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SECTION 1|

Harmonic and Intermodulation
Histartion

It is mandatory that distortion of program material be
reduced to a negligible amount in modern wide-range
monophonic and stereophonic sound systems, as well as
in the transmission of frequency-modulated radio. This is
especially true when the frequency range covers the same
bandwidth as that of the human ear. Unless the distortion
of a wide-range recording and reproducing system is re-
duced to a negligible value, better listening quality is gen-
erally afforded by a system employing a reduced bandwidth.

1.0 GENERAL

Nonlinear distortion in a sound system affects the repro-
duction by introducing frequency components that were not
present in the original program material, These added com-
ponents are an anncyance to the listener due to the masking
and interference effects superimposed on the original com-
ponents of the signal,

In the most commonly aceepted method of measuring
harmonie distortion, a single sine-wave frequency is ap-
plied to the device under test and the internally generated
harmonics are measured at the output. A distortion factor
meter or a harmonic wave analyzer may be used, and the
harmonic distortion read in percent of the fundamental
frequency. Although this single-frequency method of meas-
uring harmonic distortion has been in use for many years,
it is an acknowledged fact that such tests are inadequate
because they do not present a complete picture of the
distortion characteristics of a given device, It is not un-
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common for a listener to observe an objectionable quality
in the sound reproduction of a transmission system in which
a low percentage of harmonic distortion is measured. Am-
plifiers of the same design, manufacture, and harmonic
distortion characteristics often present different qualities in
reproduction. This variation in identical amplifiers is usually
m:.m to the percent of intermodulation distortion generated
within the amplifiers.

Intermodulation distortion may be defined as “the pro-
m:oﬂo?.“: a nonlinear circuit element, of frequencies cor-
responding to the sum and differences of the fundamentals
and harmonics of the two or more frequencies that are
S.msmE;wnmm through the element.” Thus, when two or more
frequencies are simultaneously transmitted through an am-
plifier, sum and difference frequencies that are not always
related w.o the fundamental frequencies will appear in the
oﬁusﬁ.mﬁzm_ as intermodulation distortion. Measuring the
distortion characteristics by the intermodulation method
more than _u.w any other form of measurement approaches
the manner in which the human ear responds. It not only
Emmm.sﬂ a more realistic determination of distortion char-
acteristics, vsw it is also several times more sensitive than
the conventional single-frequency harmonic measurement.

. One &.. the virtues of an intermodulation measurement
is that it can Um. made in the presence of considerable noise
and flutter, Noise is excluded in the intermodulation ana-
lyzer to a w.w_mmwmu. degree than in the conventional single-
frequency distortion set. Furthermore, distortion measure-
ments _o.w the intermodulation method permit higher
frequencies to be measured in a limited-bandwidth system
such as photographic film recording systems where the
upper frequency is generally limited to 8,000 cps. In such
a system, Emmm.;nsm the harmonie distortion at 5,000 cps
would be meaningless since the second harmonic occurring
at 10,000 cps. would be unmeasurable due to the 8,000-
cps .o:«o.m. However, an intermodulation test signal, eon-
sisting of \.5 and 7,000 cps will often reveal distortion which
would mmdo.sm_w affect the reproduction but would not be
mvvmwmi using other methods of measurement. It is equally
_SH.US.SE.. that the lower frequencies of the program ma-
terial be transmitted through a system without distortion.
Both the _.os. and high frequencies are generated simul-
taneously in an orchestra, and additional low frequencies
such as gun shots, explosions, thunder, etc., may be m&mg.,

All of these frequencies, plus the sum and difference fre-
quencies, must be passed by the transmission system witheut
appreciable distortion. . .

