search, and engineering.

Standards-Since 1914 our standards

reports have stabilized and clarified

engineering language, mathematics,

graphical presentations, and the test-

ing and rating of equipment. They are

always in the process of revision and

thus remain up to date.

Meetings-In twenty-two cities in the

United States and Canada, meetings of

the Institute and its sections arc held

regularly. Scores of papers on prac-

tically every branch of the field are

presented and discussed. Several con-

vention meetings arc sponsored by the

Institute and add materially to its ef-

fectiveness in distributing data of

value to engineers.

The Institute of Radio Engineers
Incorporated

330 West 42nd Street, New York, N.Y.

To the Board of Directors
Gentlemen :

I hereby make application for ASSOCIATE membership in the Institute
of Radio Engineers on the basis of my training and professional experience
given herewith, and refer to the sponsors named below who are personally
familiar with my work.

I certify that the statements made in the record of my training and profes-
sional experience are correct, and agree if elected, that I shall be governed by the
Constitution of the Institute as long as I continue a member. Furthermore I
agree to promote the objects of the Institute so far as shall be in my power.

(Sign with pen)

(Address for mail)

(City and State)

(Date)

SPONSORS
(Signatures not required here)

Mr.

Address

City and State

Mr.

Address

City and State

Mr.

Address

City and State

Proceedings of the I. I?. E. June, 1939



Associate membership affiliates
you with the Institute and brings you
the PROCEEDINGS each month as well
as notices of meetings held near you.

--- ----------------------------------

(Typewriting preferred in filling in this form) No.
RECORD OF TRAINING AND PROFESSIONAL

EXPERIENCE

Name
(Give full name, last name first)

Present Occupation
(Title and name of concern)

Business Address

Home Address

Place of Birth Date of Birth Age

Education

Degree
(College) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE
(Give dates and type of work, including details of present activities)

Record may be continued on other sheets of this size is space is insufficient.

Receipt Acknowledged Elected Notified

Requirements-For Associate mem-
bership, an applicant must be at least
twenty-one years of age, of good
character, and be interested in or con-
nected with the study or application
of radio science or the radio arts.

Sponsors-Three sponsors who are
familiar with the work of the appli-
cant must be named. Preferably these
should be Associates, Members, or
Fellows of the Institute. In cases
where the applicant is so located as
not to be known to the required num-
ber of member sponsors, the names of
responsible nonmember sponsors may
be given.

Dues-Dues for Associate member-
ship are six dollars per year. The en-
trance fee for this grade is three dol-
lars and should accompany the appli-
cation.

Other Grades-Those who are be-
tween the ages of eighteen and twenty-
one may apply for Junior grade. Stu-
dent membership is available to full-
time students in engineering or science
courses in colleges granting degrees
as a result of four-year courses.
Member grade is open to older en-
gineers with several years of experi-
ence. Information on these grades
may be obtained from the Institute.
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He's Ca eying Quite a Load

TAXES are necessary-you couldn't run a city, state or

government without them. But they do mount up.

Fact is, a considerable part of the money you pay us for

telephone service goes right out in taxes.

Bell System taxes for 1938 were $147,400,000 -
an increase of 56% in three years. In 1938 taxes were:

Equal to about $550 a year per employee

Equal to $9.50 per telephone in the Bell System

Equal to $7.54 per share of A. T. & T. common stock

BELL TELEPHONE SYSTEM
You are cordially invited to visit the Bell System exhibit at
the Golden Gate International Exposition, San Francisco

Proceedings of the I. R. E. June, 1939 vii



10
BILLION
TO

LIKE THE STARS IN THE
HEAVENS ten billion to one is
beyond comprehension, yet that is the
ratio of the resistance range of the Rider
VoltOhmyst. Electronic engineers have
been quick to visualize the lasting useful-
ness of this new Electronic D -C Voltmeter -
Ohmmeter with ranges wide enough for
the engineering requirements of today
and tomorrow. It is designed for use on
television, radio facsimile and aircraft
receivers and transmitters, sound power,
and other engineering work.

