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Modulation Distortion in Loudspeakers®

PAUL W. KLIPSCH

Klipsch and Associates, Inc., Hope, Arkansas

When comparing a loudspeaker with direct radiator bass system to one with horn
loaded bass, the subjective judgment is that the one with the horn loaded bass is
“cleaner”. The difference in listening quality appears to be due to modulation distortion.

The mathematical analysis of modulation distortion is reviewed and spectrum
analyzer measurements are described which have been correlated with listening tests.
The spectrum analyses corroborate the mathematical analysis and the listening tests
offer a subjective evaluation. It is concluded that frequency modulation in loudspeakers
accounts in large measure for the masking of “inner voices”. Reduction of diaphragm
excursions at low frequencies reduces FM distortion. Horn loading, properly applied,
offers greatest reduction, while simultaneously improving bass power output capability.

INTRODUCTION The term distortion is defined herein
as the generation of frequencies not originally present.
Thus it is distinguished from frequency response errors.
Harmonic distortion is the introduction of harmonics of
the original frequencies and is not objectionable as such
even at high amounts, because music consists largely of
harmonics. Modulation distortion produces new frequen-
cies which are inharmonically related to the original
sounds and is therefore detectible and objectionable in
much smaller amounts.

Amplitude modulation distortion derives from any
nonlinearity which would produce harmonic distortion
and appears as the inharmonic sum and difference fre-
quencies or sidebands when two or more frequencies are
mixed. The subject of amplitude modulation is covered in
texts on radio engineering [1].

Great effort has been expended to reduce harmonic
distortion in loudspeakers. Since harmonic distortion
arises from the same causes as amplitude modulation
(AM) distortion, it may tentatively be concluded that
AM distortion in better loudspeakers is relatively small.
This is not to dismiss AM distortion; the main effort in
this paper is directed at total modulation distortion.

Frequency modulation distortion arises in a loudspeak-
er when diaphragm motion at some low frequency pro-
duces frequency shifts of some higher frequency due to
the Doppler effect. The effect is similar to flutter in a
defective tape player when the tape velocity is not con-
stant within tolerable limits.

Experiments with an eccentric capstan on a tape ma-
chine indicate that flutter (frequency deviation) amount-
ing to 0.35% is irritating if the modulating frequency is
as high as 20 or 40 Hz [2].

Vast effort on the part of tape recorder manufacturers
to attain wow and flutter levels below 0.1% deviation

* Presented April 29, 1968 at the 34th Convention of the
Audio Engineering Society, Los Angeles.

indicate that this problem is recognized. Yet much higher
values are typically observed in loudspeakers.

The Doppler effect or the principle of alteration of
pitch dates back to 1842 [3]. The familiar example is that
of a moving vehicle, such as a locomotive, blowing a
whistle. As the vehicle passes a listener the pitch of the
whistle diminishes. The wavelengths observed are
changed proportionally to the ratio of the velocity of the
moving source to the velocity of sound.

A loudspeaker diaphragm vibrating at two frequen-
cies, for example at 32 and 1000 Hz, would give rise to
FM distortion. As the cone, vibrating at 1000 Hz, is
moved toward and away from the observer, at the 32 Hz
frequency there would arise a deviation from 1000 Hz
dependent on the velocity of the diaphragm at the 32 Hz
frequency.

If the velocity of the cone at the lower frequency were
0.5% of the velocity of sound, the frequency deviation
of the higher frequency would be 0.5%.

Total modulation distortion is the combination of the
amplitude and frequency modulation.

INITIAL OBSERVATIONS

Two loudspeakers, one with direct radiator bass and
the other with horn-loaded bass, have been compared in
listening tests. Nineteen out of 20 listeners judged that
the one with the horn-loaded bass is “cleaner”. Both
loudspeakers were by the same manufacturer. Both had
similar horn-loaded midrange and treble system with
identical midrange and treble drive motors. The direct
radiator unit offered a more extended bass range, with
cutoff about 30 Hz compared to the horn-loaded bass
cutoff of about 45 Hz. Thus, if the listener preference
were predicated on frequency response the leaning
should have been toward the direct radiator unit, but the
opposite choice was indicated. The words “transparent”,
“better resolution”, and “clarity of the inner voices”
were applied to the speaker with the horn-loaded bass.
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Single-frequency distortion tests indicated that both
loudspeakers generate negligible harmonic distortion at
the power levels used in the listening tests. Both showed
accurate power linearity up to 120 dB SPL measured at
4 ft, as indicated by parallelism of frequency response
curves run at 0.1, 1.0 and 10 W input. Hysteresis effects,
if any, were below the resolving power of the measuring
equipment used.

