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With the exception of the long storm of April 15, the
average solar storm has a duration of 10 minutes and
an amplitude of 120°K.

With the present low-gain antenna, a detailed account
cannot be made of the sources of the solar radiations.
However, sonie idea of a distribution was obtained from
measurements taken during a partial eclipse of the sun
on November 23, 1946."® On this day the measured
temperature of the radiation resistance was 460°K. A
sudden. 9 per cent decrease of the solar noise occurred
three minutes before the first contact. The spectro-
heliograms taken on November 24 and 25 by the Mount

18 A, E. Covington, “Microwave solar noise observations during
the partial eclipse of November 23, 1946,” Nature, vol. 159, pp. 405~
406; March 22, 1947,
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Wilson Observatory show an extensive band of prom-
inences on the northern hemisphere, extending off the
western limb just at the point of contact. It seems likely
that a prominence existed on the day of the eclipse, so
that the initial reduction of noise occurred when it was
being obscured. The associated equivalent temperature
of the prominence is of the order of 2 X 107°K. A further
25 per cent reduction was associated with the passage
of the moon across a central region (2.2 per cent of the
sun’s projected surface) which contained a large sun-
spot. From the data obtained, an equivalent tempera-
ture of 1.5 X 10%°K. was calculated for this area. A sharp
fall and rise in the noise occurred with the covering and
uncovering of the penumbra of the well-formed leading
spot of the group.

An Analysis of the Intermodulation Method
of Distortion Measurement’

W. J. WARREN, SENIOR MEMBER, I.R.E.,

Summary—Part A of this paper is an analysis of the intermodula-
tion method of distortion measurement. Results obtained by its use
are compared with those obtained by the harmonic-measurement
method. Predicted values for the intermodulation distortion and
harmonic distortion are given for several typical transfer character-
istics. For single-ended and push-pull characteristics, which are rep-
resentable by simple power series, general equations are derived
for intermodulation and harmonic distortion. With the aid of equa-
tions for the former, the effects of the ratio of signal amplitudes used
in intermodulation testing are studied. These equations also permit
derivation of relatively fixed ratios of per cent intermodulation dis-
tortion to per cent harmonic distortion for an intermodulation test
method, which is described. Predicted values for distortion and their
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ratios are supported by test results. Curves expressing the actual
distortion ratios, plotted against harmonic distortion, summarize
the results of this analysis. These curves are useful for correlating
the results of the two methods of test. Possible meter types, usable
for metering the carrier- and intermodulation-frequency com-
ponents in the intermodulation test method, are reviewed. The
choice of meter type is found to affect the readings obtained for
these components, and hence will affect the per cent intermodula-
tion distortion. In Part B, simple equations are given for approximate
predetermination of per cent intermodulation distortion from three or
five points on the transfer characteristic. For more accurate predic-
tion, tables are given for calculation of the prominent intermodula-
tion components from eleven points on the transfer characteristics.

INTRODUCTION

HE INTERMODULATION METHOD of dis-
Ttortion measurement!=? has been receiving in-

creasing attention in the last few years. Instru-
ments have been developed for application of this
method. The question: “How will results obtained by
the intermodulation method compare with those of har-
monic measurement?” has been asked frequently. To
provide an answer to this question, the intermodulation
method is analyzed in this paper, and results are pre-

* Decimal classification: R225.12 X R148.18. Original manuscript
received by the Institute, June 10, 1947; revised manuscript received
October 8, 1947. Presented, National Electronics Conference,
November, 1947, Chicago, Ill.

t Hewlett-Packard Co., ’alo Alto, Calif.

t D. C. Espley, “Harmonic production and cross modulation in
thermionic values with resistive loads,” Proc. I.R.E., vol. 22, pp.
781-791; June, 1934.

2 John K. Hilliard, “Distortion measurements by the intermodula-
tion method,” Proc. I.R.E., vol. 29, pp. 614-620; December, 1941.

3 H. H. Scott, “Audible audio distortion,” Electronics, vol. 18, p.
126; January, 1945.

sented comparing the two methods. The comparisons
will hold for test conditions for which both methods are
applicable.

The analysis is based on the fact that the same non-
linearity of the transfer characteristic of a network that
causes harmonic distortion also causes intermodulation
distortion. The extent to which the transfer characteris-
tic is nonlinear may vary with frequency, as in disk re-
production. This paper assumes that the transfer char-
acteristic is substantially independent of frequency.
Then, the sameness of the underlying factors causing
distortion leads to the development of relatively fixed
ratios for per cent intermodulation to per cent har-
monic distortion. For the intermodulation test method
described below, this ratio is about 3.2 to 1 for a single-
ended amplifier and about 3.8 to 1 for a balanced push-
pull amplifier.

Several methods have been proposed for intermodu-
lation testing, and, to differing extents, most of these
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are in use.'"® This paper will confine itself to an analysis
of one of the generally accepted methods.® Similar analy-
ses can be made for each method ; giving rise to specific
numeric relations, as illustrated above, for each
method. A block diagram of the intermodulation test
method being treated is shown in Fig. 1, and the prin-
ciple of operation is described below.

For brevity, harmonic distortion will hereafter be
written 1D and intermodulation distortion will be writ-
ten I M.