The Rider VoltOhmyst measures 0.05 to 5000
volts D -C in nine ranges -0.1 ohm to 1,000,000.000ohms in seven decade ranges with a greater
convenience than any other existing instrument.As an example, you can measure any D -C con-trol or operating voltage wherever it may be
without being concerned with the circuit com-
plications-with the signal present in the circuit.For, the Rider VoltOhmyst has one scale-one
zero adjustment. You just put the proper probe
on the point to be measured and the scale showsthe voltage or resistance without any adjust-ments as you change ranges. 3% accuracy on
the Ohmmeter, 2% on the Voltmeter. Input re-
sistance of the Voltmeter is 16,000.000 ohms up
to 500 volts and 160.000,000 ohms from 500 to
5000 volts.

Operates over 105-130 NET
volts, 25-60 cycles. PRICE

SERVICE
INSTRUMENTS, Inc.
404 Fourth Ave., New York

Foreign Division
147 W. 45th Street. N. Y.

Cables-"Seivicin"

The RIDER

VoltOhmyst

$57.50

Viii

SEND FOR

COMPLETE

SPECIFICATIONS
AND

LITERATURE

(Continued from pti):r iv)

plates derives sufficient potential front
each of the 4 stator plates to produce a
voltage of constant magnitude but with a
phase displacement dependent upon its
angular position.

The network which produces the 90 -

degree relationship upon the 4 sets of
stator plates is a series resonant circuit
which may be accurately adjusted for any
broadcasting frequency using only a con-
venient source of the frequency to be
measured and equipment within the de-
vice.

Current Literature
New books of interest to engi-

neers in radio and allied fields-
from the publishers' announce-
ments.

A copy of each book marked with
an asterisk (*) has been submitted
to the Editors for possible review
in a future issue of the Proceedings
of the I. R. E.

* AERONAUTIC RADIO: A Manual for
Operators, Pilots, Radio Mechanics. By
MYRON F. EDDY, Chief Instructor in Air-
craft Radio at Stewart Technical School.
New York: The Ronald Press, March,
1939. xv-1-502 pages, illustrated, 5003
inches, cloth, $4.50.

* How TO USE RADIO IN THE CLASS-
ROOM. By Committee of Teachers, Evalua-
tion of School Broadcasts, Ohio State
University. Washington, D.C.: The Na-
tional Association of Broadcasters, March
2, 1939. 24 pages, illustrated, 6X9 inches,
paper.

* NEMA DISTRIBUTION CUTOUT
STANDARDS. New York: National Electri-
cal Manufacturers Association, December,
1938. 8 pages, 8 X104 inches, paper. $0.10.

* NEMA SPECIALTY TRANSFORMER
STANDARDS. New York: National Electri-
cal Manufacturers Association, December,
1938. iv+29 pages, 8 X104 inches, paper.
$1.10.

* RECOMMENDED PRACTICE FOR ELEC-
TRICAL INSTALLATIONS ON SHIPBOARD,
1938 Revision. By Committee on Applica-
tions to Marine Work, A.I.E.E. New
York: The American Institute of Electrical
Engineers, December, 1938. 100 pages,
71 X10 inches, paper. $1.50.

* SPRAYBERRY DICTIONARY OF RADIO
-Television and Electronic Terms with
Tables, Charts, etc. By FRANK L. SPRAY -
BERRY. Washington, D.C.: Sprayberry
Academy of Radio. 94 pages, illustrated,
54 X8 inches, paper. $2.00.

* TELEVISION-An Occupational Brief.
Pasadena, Calif.: Western Personnel Ser-
vice, April 10, 1939. 16 pages, 54 X 84
inches, paper. $0.50.

* ULTRASONICS, and their Scientific
and Technical Applications. By LUDWIG
BERGMANN, Professor of Physics, Univer-
sity of Breslau; translated by Dr. H. Staf-
ford Hatfield. New York: John Wiley &

Sons, 1939. ix -1-2264 36 bibliography 4-6
index pages, illustrated, 51 X81 inches,
cloth. $4.00

Booklets, Catalogs
and Pamphlets
The following commercial literature has

been received by the Institute.

AIR CRAFT RADIO  RCA Manufactur-
ing Company, Inc., Camden, New Jersey.
Instructions I B-34002, 26 pages +cover,
85X I I inches. Instructions for installing
and servicing Model AVT-7B1 Aircraft
Transmitter.

COMMUNICATIONS RECEIVER  Edwin
I. Guthman & Co., Inc., 400 South Peoria
Street, Chicago, Illinois. Catalog Supple-
ment "A," 4 pages, 85X 11 inches. Instruc-
tions for wiring a pre -assembled amateur
receiver.