By elimination it appears that the cause of the differ-
ence in listening quality must be modulation distortion.

EARLY WORK ON FM DISTORTION

Frequency modulation distortion has long been recog-
nized as a property of loudspeakers [4]. When two fre-
quencies are radiated by the same diaphragm the higher
frequency f. will be frequency-modulated by the lower
frequency f, because of the Doppler shift due to the
motion at the lower frequency. This frequency shift of
the upper frequency will be proportional to the ratio of
the diaphragm velocity at the lower frequency to the
velocity of sound.

Let A, be the peak amplitude of motion due to f,, then
(1)
(2)

X = A,sinet
v=dx/dt = A,vCOSwt
or the peak velocity
V=Aw;.

The shift or deviation of a higher frequency will be
proportional to V /c or Af, = (V /¢) fo.

Writing ¢ = 13,500 ips (velocity of sound),

Afa = fodw1/13,500. (3)

For example, 4, = & in., f;, = 28 Hz, o, = 176, V
= 176/8 = 22 ips, V /c = 22/13,500 = 0.0016.

If fo = 600 Hz, then Af, = 0.0016 X 600 = 1 Hz.
In this example, therefore, the frequency deviation would
be one Hz and the frequency f, would flutter between 599
and 601 Hz.

The amount of frequency shift, flutter, or deviation is
easy to determine by simply measuring the diaphragm
excursion at the lowest frequency, from which, knowing
the frequency, the modulating velocity may be com-
puted. The frequency modulation shift is simply this
velocity divided by the velocity of sound multiplied by
the modulated frequency.

Beers and Belar [4] derive a different measure for fre-
quency modulation distortion, consisting of the effective
amplitude of the sidebands.

Beers and Belar give

d=0.033 A4, f, (4)

where d = distortion factor (total rms value of side-
bands as percent of amplitude of f,), 4; = ampiitude of
motion in inches at the lower frequency f;, and f,= the
higher or modulated frequency.

For the example given, where the cone excursion was
Y& in. (amplitude 4; = 0.12 in.) and ihe upper frequency
f» = 600 Hz, d = 0.033 X 0.12 X 600 = approx-
imately 2.4% . From the principles of frequency modula-

tion, it may be seen that the sidebands consist of the sum
and difference frequencies between the upper frequency
fo and the modulating frequency f,, as well as their
higher orders; thus the sideband frequencies would be

f2if1

fo = 2fy, etc.

Note that the amplitude A, is a factor in determining the
amplitude of the sidebands; the velociry V, determines
the fraction of frequency shift of the modulated fre-
quency.

FM ANALYSIS

The equation of frequency modulation is given by
Terman [5]; in slightly rearranged form it is

(5)

where E is the amplitude of the “carrier” or higher
frequency; wy = 2xfs, With f, the higher or modulated
frequency; wy = 2xf;, with f; the lower or modulating
frequency; and Aws is the maximum deviation of the
instantaneous frequency fo.

e = Esin [(Ugt + (Awg/(ul)sinmlt],

Let
Awy  (V/C)wa Ayw; w2 A4y
E=1,m= = = —=——as, (6)
(2]} 23] c (231 c
e =sin(w.t + msinwt) (7)

= Jomsin wot
+Jlm[Sin(u)2+u)l)l—Sil‘l(wg—(m)t]
+ng [Sin(mg+2(ul)t+Sin(w2'—2m1)t]

+etc. (8)

Expressed as side band amplitudes [6], for m <<1,

eo=]0m'—_\'—' 1
ey =Jim==m/2

e, = Jom == m?/8, etc. 9)
Using ¢ = 13,500 ips,
ey =1
e, ==0.00023 4,f,
€, =27 X 10-8(A4,f,)?etc., (10)

where e, is the magnitude of each of the 2 sidebands of

first order; e, is magnitude of each second order sideband,
etc.