The signal frequencies used in I} testing are chosen
so fy (Fig. 1) is higher than f,, and their actual values are
selected with regard to the frequencies at which per-
formance of the test unit is to be examined, and with re-
gard to the frequency characteristics of the filters used.
Typical values for the I M method being treated are 40,
60, and 100 cycles for f,;, and 1000, 7000, and 12,000
cycles for fi. Present practice makes the high-frequency
signal (V) 12 db lower than the low-frequency signal
V. The effect of this voltage ratio upon the quantitative
results obtained is discussed in a subsequent section.

The IM apparatus is calibrated by introducing two
signals at X-X’, or Y-Y’, in Fig. 1; one of frequency f,’
and of magnitude V,’, and the other of frequency f;’ and
magnitude V. These voltages and frequencies are so
selected that V,/ =10V, fy’ —f,' is in the pass band of the
low-pass filter, while both f,’ and fi’ are greater than the
cutoff frequency of the high-pass filter. The envelope of
the composite signal, V,'+4 V', will be nearly sinusoidal
and of amplitude B,’ with apparent carrier level nearly
equal to V.'.® The results of detection and metering will
give a reading on the output meter A/’ proportional to
Vv, and a reading on the carrier meter M, proportional
to V. . Since the amplitude ratio By’ to V,’ is 0.1, the ra-
tio of output-meter to carrier-meter readings is, by defi-
nition, 10 per cent intermodulation. In actual practice,
an amplifier with adjustable gain is used ahead of the
carrier meter M, to set this meter to a 100 per cent mark.
This permits calibration of the output meter A’ di-
rectly in per cent I M.

PART A—ANALYSIS OF INTERMODULATION METHOD
AND COMPARISON WITH HARMONIC-
DisTorTION METHOD

Scope of Analysis

For quantitative comparison of the IA and HD tech-
niques and to evaluate the effects of metering practice
in the former, the following cases have been treated:

I. Transfer characteristic readily representable by a
power series.

I1. Transfer characteristic having an abrupt slope

¢ N. C. Pickering, “Measuring audio intermodulation,” Elec-
tronic Ind., vol. S, pp. 55-58; June, 1946.

§ John K. Hilliard, “The use of intermodulation tests in designing
and selecting high quality audio channels,” Altec-Lansing Corp.,
Hollywood, Cali?., issue no. 2, May, 1946.

¢ F, E. Terman, “Radio Engineer’'s Handbook,” McGraw-Hill
Publishing Co., New York, N. Y., 1943; p. 567.
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change, for which case the power series becomes too
lengthy for convenient treatment.

II1. Transfer characteristic representable by a por-
tion of a sine wave.

The analysis and comparisons assume that:

1. The transfer characteristic is independent of fre-
quency. Many applications of the test methods consid-
ered will satisfy this assumption wholly or reasonably
well. An exception, disk reproduction, was previously
cited. ‘

2. The same total peak driving voltage is used for both
methods of test. The device under test will thereby be
working between the same limits of input voltage and
output current. If the same total output power is used
as a basis of comparison, the peak driving voltage, with
a signal of two or more frequencies, would be larger than
the peak single-frequency voltage by an amount depend-
ing upon the ratio of signal-voltage amplitudes.

In their respective cases, per cent harmonic distortion
and per cent intermodulation distortion are respectively
evaluated according to the definitions:

per cent r.m.s. /ID

v/ Y (harmonic output voltages, or currents)?

X100 (1)
fundamental output voltage, or current

and

per cent rm.s. IM

v/ Y (sum and difference frequency voltages in output)?

fundamental output voltage of one of the signals
X 100. 2
In (1) a sine-wave signal voltage is assumed, and in (2)
the two signals are both assumed sinusoidal. Unless spe-

cifically noted otherwise, in this paper per cent HD and
per cent IM will denote the r.m.s. values.

Case (I-a). Power Series for Single-Ended Transfer Char-
acteristic: The transfer characteristic of a nonlinear net-
work or amplifier may be represented by a power series
in which the output current may be expressed as a func-
tion of increasing powers of input voltage. Thus

1= ag+ are 4 are*+ aze* 4+ - -+ + aqen 3)
and

e= Ao+ A sina + B sin b; 4)

then, considering only terms up to and including the Sth-
power term,

i=d.c. component+4 { a1+ 24,40+ 305(A*+342+3B?)
+404(Ad+ 34047 +§40BY) 4 Sas(Ao' +§4,2A4°
+34,2B*43A42B%43B4+}4%} sina

— 4 {%+i:— Aot 03424147 +§B?)
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+505(A03+%A0A2+§.4032)} cos 2a

—A3{1as+aid o+ 5a5(3402+1 B2+ P5.42) | sin 3a
+344{ai+5a54,} cos 4a+4asd’ sin Sa

+ B{ay+2a:40+3a5(4 2+ 1 B241.1?)
+4a,(Ae3+34,B2+3404%) + 5a5(4 o'+ 34,2 B2
+3402424342B*+ 34443 BY) | sin b

+ AB{as+3asA0+3a4(242+ 342+ 1 B?)
+5a5(24°+3 4042+ 34,8 } [cos (b—a)—cos (b+a)]
FA2B{3a;+3a:do+5as(34,2+342

+3B?)} [sin (b—2a)+sin (b+24)]
FAB{}a+$asdo} [cos (b—3a) —cos (b+3a)]
+ PpasA4B[sin (b—4a)+sin (b+4a)]

—p {%+§a;Ao+a4(3A 2+3B2+§4%)