COMPONENTS  Wholesale Radio Ser-
vice Company, Inc., 100 Sixth Avenue, New
York, New York. Catalog No. 76, I84pages

cover, 7 X10 inches. Components, testing
equipment, entertainment -type receivers,
etc.

CONDENSERS  Cornell-Dubilier Elec-
tric Corporation, South Plainfield, New
Jersey. "C -D Capacitor," 16 pages, 54 X84
inches. Contains an article on the materials
and methods used in impregnating paper
and mica condensers.

DISTORTION MEASUREMENTS  Gen-
eral Radio Company, Cambridge, Massa-
chusetts. "General Radio Experimenter,"
March, 1929, 8 pages, 6 X 94 inches. Articles
on "Multi -frequency distortion measure-
ments on the broadcast transmitter" and
on vacuum thermocouples for use at high
frequencies.

ELECTROLYTIC CONDENSERS  P. R.
Mallory & Co., Inc., Indianapolis, Indiana.
Bulletin. 48 pages +cover, 81X11 inches.
Engineering application data on dry elec-
trolytic condensers.

ENGINE -PRESSURE INDICATOR EQUIPMENT
 RCA Manufacturing Company,

Inc., Camden, New Jersey. Bulletin IA06,
5 pages, 85X 11 inches. Information on an
assembly for taking pressure diagrams in
an internal combustion engine. Consists
of a piezo-electric pressure -sensitive ele-
ment, an amplifier, and a cathode-ray
oscillograph.

FREQUENCY MONITOR  RCA Manu-
facturing Company, Inc., Camden, New
Jersey. Form 3753, 2 pages, 84 X 11 inches.
Outlines principal characteristics of a fre-
quency -limit monitor for the high -fre-
quency services.
FREQUENCY MONITOR  Edwin I.
Guthman & Co., 400 South Peoria Street,
Chicago, Illinois. Data Sheet No. 2, 4
pages, 84 X 11 inches. Instructions for wir-
ing and operating a frequency meter
monitor for amateur use.
VOLUME -LEVEL INDICATORS  Weston
Electrical Instrument Corporation, Newark,
New Jersey. Circular R-1006-C, 2 pages,
(SIX.' I inches. Describes indicating ele-
ments for use in the new volume -level in-
dicating instrument for broadcast monitor-
ing. --
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 AEROVOX motor -starting capaci-

tors of the electrolytic and the oil -filled

paper types may mean little or nothing
to you, as such. But . . .

The fact that AEROVOX pioneered in
the development of the high -capacity
electrolytic capacitors for motor -starting
functions, and has produced the greater
part of the couple of millions of such
units now used in electric refrigerators,

has implications of extreme interest to
you.

This simply goes to prove that AERO-
VOX is a pioneering organization.
AEROVOX has the research and engi-
neering facilities to solve difficult con-
denser -application problems. And the
fruits of the laboratory can be multiplied
indefinitely by the new AEROVOX
plant, to meet the scope of any field.

Submit Your Condenser Problems . .

 Our engineers will gladly collaborate with you in working out the
best combination of condensers, other components and circuits. This
is our A.A.E. (Aerovox Application Engineering) service which is

saving manufacturers untold sums of money in lowered first cost and in
minimized comebacks.
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INDEX
ENGINEERING

DIRECTORY

Consultants, Patent Attorneys,
Laboratory Services

BRUNSON S. McCUTCHEN and
CHARLES B. AIKEN
Consulting Engineers

Technical cooperation with Attorneys inconnection with patent litigation-De-sign and Development work-Audio andradio frequency measurements-Equip-ment studies-Receiver and transmitterproblems-A well equipped laboratory.75 West Street TelephoneNew York City WHitehall 4-7275

W. J. POLYDOROFF
CONSULTING ENGINEER

Design and complete tests of dust coreinductors, all frequencies and applications.Research and patent problems in com-munication art, including television.

2020 ENGINEERING BUILDING
CHICAGO, U.S.A.

Use this directory . .

when you need consulting serv-
ices

when you are asked to suggest

the name of a specialist on an en-

gineering or patent problem

Consulting Engineers, Patent Attor-
neys, Laboratory Services ... Applica-
tions for card space in the Engineering
Directory are invited. Complete data
will be sent on request to

PROCEEDINGS of the I.R.E.