Equations (10) and (4) can be compared. Consider
the amplitude of one first-order sideband frequency

e; =0.000233 A,f, (10)

where A4, is the amplitude of motion due to f1; if the
second-order sidebands are small enough to be ignored,
the effective value of both first-order sideband frequencies
would be

E; =0.000233 /2 A,f.
= 0.00033 A,f,

which agrees with Beers and Belar’s Eq. 4 where their
coefficient of 0.033 was expressed in percent. Numerical
example:

A, =15 in.
e;=0.017 (approx. —35 dB)
e, =0.00013 (approx. —78 dB).
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Two sidebands e; of 0.017 would represent an rms
amplitude of

0.017 X /2 =0.024,

which agrees with the 2.4% obtained using Beers-Belar’s
method.

Equations (8) through (11) state that the sidebands
contain frequencies of f; = fo, f; = 2f,, etc. Equation
(3) suggests the sidebands are limited to the deviation.
Terman [5] offers the explanation that while the frequency
is shifting the wave becomes lopsided, giving rise to other
sinusoidal components.

Qualitatively it is hard to reconcile a one Hz deviation
with a 28 Hz sideband component but these sideband
frequencies become credible when viewed on the spec-
trum analyzer screen.

Beers and Belar draw several conclusions: 1. since the
distortion factor d increases with f, the effect will be
more severe in “high fidelity” applications, so that two
loudspeakers should be used, one to radiate the low
frequencies and the other for highs. (Recall that in 1943
a so-called two-way speaker was used mainly in the-
aters.) 2. It is difficult to evaluate FM distortion with
listening tests because it cannot be readily isolated from
other forms of distortion, and 3. FM distortion is prob-
ably masked by other forms of distortion.

When this was written in 1943, with AM radio and
shellac disk records as the main media, it was probably
true that FM distortion in loudspeakers was masked by
other forms of distortion and noise. Now, with amplifiers
exhibiting 0.05% distortion, FM radio eliminating some
forms of distortion exhibited by AM and minimizing
others, and with tape offering 55 dB or better S/N ratio,
it is suspected that FM distortion in loudspeakers may
be the major remaining defect in otherwise high-quality
audio systems.

TOTAL MODULATION DISTORTION

Amplitude modulation gives rise to the same families
of distortion sidebands (f, == f;, etc.) as does frequency
modulation. Using a spectrum analyzer, the indicated
amplitude of each sideband component is the effective
sum of the two kinds of distortion. Sometimes two
sideband frequencies f; + f. and f; — f, are shown with
different amplitudes. This is possibly due to a phase
difference between the amplitude and frequency modula-
tion components so that the effective sum of one side
component differs from that of the other. The effective
sum of both components will still represent the effective
value of that particular order of modulation distortion.
The effective sum of all sideband components will be the
“total modulation distortion” for that particular combi-
nation of inputs.

No obvious way of separating amplitude and frequen-
cy modulation distortion has so far been described. But
since the two kinds produce the same type of sidebands,
the total modulation distortion is what causes listener
distress. Fortunately the spectrum analyzer can be used
to measure this total modulation distortion.

EXPERIMENTAL RESULTS

The experimental studies were performed with the

following equipment:
Two oscillators, Hewlett-Packard HO2-207A GR

1310A;

Dual power amplifier, solid state “one of a kind”,
arranged to simplify two oscillators separately, feeding
combined output to loudspeaker. Measurements indicate
negligible distortion under conditions imposed;

Various control boxes;

B & K half-inch microphone;

Tektronix 564 storage scope with 3L5 spectrum ana-
lyzer and 2B67 time base.

Bass Loudspeakers

This must necessarily be merely a “progress report”. It
is doubtful if the work will ever be finished.

Table I compares the performance of four bass loud-
speakers. Frequencies of 50 Hz and 300 Hz were used,
and output at each frequency adjusted to give the stated
SPL. (See Fig. 1).