In a complete recording and reproducing system dis-
tortion may be caused by amplifiers, filters, mpsm_._umnm,
compressors, cutting heads, light modulators, Bm.mdm.gn re-
corders or reproducers, monitor speakers, or a combination
within the system. Distortion within the wau__mmm.m may he
caused by operating tubes on the nonlinear portion of Em
plate-current characteristic curve, driving the control mzm
into the region of grid-current flow, improper load .am_.n:-
nation, poor power-supply regulation, zdg_m:o.m in the
push-pull stages, gaturation at the low frequencies of the
transformer core materials, and faulty components. Many
times after an overall distortion measurement is made, the
difficulty can be traced to a single component in .&wm system.

Transformers and other components of a device that will
pass a 40-cps intermodulated test signal s#v a low percent
of intermodulation distortion will have superior Umﬁ.owﬁmﬂom
over those of low harmonic distortion where a single test
frequency is employed. While 40 cps is mﬁ.ymw.m:w used as
the low-frequency component for transmission mqmﬁmmsm
using a bandwidth of 40 to 8,000 cps, an Eﬂﬁﬂoa&mﬁos
test signal of 60 to 100 cps in combination with 2,000 cps
can suffice. Distortion of a transmission system can m:.wo vm
observed on a cathode-ray oscilloscope. However, it is
rather difficult to determine small percentages of waveform
distortion, even with a 5.inch screen. As a rule, 2 or mﬁu
distortion can be observed for the higher order harmonics.

To acquaint the reader with the numerous methods of
measuring distortion, geveral single-frequency as well as
intermodulation measurements will be discussed.

1.1 GENERATION OF HARMONIC DISTORTION

Harmonic distortion in an amplifier stage is caused .,3
the nonlinear action of the vacuum tube. If a pure sine
wave (a single frequency containing no Swﬁsossmg is ap-
plied to the control grid of a vacuum tube ocﬁ.mﬁﬁm with
correct voltages and load impedance and the amplitude of
the sine wave is such that it does not overdrive the control
grid, a pure sine wave can be expected at the output of the
tube. The only departure from the oiﬂ:& waveform of
the input will be an increase in its amplitude and a vrmmm
reversal of 180° between the input and output circuits;
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this is noymal for & vacuum tube. To illustrate how non-
linear distortion is gencrated within a vacuum tube, a plot
atfol-grid voltage versus the plate current for a
-purpose. tricde ‘bissed for Class-A operation is
shown in:Fig. - 1-1. The tube selected for this illustration
quires a negative grid bias of 6 volts, This point

ed s the normal operating point on the plate-
currentsharacteristic curde -
- +' - ———
OUTPUT
TTTRY 1T Fig. T-). Plate-current charac-
teristic of o medium-mu tri-
ode, biased for Class-
........... . A operation.
-Y,2468 0 2
J NORMAL
—_ |~ OPERATING
'hs BOUNDRIES

Operating under the aforementioned eonditj i i
wave is mwmmma to the control grid, a mmsm:,mwwmﬁm%_wm
reproduced in the plate circuit. However, this will be true
only if the signal ,..qo:mm.m at the control grid does not excead
the .:S.Emu ovmwmw_zm boundaries, These boundaries are g.m
m_p‘gm._..;-::m.ﬁoaﬁcz of the curve, starting at the minug 12-
<c# bias point and continuing up to the zero-voltage biag
u.o_m;. If ﬁ.rm peak sigmal voltage does not exceed these
:E;m,. a sine wave will be developed in the plate circui
and distortion of the input waveform will n

by H“\EA ; henee, in this example, it is 8.5 volts.
- Fig, 1-2 m:os.m. s&mﬁ happens when the bias is too large.
ere, the negative bias has been inereased until the oper-

ating point (value of plate current) has shi

t shifted downward
toward the toe or @msm in the lower portion of the Ewﬂm
current n:mwmoﬂm.:mﬁo at the minus 12-volt point. Under this
condition if a sine wave is applied to the control grid, a

greater amount of plate current will flow on the positive
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half of the grid swing than for the negative half E.& an
unsymmetrical waveform will result in the plate circuit.
Likewise, if the bias voltage is reduced to a value .9,” minus
2 volts, as shown in Fig. 1-3, the operating point is m:.nwmm
upward. If the control grid swings positive, the mEE._E%
of the positive half of the plate-current waveform will be
less than the negative half, since the tube is being 9..:6:
into the saturation region of the plate-current nrm_.wnﬂmzmsn.