+Sar5(Ao'+%AoB2+-§AoA’)} cos 2b

+:AB{3a;4+3a. A0+ 5a5(3402+ 342

+382)} [sin (26— @) —sin (2b+a)]
+A2B%(3a,+YPasd,) [cos (2b—2a)+cos (2b+2a)]
—$asA3B2[sin (2b—3a)—sin (2b+3a)]

+ B {aza+da-'lo+ Sas(3402+14 2+11332)} sin 3b

F.AB {a—;+§a5A o} [cos (3b—a)—cos (3b4a)]

+ $asA2B3(sin (3b—2a)+sin (36+2a)]

+3B4(ay+5a54,) cos 4b

— #5054 B4[sin (4b—a) —sin (4b+a)]

+ v a5 B5 sin 5b. (5)
Equation (5) reduces to the output current for IID
measurement upon setting B=0.

Terms involving f, and its harmonics are grouped

with corresponding sideband terms in (5). The high-
pass filter (Fig. 1) removes all low-frequency terms, so

SIGNAL O] s *
SOURCE fcuT-oFF.fo-nfa fCuT-OFF 3Mfa
fa o] lo____ o485 it 5+
< TEST HI-PASS OE* LO-PASS )
x wnrr || Frew | tector| |riter y
SIGNAL O] 3, o ot—o o - of—io _ of
SOURCE METER
fo oy fa fy-- fa fb,3fa, - b ,2fb, 3¢, * fu,20, -
fo,2fb 33, - -

s fb & FA--- etc.
fo'tfa foidmm oo 3
2fp 23 2fbt24a,
etc. A TN=1,23-DEPENDING UPON THE
LOWEST ORDER SIDE-BANO THAT
IS TO PASS THAT HI-PASS FILTER

Fig. 1—Block diagram for intermodulation test method treated in
this paper for calibration, f,, fs are connected into X-X’ or
Y-Y.

that, if fo > 9f,, then all of the sidebands and carrier com-
ponents will appear at the detector input, and all har-
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monics of f, will be suppressed. The term of frequency f,
will predominate and the carrier-level meter, M., which
is an average-reading meter, will indicate substantially
only the amplitude of this term.

Carrier and sideband term magnitudes in (5) are seen
to depend upon the signal amplitudes A and B. For an
assigned peak driving voltage and given quiescent
status of an amplifier, the per cent I will hence de-
pend upon the ratio A/B. The exact nature of this de-
pendence is partially discernible for the case of a trans-
fer characteristic given by

1 = a1e + a.6* + aze® + aet.

(6)

With the origin for the characteristic taken at the op-

erating point, i.e., ap=0 and 4,=0, the signal for M

testing will be e=A4 sin a+ B sin b, and for HD testing

it will be e=A’ sin a. Applying the defining equations

(1) and (2), there follows:

per cent TM

[as+§au(A%+ B |+ Fgas® 12+ Ja 244112
a;+%aa(2A"’+ BZ)

st

X100, (7a)

and

per cent /1D

! e 2 [AY4 2 AYS B ¥4
A ooV et el e (82)
2 a1t+$as(A’)?
If A4+B=A"' for the same total peak driving voltage,
A/B=4, and the usual insignificance of the squared
values of a; and e, as compared to a,% and @,? is ac-
knowledged, then

8 A'(az + 04(/1’)2)

er cent /M =~ — X 100 (7b

ki 5 a4+ as(4)? s
1 A'(a:+ a(4')?

per cent II1D =~ — (. (A9 X 100. (8b)
2 ax + %03(.4')2

When a; and @, are set equal to zero, (7b) and (8b) check
those developed by Frayne and Scoville.” Equation (7a)
indicates that, to a first approximation, the per cent .M/
will vary directly with the larger signal amplitude A.
Maintaining the peak drive A+ B constant, it follows
that, as A /B is increased, the per cent I M will approach
a maximum. Comparison of (7b) and (8b) shows that,
for the conditions imposed, i.e., A/B =4, the theoretical
ratio of per cent IM to per cent HD is practically con-
stant at 3.2. A summary of the values of this ratio for
several types of transfer characteristics is given in Fig.
15.

To check the above theory, a triode-connected 6V6
amplifier working into a 7500-ohm resistive load was
tested. The dynamic characteristic for the chosen oper-
ating conditions was:

7 J. G. Frayne and R. R. Scoville, “Analysis and measurements of
distortion in variable-density recording,” Jour. Soc. Mot. Pic. Eng.,
vol. 32, p. 648; June, 1939.
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i = 00+ 1,2423¢ 4 0.0102¢% + 0.972 X 10~ %3

= 60(1 4 0.5383x + 0.1149x% + 0.0285x%) ®

where 7 isin milliamperes, and x =¢/26; 1.e., x is the frac-
tion of the maximum peak drive of 26 volts. The coeffi-
cients in the equation, of the form of (3), were reduced
from experimental data.

The effect of the ratio A/B of signal voltages upon
the per cent IA and correlation between theoretical
and experimental values is shown in Fig. 2. For a fixed
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Fig. 2—Per cent intermodulation as a function of the ratio of signal
amplitudes. Single-ended 6V6 amplifier; 7500-ohm load; bias
voltage, 26 volts; plate-supply voltage, 610 volts.

ratio A/B =4, the predicted and measured values for
per cent IID and per cent I} agree well, as shown in
Fig. 3. The agreement between per cent I M values ob-
tained with an average-reading meter used for the out-
put meter M’ (Fig. 1) and those computed from data
obtained with a harmonic analyzer at the output-meter
position justifies the use of the former for measurement
of the r.m.s. value of the complex output voltage.