330 West 42nd Street New York, N.Y.

0

BOOKLETS, CATALOGS AND
PAMPHLETS viii

COMMERCIAL ENGINEERING
DEVELOPMENTS ii

CURRENT LITERATURE viii

ENGINEERING DIRECTORY

POSITIONS OPEN

DISPLAY ADVERTISERS

A

Aerovox Corporation ix

American Telephone & Telegraph Co vii

B

Bliley Electric Company iii

C

Capitol Radio Engineering Institute .iv
Cornell-Dubilier Corp.

E

Erie Resistor Corporation xii

G

General Radio Company ...Cover IV

0
Olimite Manufacturing Company ...iv

R

RCA Manufacturing Co., Inc. . Cover III

S

Service Instruments, Inc. viii

T

Triplett Electrical Instrument Co. ..iii

POSITIONS
OPEN

The following positions of interest toI.R.E. members have been reported asopen on May 20. Make your application
in writing and address it to

Box No.

PROCEEDINGS of the I.R.E.
330 West 42nd Street, New York, N.Y.

Please be sure that the envelope
carries your name and address

DESIGN ENGINEERS
The Proceedings is receiving an

increasing number of requests from
employers for engineers with com-
mercial-design experience on va-rious specialized types of radio-
communication equipment: receivers
and transmitters, audio and video,
for the broadcast, police, and air-
craft services.

If you are qualified and are inter-
ested in openings of this type, we
suggest that you file a statement of
your education and experience rec-ord with I.R.E. headquarters. Writeto Box 200 and request a copy of the
"I.R.E. Employment Record Form."

CRYSTAL -MANUFACTURING
ENGINEER

thoroughly familiar with all phases
of modern quartz crystal manufac-
ture-cutting, grinding, processing-
wanted immediately. Apply in writ-ing to I.R.E. Box 196, giving age,
experience and salary desired.

TRANSFORMER DESIGNER
A young engineer, college graduate,with several years of transformer-design experience is wanted by awell-known manufacturer in the
East. The present staff knows of this
opening. Box 197.

Attention

Employers . . .

Announcements for "Positions Open" areaccepted without charge from employersoffering salaried employment of engineer-ing grade to I.R.E. members. Please sup-ply complete information and indicatewhich details should be treated as confi-dential. Address: "POSITIONS OPEN,"Institute of Radio Engineers, 330 West42nd Street, New York, N.Y.

The Institute reserves the right to refuse any
announcement without giving a reason for

the refusal

Western Electric Company xi
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NEW PHASE MONITOR
by

Western Electric
makes possible quicl, accurate adjustment

of, directional antenna arrays

YOU'LL FIND this new precision instrument
quickly solves what has long been a troublesome problem.

Installed in your station, it accurately measures the

phase and amplitude relations of the currents in your

antenna elements. It enables you to: (1) make your in-

itial adjustments more readily; (2) maintain adjustment

through periodical check readings. The 2A Phase Monitor

contains radio frequency meters which indicate the am-

plitudes of currents in remotely located towers.

Write to Graybar for your copy of Bulletin T-1593,

which gives full details.

c"1
DISTRIBUTORS: Grayber Electric Co., Grayber Building, N.,/

York. N. Y. In Canada and Newfoundland  Northern Electric Co., Ltd.
In other countriesi Intrrntionel Standard Electric Corp.

Characteristics of 2A Phase Monitor
Electrical

Frequency Range 550 to 1600 Kilocycles
I'hase Angle Range 0 to 360°
R. F. Input Impedance 65 ohms
Rated Frequency Input Power . . . Minimum 1/5 watt
Power Supply . . 105-125 volts, 40 to 60 cycles
Power Consumption 40 watts
Tube Complement . . 1-283A, 2-259A and 1-274A

Western Electric

Mechanical
Height
Width
Depth
Weight
Direct Reading

Approximately 15.3/4"
Approximately 19"

Approximately 7.1/2"
Approximately 43 lbs.