The table confirms a rule which has long been known
but not rigorously proved, namely that the higher the
efficiency the lower the total modulation distortion. An-
other fact (not previously realized) is that the low-
efficiency loudspeakers exhibit much higher total distor-
tion than the computed FM distortion; highly efficient
loudspeakers exhibit a total distortion only slightly
greater than the computed FM distortion. The difference
must be AM distortion. In the case of the high-
efficiency horn loudspeaker, the individual sidebands
were about 45 dB down from the 300 Hz signal. Com-
bined distortion of oscillator, amplifier and analyzer
could account for some of the total.

Let it be repeated that this work will never be
finished. Results so far indicate a trend, and it is tenta-
tively suggested that the last column in Table I be called
“mud index”.

Good loudspeakers are referred to as “clean” or
“transparent”, and poor speakers as “dirty” or “muddy”.
The magnitude of the modulation distortion is directly
correlatable to the quality of “muddiness”. Thus the term
“mud index” may need no defense.

The main qualities of a loudspeaker have been consid-
ered to be: 1. Power output capacity, at 2. a correspond-
ing distortion level, 3. polar response, and 4. frequency
response.

If modulation distortion is quantitatively specified un-
der 2. above, then it appears that loudspeakers can
indeed be described as accurately as amplifiers.

Table I. Loudspeaker performance: bass loudspeakers.

Output Sound % Total Modula-
Pressure Level  tion Distortion
(SPL) dB (Effective Side-
at 2 Feet band Amplitude)
Large well-designed horn 100 0.7
15 in. driver in ported box 95 22
6.5 ft*
10 in. driver in sealed box 95 6.8
1.5 ft?
7 in. driver in sealed box 90 14.0
1.0 ft®
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Midrange Loudspeakers

Again, this is only a progress report.

Tests were run on a high-quality midrange horn-type
loudspeaker, a reflexed horn midrange and an 8 in. direct
radiator (see Table II and Fig. 2).

Table II. Loudspeaker performance: midrange loudspeakers.

Output SPL, Modulation Distortion
dB at 2 ft (Effective Sidebands)
Straight axis horn 160 less than 1%
Reflexed horn 100 approximately 5%
8 in. direct radiator 90 approximately 10%

As in bass loudspeakers, the distortion was approx-
imately inversely proportional to efficiency. In the case

Fig. 1. Bass loudspeaker spectra. Top: high-quality horn-
type unit at 100 dB SPL output at 2 ft. Total modulation
distortion is obscured by ambient noise but may be on the
order of 0.7%. Bottom: Ten-inch direct radiator in 1.5 ft°
box (total enclosure) at 90 dB SPL output at 2 ft. (Vertical
gain of analyzer changed to give same indicated level.) Total
rms modulation distortion approximately 7%. f, = 50 Hz, f.
— 300 Hz; vertical scale — 10 dB per div., horizontal scale
= approximately 50 Hz per div. Note that f, does not show.

of the reflexed horn the peak/trough ratio in the oper-
ating spectrum was about 24 dB; by choosing one fre-
quency in the trough it was found that SPL values of
only 90 dB could be obtained except under gross distor-
tion. At 90 dB the total modulation distortion rose to
10%.

Experiments so far tend to indicate that plastic dia-
phragms in the compression drivers for horns exhibit
slightly lower total modulation distortion and can handle
larger power output than metallic diaphragms.

Upper Treble Loudspeakers

Horn type treble loudspeakers® display moderately
high efficiency and the rule (which begins to look like a
law) remains in force that the higher the efficiency the
lower the distortion.

One “exotic” treble loudspeaker was tested. This was
one of the ionized-air tweeters and it displayed over
30% rms amplitude of sum-and-difference sidebands
when frequencies of 5000 Hz and 12500 Hz were mixed
at 1 V input each. Listening tests showed an extreme
distortion at all combinations of frequencies and at any
amplitude high enough to read on a rectifier voltmeter.
In fact, the “silky” highs of yesteryear’s reports appear to
be more “sizzly”. This quality has fooled a lot of highly
qualified listeners. It was surmised a priori that the
distortion would be high. The “diaphragm” consists of
the boundary between hot and cold air, and the ionized
spot seems to be less than 0.1 in. in diameter. A natural
conclusion would be that the modulation distortion
would be of the order of 100 times as great as for a
tweeter with a 1 in. diaphragm. The spectrum analyzer
confirms this.