OMEASURED VALUES, FULL-WAVE AVER. METER
XAMS % IN FROM OUTPUT WARMONIC DATA
’_ 8 FRON lll'u' T0 OETECTYOR

3 mlolcﬁo u?n [ ::: T

% INTERMODULATION & NARMONIC DISTORTION
»

o [ 3] [ 20 28 30 36
PEZAK ORIVE vOLTS

Fig. 3—Per cent intermodulation and harmonic distortion of the

single-ended 6V6 amplifier of Fig. 2 as a function of signal
voltage.

If the output meter A’ is a full-wave, peak-reading
meter, then the per cent I, for the same conditions
applying to (7a), will become:
per cent peak IM

=11 [z + $as4 + }a4(442 + BY)]
a1+ $a3(24* + B?)

The arithmetic summation of the sideband components
is correct because of their relative phase relationships,

X 100.

(10a)
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as shown in Fig. 12, Relative magnitudes of the several
components are such that, for all practical cases, the
resultant peak is time-coincident with the peak of the
fundamental. For 4A+B=4', i.e., the same peak driv-
ing voltage for IM and IID testing, and A/B =4, (10a)
becomes

per cent peak M

_ [az + $asd’ + $a4(4")?] 5 100, (10D)

5 a + Yfpas(4)?

In like manner, measurement of harmonic distortion by
a full-wave peak-reading meter will give

per cent peak HD
_4 [0z + 3asd’ + $a(4')?]
2 a, + a;(A ,)2

Comparison of (10b) and (11) reveals that the ratio of
peak per cent I M to peak per cent IID will again remain
practically constant at 3.2.

Case (I-b). Power Series for Push-Pull Transfer Char-
acteristic: All terms involving ao, 4y, @z, and a, in (5)
vanish for the perfectly balanced push-pull amplifier.
The effect of signal voltage ratio 4/B upon per cent
IM and per cent HD is partially discernible upon apply-
ing the defining equations (1) and (2) to the applicable
form of (5). There results:

X 100. (11)

per cent IM

34  {laatgas(247+ BY |+ (fasa )} 12
2 a1+3a3(2424 BY)+3Pas(242B*+3B4+ A%

X100

(12a)
and
per cent HD
407 {[ar+ a4+ Qas(a))?) e
T4 a1+3as(4")?

gas(4’)*

For given operating conditions and constant peak sig-
nal voltage, (12a) indicates that per cent 7 M will vary
roughly as the square of the larger signal amplitude 4.
Typical push-pull characteristics will often have a nega-
tive value for the coefficient a;. This tends to make the
variation of per cent IM with signal ratio to be some-
what more rapid than as A% For 4/B=4 and A+B
=A4’', and neglecting the usually small terms, (12a) and
(13a) become

X 100. (13a)

[0 + $304(4")?]

tIM =~ "’— ANr— X 100 12b
per cen ( Jl— ot axA)? (12b)
and
+ I
per cent HD =~ — ( ')2[(13%—05()] X 100, (13b)

a1+ $as(4)?
resulting in a ratio of IM to HD which is practically
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3.84. The effect of a negative a; is to make this ratio in-
crease with peak-signal level A’. If the terms involving
as in the numerator and a; in the denominator are
neglected, then (12b) and (13b) agree with those given
by Frayne and Scoville” for the cubic characteristic.

If the output meters M’ and M, are full-wave peak-
recading meters, then the per cent IAf and IID become,
respectively, by the method of analysis used with (10)
and (11),

per cent peak IM
° 417\2
[da e lgblas(‘l ) ] —— % 100 (14)
a1+ Psas(A)? + fifgas(4’)!

~

(4")?

4
25
and

per cent peak IID

3 "2
o~ }_ (/1')2-——7 = _[a_aj-za_ﬁ(ii lL - X 100.
4 a) + %03(:1')2 + %05(“1’)4
It is seen that the ratio of per cent peak I/ to per cent
peak IID will be nearly constant at 3.84.

The absence of even-harmonic -carrier-frequency
terms eliminates the detector turnover effect discussed
in connection with Fig. 13. Even-order harmonics of the
principal output low frequency 2f, may, however, pre-
vail at the meter A,

For experimental verification, a push-pull 6L6 ampli-
fier was tested. The dynamic characteristic for the 8000-
ohm plate-to-plate load was representable by

1= 2.567¢ — 0.1207 X 10=3%3 — 0.66 X 10~7¢5
= 97.546(1 — 0.0679x* — 0.0332x%),

(15)

(16)

where 7 isinma. and x =¢/38; i.e., x is the fraction of the
maximum peak driving volts. The predicted per cent
IM variation with signal ratio 4/B and the measured

© MEASURED
APREDICTED

lr “PEAX DMIVE VOLTS. 20VF |
(CONSTANT) %

% INTERMODULATION

3 4 .
RATIO OF LOW FREQUENCY TO
HIGH FREQUENCY VOLTAGES

Fig. 4—Per cent intermodulation as a function of the ratio of signal
amplitudes. Push-pull 6L6 amplifier; 8000-ohm plate-to-plate
load; plate-supply voltage, 400 volts; bias voltage, 37 volts.

results are shown in Fig. 4. For the signal ratio A/B =4,
the measured and predicted per cent IM and per cent
IID values, as a function of drive, are shown in Fig. 5.
The measured results were independent of the direction
of connection of. the half-wave peak detector used.
Though not shown, the rfesults for per cent IM, ob-
tained with a peak-reading output meter M’, depended
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upon the direction of its connection because of the even-
harmonic content of the low-frequency output.