When the control grid is driven above the zero w.o:_.a.
grid current will start to flow because the control grid is
now positive with respect to the cathode. The flow o.m the
grid current will cause a voltage drop across the load in the
control-grid circuit which will be in ouvoﬁﬂos to the m..msm_
voltage on the control grid, and the amplitude of m.zw m_mﬁ:-
voltage positive-going peaks will be um&:mm.m. This region
is indicated by the dotted line in the positive half of the
signal voltage at the control grid (Fig. 1-3) ..d.:mmu the con-
ditions described, second-order harmonics will be generated

Fig. 1-3. Distortion of plate-
currsnt woveform caused
by underbiasing.

Fig. 1-2. Distortion of plate-
circuit waveform caused
by vverbiasing.

in the plate eircuit. Thus, it becomes muv.m:.m:n that the Emm
voltage on the control grid and the mBurEnm of the muu_.ﬁn
signal voltage are the controlling factors in the generation
of harmonic distortion within a vacuum tube.



Harmonic distortion can also be ithi

uum lube ihat _,.m currectly biaged MN“MH. ﬂwﬁw .smﬂ_,wﬁomhm%m
wonmm that the signal voltage applied to the control grid is
arge enough to extend into both the toe and knee (satura-
foﬂ areas of the plate-current characteristic, In the satura-
aou region the peak of the output waveform is flattened
since .ﬁ:m Eﬂo cannot supply further plate current. In the
negative region the flow of the plate current is reduced to
a near cutofl value. Thus, both the positive and negative
peaks of the plate current waveform are distorted, and both
wna and even harmonics are generated. The generation of
armonics within a vacuum tube is an inherent character-
igtic, since the plate resistance is not always uniform and
the so-called straight-line portion of the plate current

characteristic i i i
foar eristic is not actually straight—it has some curva-

. OVERDRIVEN
r
I

Fig. 1-4. Marmonic di i
2nd gensrated in o <nn:=..“—on..ﬂn
HARMONC  that i correctly biased, but

overdriven by too large a sig-
_ nol voltage.

i
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e shown in Fig, 1.
i1s the second har-

,. . ¢. Addi
aarmonic to the fundamentaj frequency mﬁmwwﬁﬁﬂu\mﬂmﬁ

i-6) results in a new fr i

-6, Irequency, indicated 5
Mﬁﬁ%ﬂ%ﬂmﬁﬂﬂﬂ% ﬂ__ﬂm the ﬂmao a3 the QNMMMHMMMMJWM
w \ ! ¢ amplitude of the n i i
increased while the amplitude of the nowm%ww ﬁwﬁw_w mwwwwm

iz

duced, The second harmonic will predominate and is similar
iv z condition in Fig. 1-3 where the bias voltage was too
low. Fig. 1-7 illustrates the fundamental frequency and the
second harmonic in a different phase relationship. In thia
illustration the positive peak of the resultant waveform is
of greater amplitude than the negative peak. It is inter-
esting to note that in the condition in Fig. 1-7, the gener-
ated second harmonic is similar to the condition in Fig.
1-2, where too great a grid-bias voltage was applied.

Fig. 1=3. A fundamental fre«
y (f.) and its second and
third harmonics (f; and ).
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In Figs. 1-6 and 1-7 a horizontal line has been added
{(in dashed lines) to indicate the shifted operating poeint.
This line represents a DC component, caused by self-recti-
fication within the tube. Self rectification shifts the operat-
ing point in the plate-current characteristic. Depending on
the circumstances under which the tube is functioning at the
moment, it may move either up or down. The operating
point in Fig. 1-7 has shifted upward because of the increase
of the positive half cycle and the decrease of the negative
half eycle, causing the introduction of a second harmonic.
When a large value of second harmonic is pregent, the
plate current will increase with an inerease of signal voltage.
The reverse is true for Fig. 1-86.