360° dial

ASK YOUR ENGINEER

Proceedings of the I. R. E. June, 1932 xl



SMIIIITY
THAT IS INDISPENSABLE

FOR AUTOMATIC
TUNING

1- to
0
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TYPE F ERIE SILVER MICA CONDENSERS

TYPE P12.0

4

020
30 40 50 80 70 80

TEMPERATURE °C
ERIE CERAMICONS

0 TO ELIMINATE DRIFT 0 TO COMPENSATE FOR DRIFT
DUE TO CONDENSERS OF OTHER COMPONENTS

Ode SILVER -MICAS Ode CERAMICONS
A dependable way to eliminate frequency vari-

ations produced only by unstable condensers is

to use Erie Silver Mica Condensers. With a prac-

tically zero temperature coefficient ( .000025

per °C, or less) and with excellent characteristics

throughout repeated cycles of heat and cold

(-30° F to 175° F), these units will provide an

unusually high degree of tuning stability.

When undesirable reactance drift does occur in

circuit elements other than the condenser, it must

be compensated for to obtain tuning stability. Be-

cause Erie Ceramicons can be supplied with a

stable and reproducible temperature coefficient

between .00012 per °C and -.00068 per °C,

they will accurately compensate for any reactance

change between these limits.
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This new RCA Oscillograph
is just what you've been ask-
ing for! In design, in features,
in performance-it's a high
quality instrument-and its
price is surprisingly low!

It's equipped with an RCA -
914 High Vacuum Cathode
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BY RCA!
This brand-new
instrument is yours at
surprisingly moderate cost!

Ray tube employing the elec-
trostatic deflection principle.
The trace is very sharp and
brilliant and permits ex-
tremely fast photographic re-
cordings of transients.

The deflection amplifiers
are essentially flat over a fre-
quency response range of from
4 cycles to 100,000 cycles and
will faithfully reproduce square
waves as low as 10 cycle fre-
quency. The gain control does
not appreciably alter the fre-
quency response. The ampli-
fiers are arranged for either
push-pull input (balanced to

ground) or single tube. Direct
connection to the vertical de-
flection plates of the cathode
ray tube is provided.

An additional amplifier is
provided for modulation of
the cathode beam from an
external timing source, and
provides a very convenient
means for establishing a time
constant of the trace.

All controls are symmetri-
cally arranged on the front
panel. The screen of the cath-
ode ray tube is protected by a
shatter -proof lens. Further de-
tails will be sent upon request.

Over 335 million RCA radio tubes have been purchased
by radio users ... in tubes, as in parts and test equipment,

it pays to go RCA All the Way.

/0374
RCA Manufacturing Co., Inc., Camden, N. J.

A SERVICE OF THE RADIO CORPORATION OF AMERICA
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New Oscillator with Exceptionally
Low Distortion

INCORPORATING a new inverse feedback circuit of very high selectivity, the G -R Type
608-A Oscillator supplies good output at twenty-seven discrete audio frequencies,

remarkably low in harmonic distortion.
This oscillator makes possible bridge measurements at the lowest audio frequencies

with considerably higher accuracy than has been possible heretofore. It provides a veryrapid method for obtaining a large number of audio frequencies for testing.

FEATURES
WIDE FREQUENCY RANGE -20 to 15,000 cycles in
27 steps selected immediately by two push-button
switches; any additional frequencies within this range
can be obtained by connecting three resistors to ap-
propriate terminals

ACCURATE CALIBRATION-within 717 2% or 1 cycle
of the frequency engraved on the panel

GOOD STABILITY-at room temperatures, frequency
will not drift more than 1% over a period of several
hours

THREE OUTPUT IMPEDANCES -500 -ohm balanced
to ground; 500 -ohm unbalanced; 5,000 -ohm unbal-
anced . . . selected by push-button switches

LOW HUM LEVEL-less than 0.05% or 0.1 millivolt

EXCELLENT WAVEFORM-adjustable by means of
harmonic control on panel; at maximum power output
harmonics are 5% of output voltage; when output volt-
age is reduced by 10% total harmonic contact is re-
duced to 0.02%; harmonics can be reduced to less than
0.1% for all output frequencies with the 5,000 -ohm
output circuit

MAXIMUM OUTPUT POWER-with the 5,000 -ohm
circuit, approximately 0.5 watt; with the 500-ohm cir-
cuits, 80 milliwatts.

TYPE 608-A OSCILLATOR

 Write for Bulletin 427 for Complete Information

GENERAL RADIO COMPANY
Cambridge, Massachusetts

BRANCHES: NEW YORK AND LOS ANGELES

$260.00
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