O MEAS VALUES, FULL WAVE AVER METER
_AMS VALUE % [N FROM WARM. OATA
APREGICTED AMS % 1w | |

|OPREDICTED AMS % W.0. |
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©

% INTEAMOOULATION & MARMONIC DISTORTION
5 e -

°

! i
3 0 L] L 1] 30 » 40

PEAK ORIVE YOLTS
Fig. 5—Per cent intermodulation and harmonic distortion of the
push-pull 6L6 amplifier of Fig. 4 as a function of signal voltage.

Case (I1-a). Single-Ended, Sharp-Cutoff Characteristic:
To simulate certain types of amplifier characteristics,
such as that of an amplifier overdriven from a high-
impedance source, or an amplifier having negative feed-
back that is driven beyond cutoff, the e-i characteristic
shown in Fig. 6 was investigated. Insomuch as adequate

% OVEROAIVE

Fig. 6—Single-ended, sharp-cutoff characteristic with a
two-frequency input signal.

representation by a power series requires too many
terms, a different method of analysis was used. The
steps in the approximate analysis were as follows:

1. For an arbitrary ratio f,/fy and signal ratio
A /B =4, the number of peaks “clipped” and the ampli-
tude of each was determined for an assigned amount of
overdrive. (See Fig. 6 for definition of overdrive.)

2. The total area under the clipped peaks was evalu-
ated from their relative amplitudes and time-axis spans.
(See Fig. 7(b).)

3. The half sine wave of Fig. 7(c) was so propor-
tioned that its duration 6, was equal to that clipped from
the composite envelope, and its height so selected that
the area under it was equal to that of the clipped peaks.

4. The reading of a full-wave average-reading meter,
on which the wave of paragraph 3 is impressed, was
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evaluated. This meter reading, compared to that of the
same meter with only the carrier impressed, is the inter-
modulation distortion.

5. In actual testing, the carrier-level meter M, has
the wave of Fig. 7(a) impressed upon it. The reading

-
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QUTPUT FROM LO-PASS FILTER FOLLOWING DETECTOR (C)

Fig. 7—\Wave shapes applying to the analySls of the output current
of the charactensuc of Fig. 6

of M, will be less than if the carrier alone were im-
pressed. For an average-reading meter, as used in the
test arrangement for checking this analysis, the reading
of M. will be less, substantially, by the amount of the
total areas clipped; i.e., by the amount corresponding to
the area calculated in 2. The intermodulation distortion
of paragraph 4 was corrected for this “carrier loss” to
permit ready comparison with measured values.

6. For calculating the per cent HD, the procedure of
steps 2 and 3 was repeated for the area clipped from
the single signal wave. The fundamental frequency
component of this wave was calculated and subtracted.
The reading of an average-type meter, having the re-
maining wave impressed upon it, was determined and
compared with the reading of the meter with the ¢
clipped” signal applied.

For a specific value of overdrive, the clipped areas of
Fig. 7(b) were resolved by Fourier analysis and the re-
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Fig. 8—Spectrum of h.f. components as found from Fourier analysis
of the intermodulation products in the output of the character-
istic of Fig. 6.

sults of the above approximate analysis were checked.

The Fourier analysis gave rise to carrier and sideband

terms as shown in the spectrum of Fig. 8(a). This spec-
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trum was experimentally checked with the results as
shown in Fig. 8(b). It is seen that careful consideration
must be given to the frequency response of the I M test
apparatus to properly include all prominent distortion
components.

Fig. 9 shows the calculated and the measured values
for IM and HD of the single-ended, sharp-cutoff char-
acteristic. An average-type detector and an average-
reading output meter were used, in keeping with the
method of analysis. The predicted I M values are shown
only with correction for carrier loss. The agreement
with measured values is good. If the rectification char-
acteristics of the detector and output meter are of the
peak type, the I Ml results will depend upon carrier har-
monic content and upon harmonics in the output volt-
age, as discussed below,
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Fig. 9—Per cent intermodulation and harmonic_distortion for a
single-ended, sharp-cutoff characteristic as a function of over-
drive.

Case (11-b). Double-Ended, Sharp-Cutoff Characteristic:
Examination of the relative phase relationships of side-
band components in the deficiency spectrum of Fig.
8(a) reveals that, for the push-pull, sharp-cutoff char-
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Fig. 10—Per cent intermodulation and harmonic distortion for a
push-pull, sharp-cutoff characteristic as a function of overdrive.