When distortion results in the flattening-off of only one
peak in the output waveform, the principal distortion is
second harmonic. This is accompanied by a change in the
average plate current and is referred to as self rectifica-
tion. Whenever both peaks of the output waveform are
flattened, third-harmonic distortion will predominate. If
considerable flattening occurs, a fourth-order harmonic will
also be generated, particularly if the control grid is driven
positive, When the control grid is driven positive, grid cur-
rent will flow and a voltage drop will be created across the
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o STRERLIANT

-~ -

Fig. 1-6. Adding the fundamental f (#
its second harmonic to produce o nﬂ.ﬁ_ﬂ-“:!"w“{
called the resultant.

DC resistance of the control-gri

. -grid load (usually a t -
Mmﬂzmw.. choke, or resistor). The voltage drop Mwmmﬁmmgvm%
,m m.zm-o::.m:n flow flattens off the peaks of the input
waveform. This flattening and, in turn, the distortion caused

by drivin i i i
pefi g the tube into saturation are reflected in the

Fig. 1-7. Resultant waveform
when operating point is shifted
by self rectification.

If the voltage drop caused b i i

A the voltag Yy grid-current flo t
.m.za cireuit is in the order of 20% of the peak mmmﬁmwsed_:%
age, a second-order harmonic of 5% will be generated. As
wmﬁwﬁ M”ma a mwocsa rmzsnwan is generated, third-harmonie

18 also generate i

amion £ d at approximately the same

In the design of a Class-B amplj i i i

: plifier (in which grid-cyrr.

Woiu mo.ﬁ an appreciable part of the input voltage cycle) M%M

n resistance of .the control-grid ecireuit muyst be kept
~EL_:“@ low to E,mqmm; an excessive voltage drop across the
o%m element. If »Em.vumam:aos is not observed, the flow
0 m.wa current will increage the control-grid bias voltage
ﬁwﬂ_mﬂmh.“ Ecmo 1mmm%<m than normal. This is why m:vsm

ormers designed for Class-B operati i

DC resistance secondary winding. peration require a low
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When a triode tube is overloaded, second-order harmonics
are created, while a pentode generates third-order har-
monics., Even-order harmonics may be eliminated or re-
duced to a negligible amplitude by the use of push-pull
circuits. Odd-order harmonics generated by a pentode are
reduced by the use of push-pull circuitry and the selection
of the proper load impedance. Negative feedback will also
reduce odd harmonies to a negligible value. However,
negative feedback should not be added to an amplifier to
reduce its harmonic distortion until the distortion in the
amplifier without negative feedback has been reduced to its
lowest point. As a rule, pentodes are operated into load
impedances of one-fifth to one-gixth their plate resistance.
Since the value of load impedance is rather ecritical, the
manufacturer’s recommendations should be followed closely
for a given set of operating conditions,

The dynamic characteristics of a vacuum tube reveals
that at the peak of the applied signal voltage, the instan-
taneous grid voltage should not drive the grid more negative
than a value corresponding to the instantancous plate cur-
rent approaching zero, To accomplish this the value of the
signal potential will be governed by the value of the grid
bias voltage. In a triode it will also be affected by the value
of the load resistance. The positive peak of the signal volt-
age is limited by the flow of the grid current. Often the
current is required to be zerv at all times. Under these
circumstances the instantaneous grid potential must not
exceed 1 or 2 volts negative, When a small amount of grid
current is permissible, the maximum that the grid may be
driven positive is limited by the value of the impedance in
the grid circuit, the permisgible distortion of the driving
voltage and the tube characteristics. An additional limita-
tion appears when using a pentode hecause when the
instantancous plate voltage is less than a given valtue, a
virtual cathode is formed in the vicinity of the suppressor
grid, and the plate voltage is no longer independent of the
plate potential. Therefore the operating conditions change,
particularly when the load impedance is high.
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