Well-designed horn tweeters with dynamic drive sys-
tems exhibit lower total modulation distortion than any
other types tested here.

DEMONSTRATION TAPE

A tape was prepared of 50 Hz and 300 Hz tones
mixed and played back on a small direct-radiator loud-
speaker. The flutter was plainly audible.

Mozart’s Concerto for Clarinet and Orchestra, third
movement, contains sustained clarinet tones which tend
to show even a small amount of flutter to an irritating
degree. A small speaker which could execute ¥4 in. of
excursion at 28 Hz with almost no audible output was
used to play a tape of the Concerto, while a 28 Hz
oscillator tone was intermittently fed to the speaker. The
resulting flutter was extremely irritating even though the
modulating frequency was inaudible.

DISCUSSION
High Sound Pressures in the Throat of a Horn

Thuras, Jenkins and O’Neil [8] derive the ratio of sec-
ond harmonic distortion to fundamental output of a horn

* Treble speakers are commonly referred to as “tweeters”.
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speaker at intense power output levels (10 W at 2000
Hz, for example) and particularly for intense pressure
levels in the throat of the horn.

Whenever harmenic distortion occurs, modulation dis-
tortion likewise occurs.

This paper also mentions sum and difference frequen-
cies. Using a horn of 200 Hz and inputs of 600 and 940
Hz, the authors detected sideband frequencies of 340 and
1540 Hz as well as the input fundamentals and harmon-
ics. They stated that at higher power outputs the sound
was very disagreeable and the fundamental tones could
hardly be distinguished. Their analysis and measurements
were concerned only with the harmonic distortion, and
numerical data were not given for modulation distortion.

Goldstein and McLachlan [9] derive the harmonic dis-
tortion due to high pressures in the throat of a horn, but
do not derive nor measure the modulation sidebands

................

.......

! Y

Fig. 2. Midrange loudspeaker spectra. Top: high-quality
horn-type unit. Note absence of harmonics of the 510 Hz
signal and sidebands of first-order only of 43 and 46 dB
down (0.7% and 0.6%). Total rms modulation distortion,
0.9%. Output, 100 dB SPL at 2 ft. Bottom: typical 8 in. cone
midrange loudspeaker of direct-radiator type. Note harmon-
ics of f at 23 and 35 dB down; modulation sidebands of
first order at —25 dB (5.6%) and second-order sidebands of
26 dB (4.5% and —42 dB (.8%). Total rms modulation
distortion, 9.1%. Output, 90 dB SPL at 2 ft. f, = 510 Hz, f.
— 4.4 KHz; vertical scale = 10 dB per div., horizontal scale
— approximately 500 Hz per div.

resulting from reproducing two frequencies simultaneous-
ly. They cite another paper [10] but call attention to an
error of a factor of 4 in that paper.

It appears obvious that second-order harmonic distor-
tion and corresponding modulation distortion must occur
in horn throats at “intense” sound pressure levels. The
tests reported in the present paper involved output pres-
sures in excess of what would be tolerable from direct
radiators, but still with measured total modulation distor-
tion on the order of Y5 as great. Again, obviously, any
device can be driven to a power level where severe
distortion or failure must occur. The aim here was to
deal with realistic power output levels when comparing
the speaker types.

Impedance Variations with Horn Mouth Size

Wente and Thuras [11] used a bass loudspeaker with
about 25 sq. ft of mouth and obtained about a 7:1 ratio of
acoustic impedance. The bass horn used in present ex-
periments had a mouth opening of 5.3 sq. ft, which with
the mirror images formed by the walls in a corner
produces an effective mouth area of 21 sq. ft. The
motional impedance varies from 5 to 35 electrical ohm
(7.5 to 38 voice ccil ohm) measured over the 30 to 100
Hz range. Horns with very small mouths may exhibit
acoustic impedance variations of 50:1 or more, and
severe sound pressure response curve peaks and dips.
Choosing a frequency at a deep response dip and forcing
the input to achieve a given output could give rise to
severe distortion. Even with such an inferior horn loud-
speaker, the efficiency in a response dip is usually higher
than for a direct radiator having the same effective area,
and the distortion is lower.