acteristic, certain carrier and sideband terms will can-
cel, while others will add. Taking these effects into ac-
count, it was possible to predict per cent I M values from
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TABLE 1
4-10-1 SIGNAL RATIO CASE; MULTIPLYING COEFFICIENTS FOR EVALUATING INTERMODULATION PRODUCTS
FROM ELEVEN EQUIDISTANT ORDINATES ON RESISTIVE LoAp LINE
Intermodulation ?roducts - Signal Ratio, V,/V,=4
Frequency ﬁ%?:?]ﬁgr . . _ Current Ordinate Multipliers .
P +5 ‘i+4 143 142 T4l 10 i 12 i i 15
fo 1/3780 207 528 —585 480 —462 0 462 —480 585 -528 —207
2fs 1/7560 207 114 —1227 2292 —3234 3696 —3234 2292 —1227 114 207
Coefhicients found for following sum- and difference-frequency terms will be amplitudes of eack sideband
fotfa 1/420 23 44 —44 —16 21 -56 21 —-16 —44 44 23
Sot2fa 1/5040 243 352 —915 320 —518 0 518 —-320 915 —352 —243
Sot3fa 1/24 1 0 -3 0 2 0 2 0 -3 0 1
fotdfs 1/720 23 -32 -51 64 38 0 -38 —64 51 32 -23
1/45 1 -3 1 4 -2 -2 -2 4 1 -3 1

Sot5fa

the area and deficiency spectrum data of the single-
ended case. The effects of “carrier loss” were similarly
taken into account. Predicted and measured results for
IM and IID agreed, as shown in Fig. 10. An average-
type detector was used, and the output meter M’ wasa
full-wave average-reading meter. A supplementary ex-
perimental check showed that a peak-type detector was
not subject to turnover effect, but that a half-wave
peak-type output meter was so subject. These effects are
in agreement with the analysis presented under the
section on Metering Practice below.

Case (III). Push-Pull Sine-Form Characteristic: This
case, seemingly of no more than academic interest, is
presented here in summary form. The results of this
analysis were found useful for correlation and a check of
other analyses, as described in the next paragraph.

Fig. 11—Push-pull sine-form transfer characteristic.

If the transfer characteristic can be represented by a

data were obtained for this case. The results serve to
check those for the push-pull Case (I-b) when these re-
sults are expressed as the ratio of per cent I A to per cent
IID as done in Fig. 15. IM values computed for the
push-pull sine-form characteristic, using the coefficients
listed in Tables I and II, were identical with those ob-
tained from a more exact form of (17). This serves to
check the method using these coefficients.

Effects of Metering Practice

In the intermodulation test arrangement, Fig. 1, the
carrier-level meter M, and output meter A’ are gener-
ally d.c. meters used with a suitable rectifier. Each such
meter-rectifier arrangement may be of the full-wave or
half-wave average type, or of full-wave or half-wave
peak-reading type. In general, the voltages impressed
on the meter-rectifier arrangement are of complex wave
form, and the readings obtained for the respective quan-
tities will be affected by the behavior of the metering
arrangement with such voltages impressed. This sec-
tion summarizes analytical and experimental observa-
tions pertinent to this problem. The behavior of the full-
wave and half-wave average types is the same; hence,
these are referred to only as a single type in what fol-
lows.

TABLE 11

1-to-1 SIGNAL-RATIO CAsie; MULTIPLYING COEFFICIENTS FOR
EVALUATING INTERMODULATION ProDUCTS FROM ELEVEN EqQui-
DISTANT ORDINATES ON RESISTIVE Loap LINE

portion of a sine wave, as shown in Fig. !1, the .analySls R N Signal Ratio;
shows that, considering only the prominent sideband Fre- inor]l Products l{”‘a/VbTZ/2=1
¢ quency Mul- Current Ordinate Multipliers
and harmonic terms, dplier s B G Su fo B B ds da
272(4) i 1718 1 3 2 1 0 -1 -2 -3 -1
per cent IM = —~-= X 100, (7) o 124 1 2 -2 -2 2 -2 -2 2 1
of 3 173 1 0 —4 4 0 —4 4 0 -1
and Coefficients found for following sum- and difference-frequency
( terms will be amplitudes of each sideband
J3(A'
per cent HD = ) X 100 (18)  fotfo 1/18 1 2 1 -2 -4 =2 1 2 1
J1(A") fot2fe 1/24 1 1 -2 -3 0 3 2 -1 —1
fotdfe 1/36 1 -1 =2 1 2 1 =2 -1 1
fotd4fs 1/72 1 =3 2 1 0 -1 -2 3 -1

where Jo, Js, etc., are Bessel functions of the first kind
on the respective arguments, and A and 4’ have the
same meaning as in Case (I). The theoretical ratio of IM
to IID values is practically 4 for A/B =4 and for peak-
signal levels not exceeding e=w/2. No experimental

The relative phase relationships of the carrier com-
ponents of voltage input to the detector in Fig. 1 are
correctly given by (5). Expressed graphically, they are
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as shown in Fig. 12. Certain of the harmonic compo-
nents may have reversed phase if any of the coefficients

Fig. 12—Relative phase relationships of the carrier frequency and its
harmonic terms from interpretation of (5). These same phase
relationships apply to the 1.f. components in the modulation
envelopes.

as, as, etc., in (3) are negative. In general, however, the
following observations pertinent to detector and meter-
ing practice in I M testing apply:

(a) The reading of the carrier-level meter M, in the
presence of a modulated carrier will depend upon its
rectification characteristic. Thus, if the rectifier is (1)
of the average type, the meter reading is unaffected by
the presence of modulation and is substantially inde-
pendent of the harmonic content of the signal. The area
under a half cycle of a composite wave containing funda-
mental and 20 per cent second harmonic, with relative
phase relationship as shown in Fig. 12, is hardly 2 per
cent greater than the area under the fundamental alone,
No turnover effect will be obtained; i.e., reversing the
connections to the terminals of the meter-rectifier ar-
rangement will not change the reading of the meter.

If the rectifier is (2) of the half-wave peak type, the
meter reading will be afféected by modulation and by
harmonic content (magnitudes and phase relations)
of the carrier. This is illustrated in Fig. 13(c), which

®)

()

Fig. 13—Composite envelope (a), of the fundamental carrier (b) and
its second harmonic (c), each of the later amplitude-modulated
with the fundamental low-frequency signal.

shows the composite wave resulting from fundamental
and second-harmonic carrier terms each with sideband
terms corresponding to modulation at the low frequency
of the test signal. This figure also indicates that turn-
over effect will prevail.
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If the rectifier is (3) of the full-wave peak type, the
meter reading will be affected by modulation and by
harmonics of the carrier. There will be no turnover ef-
fect.

(b) The output of the detector will depend upon its
rectification characteristic in the following ways. If the
detector is (1) of the average, or “area,” type, the
presence of harmonics of the carrier frequency will have
practically no effect on its L.f. output components. The
r.m.s. summation of the sum and difference components,
having frequencies fy+ f, and 2fy £ f, in this instance,
for a case such as developed in Fig. 13 will be almost
correctly represented by the L.f. output of the average-
type detector.

If the rectifier is (2) of the half-wave peak type, the
output will be markedly affected by the direction of
connection of the detector when harmonics of the carrier
frequency combine as illustrated in Fig. 13(c) to make
for different modulation-envelope amplitudes on oppo-
site half cycles of the composite voltage.

If the rectifier is (3) of the full-wave peak type, the
output will be affected by harmonics of the carrier fre-
quency, but it will not be subject to turnover effect.

(c) The reading of the output meter M’ will also be
directly affected by its rectification characteristics. If
the rectifier is (1) of the average type, the reading of A’
will be unaffected by the direction of connection of the
rectifier, and the reading will represent the r.m.s. sum of
the l1.f. components of a complex output voltage with
good accuracy.

If the rectifier is (2) of the half-wave peak type, the
reading of M’ will be subject to turnover and it will be
affected by the harmonic content (magnitudes and
phase relations) of the output.

If the rectifier is (3) of the full-wave peak type, the
reading of M’ will be affected by the harmonic content
(magnitudes and phase relations) of the output but will
not be subject to turnover.

In summary, it follows that, depending upon their
respective rectification characteristics:

(a) The carrier-meter reading may be affected by
harmonics of the carrier and by the presence of modula-
tion; (b) the detector output may be affected by har-
monics of the carrier;and (c) the output-meter reading
may be affected by harmonics of the L.f. (modulating)
signal.

Fig. 14 shows results revealing the effect of detector
and output-meter M’ turnover on the per cent IM.
These results are for the 6V6 amplifier previously
treated. The tube was operated under conditions that
give rise to a more prominent cubic term than indicated
by (6). The solid-line curves of Fig. 14 are all for the
same test-circuit conditions excepting for the output
meter A" which is connected to read the average value,
or positive or negative peaks. The prominent second
harmonic present in the voltage being measured by the
peak-type meter M’ gives rise to the markedly different
results for positive and negative peaks. The agreement
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between per cent I}, calculated from low-frequency
component voltages as measured with a harmonic
analyzer, and from the full-wave average-reading meter,
follows from the relative freedom of the latter from
wave-form errors.

Comparison of the two center curves in Fig. 14 re-
veals the effect of relative phase relationship of the
fundamental and second harmonic of the carrier fre-
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Fig. 14—Per cent intermodulation as a function of signal voltage,
showing how the results are affected by direction of connection
of the detector and by direction of connection and type of output
meter used.

quency with respective first-order sidebands, as illus-
trated in Fig. 13. Using a half-wave peak detector to
rectify the composite wave of Fig. 13(c) gives rise to a
larger low-frequency component for one direction of
connection of the detector than for the other. The
carrier-level reading was made ahead of the detector,
and a full-wave average-type meter was used. The
carrier-level reading then will be independent of the
direction of connection of the detector. This serves to
illustrate the effect of the type and manner of connec-
tion of the detector upon per cent IM in the test ar-
rangement considered. The effect of the detector was
checked by noting that the magnitude of the f, term, as
measured with the harmonic analyzer, changed with
the change in detector connection.

PART B—PREDICTION OF INTERMODULATION
DisToORTION

1. Approximate Prediction Equalions

For amplifiers working into a resistance load, the
intermodulation distortion can be predicted with the
aid of equations essentially similar to those expressing
harmonic distortion in terms of selected ordinates on the
tube load line. Both predictions are subject to the same
reservations with regard to accuracy. Using Terman’s8
method for prediction of harmonic distortion, together

8 See p. 380 of footnote reference 7.
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with the previously derived theoretical ratios of IM to
IID for the signal ratio A/B =4, there follows:

For the single-ended amplifier, assuming only second-
harmonic distortion:

Imlx + Imin -2

Imin

® % 100.  (19)

percent IM = 1.6

Imax -

For the push-pull amplifier, assuming only third-
harmonic distortion:

Imnx - Imin - \/5(12 - Ia)
= Inin+ V2(I: = I)

per cent IM = 3.84

max

X 100 (20)

where the tube plate-current values are
I at positive peak of total signal voltage
I.in at negative peak of total signal voltage
I, at 0.707 times positive peak of total signal voltage
I; at 0.707 times negative peak of total signal voltage
I, at zero signal.

II. Coefficients for Prediction from Eleven Points on
Transfer Characteristic

Bloch? has prepared a table of multiplying factors for
calculation of the amplitudes of the sideband terms
from the current values on the tube load line. The tabu-
lation is limited to a signal ratio amplitude (4/B) not
greater than 3. Use of this method yields the actual cur-
rent amplitudes of the sideband terms. Extension of the
work of Espley!? to enable calculation of harmonics up
to the 8th from nine equally spaced ordinates made it
possible to extend the tables of Bloch to the case of sig-
nal ratio=4. The fundamental and second-harmonic
carrier terms and all prominent sideband terms can be
calculated by use of Table I. The eleven current values,
designated as 445, %44 - -%0 - - -1%_4, 1_s are taken
from the load line for corresponding, equal intervals of
the total peak-signal voltage. Each current value is
multiplied by the factor listed, and the sum of such
products, with due regard to sign, is formed and multi-
plied by the common multiplier. The result will be the
amplitude, in current units, of the corresponding carrier
or sideband term. As an example, the following are the
results for the triode-connected 6V6 of Case I-a; signal
ratio A/B =4, 20 volts peak drive, and 26 volts bias:

Instantaneous grid voltage Plate-current (ma.)

-6 53.0
-10 48.7
—14 414.6
—18 40.7
—22 36.9
—26 33.2
—-30 29.5
—34 25.9
—38 22.4
—42 18.9
—46 15.5

* A. Bloch, “Modulation products; calculation from equidistant
ordinates,” Wireless Eng., vol. 23, pp. 227-230; August, 1946.

1o D. C. Espley, “The calculation of harmonic production in
thermionic valves with resistive loads,” Proc. L.R.E., vol. 21, pp.
1439-1446; October, 1933.
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Use of the tabulated multipliers yields:

Current of frequency f,=3.755 ma.

Current of frequencies f,+f,=0.170 ma.

Current of frequencies fy + 2f,=0.021 ma.

Current of frequency 2f,=0.039 ma.

Per cent IM=2(2X0.170/3.755) X100 =9.1 per cent.
When testing the performance of amplifiers at the higher
frequencies, it is sometimes found desirable to use a sig-
nal ratio of 1. Table II gives the multipliers for prede-
termining the carrier frequency and sideband terms for
this signal ratio.

CONCLUSIONS

I. If the transfer characteristic of a network is sub-
stantially independent of frequency, it is possible to
evaluate the intermodulation and harmonic distortion
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Fig. 15—Ratio of intermodulation to harmonic distortion as a func-
tion of the latter for some typical transfer characteristics. The
intermodulation test method for which these results apply is
described in the text of this paper.

due to the nonlinearity of the characteristic. Relatively
simple equations are derived for per cent IAf and per
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cent HD for transfer characteristics expressible in sim-
ple analytic form.

For a given intermodulation test method, therefore,
the specified operating conditions can be introduced
to uniquely evaluate this distortion. It becomes pos-
sible, then, to express the ratio of the two distortion
percentages. This has been done for certain typical
transfer characteristics and for an intermodulation test
method as described, and the ratios have been found to
be relatively constant. Fig. 15 summarizes these ratios
for the cases covered by this study.

II. The presently accepted value of 4:1 for ratio of
signal amplitudes in intermodulation testing is a good
compromise, making for operating conditions that give
a high IM percentage and still have reasonable values
of carrier and sideband voltages for detection and meas-
urement.

III. The type of carrier-level meter, detector, and
output meter used in the intermodulation testing ap-
paratus will each, and in combination, affect the results
obtained.

The analysis above indicates that the intermodula-
tion-measurement technique will best satisfy the defin-
ing equation if an average-type detector is used and if
the carrier-level and output meters are of the average-
reading type. This practice will also help eliminate dif-
ferences that may appear in IM results obtained with
apparatus of different manufacture in which different
amounts of phase shift are introduced between the
fundamental and harmonics. Such phase shift differ-
ences will have a direct bearing upon the output of a
peak-type detector as well as upon the readings of peak-
type meters.

IV. Intermodulation-distortion percentage values are
readily predictable from transfer characteristic or load-
line data by the use of tabulated multiplying coefficients
that can be used to calculate the magnitudes of the
usually prominent intermodulation terms.

Automatic Volume Control as a Feedback Problem®
B. M. OLIVER{, MEMBER, I.R.E.

Summary.—Feedback amplifier theory is shown to be applicable
to the usual a.v.c. system. Expressions are derived for the loop gain
in terms of the design requirements and the gain-control character-
istic of the controlled amplifier. Using these expressions, the design
of an a.v.c. system is quite straightforward, and its characteristics,
such as regulation and effect on desired modulation, are readily
predictable.

* Decimal classification: R361.201 X R139.2. Original manuscript
received by the Institute, July 8, 1946; revised manuscript received,
October 8, 1947.

t Bell Telephone Laboratories, Inc., New York, N. Y.

I. INTRODUCTION
&_ SIMPLE FEEDBACK amplifier has these essen-

tial features:
(1) There is an input.

(2) There is an output.

(3) There is a transmission path (called the 8 circuit)
which develops a measure of the output.

(4) There is a means for comparing this measure of
the output with the input, i.e., means for developing a
“net” or “error” signal which is the algebraic sum of the
input and the measure of the output.
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