There are exceptions; the reflexed midrange horn ex-
hibited a 24 dB peak-trough difference in the response
curve, and exhibited higher modulation distortion when
one of the frequencies was in the bottom of the dip and
the power was raised to give 100 dB SPL output. It was
still, however, as good as the direct radiator. This is not
a criticism of the horn, but of reflexing in such a way as
to produce a violent anomaly in the response curve.

CONCLUSION

How much modulation distortion can barely be detect-
ed, how much is irritating, and how much is intolerable
will vary with individual listeners, and will likely vary
with any one individual as his habituation changes. What
was “perfect sound reproduction” in 1905, 1925 and
1945 and what was 1955°s major breakthrough is looked
upon with more or less tolerance now. Our hearing has
been educated to better things. In the demonstration
tape, levels were chosen such that the results were unmis-
takable. Smaller amounts of distortion, even at and be-
low the levels detectible by A-B comparison, may be
objectionable by contributing to “listener fatigue”. As
people become more aware of loudspeaker faults it is
reasonable to expect them to become more critical.
James Moir [7] suggests that modulation distortion as low
as 0.001% is detectable by ear. He does not indicate
whether this numerical value is frequency deviation or
sideband amplitude.

Modulaticn distortion cannot be eliminated in loud-
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Fig. 3. Detailed spectra of high-frequency loudspeakers. Top: high-quality horn-type unit, paste-

up of three overlapping ranges. Bottom: Ionized-air high-frequency loudspeaker, paste-up of two
overlapping ranges. Note that the sidebands for the horn-type loudspeaker are 50 and 45 dB down
from the amplitude of f., compared to 10 dB down (30%) distortion) for the ionized-air loudspeaker.
f. = 5000 Hz, f. — 12,500 Hz at 0.5 V; vertical scale — 10 dB per div.. horizontal scale = approx-

jmately 1 KHz per div.

speakers; the best that can be hoped for is minimization.
If a diaphragm moves at all. it produces distortion.
High-efficiency horn loudspeakers display much lower
modulation distortion than the best direct radiators
tested so far, and the rule seems to approach being a law
that the higher the efficiency, the lower the distortion.

Among means to reduce distortion, one of the most
obvious would appear to be to increase the diaphragm
area. But the weight required to achieve rigidity, or the
lack of rigidity, present other and more formidable prob-
lems. All large diaphragm speakers tested here exhibited
audible “flexural” or “flapping” sounds.

Increasing the number of smaller direct-radiator loud-

speakers has also been used. This also improves efficien-
cy. although not to the extent realizable with well de-
signed horns: however, the bulk and cost equal or exceed
that of horns, and difficulties with polar response arise.
Those observed here and elsewhere appear to have
“muffled” sound, but whether this is due to the curtain of
modulation distortion or to the curtain of a masking
effect of enhanced bass has not been determined.

One further method of reducing the mud index in
direct radiator loudspeakers is to taper the bass below
about 70 Hz. Since little or no fundamental sound is
radiated by a symphony orchestra below about 45 Hz,
tapering would entail a loss of, say, 5 dB at the lowest
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Fig. 4. Far spectra of the high-frequency loudspeakers of
Fig. 3. Top: high-quality horn-type loudspeaker. Bottom:
ionized-air loudspeaker. The B&K V2 in. microphone purports
to be substantially flat to 40 KHz. Note that the ionized-air
loudspeaker may be generating sidebands at much higher
frequencies than shown; those in the audible range amount to
30% rms of the amplitude of f.. i = 5000 Hz, j. — 12,500
Hz at 0.5 V; vertical scale = 10 dB per div., horizontal scale
= 10 KHz per div.

fundamentals radiated by a large orchestra, and modula-
tion distortion would be reduced by more than 5 dB.

Apparently horn loading remains the best means to
reduce diaphragm excursion and increase efficiency so as
to minimize modulation distortion.

POSTLUDE

It was hoped early in these experiments that amplitude
and frequency modulation could be distinguished, but so
far this separation has been elusive. Pragmatically, the
total modulation distortion is what affects quality, and
when horn-type loudspeakers are shown to be capable of
higher output at lower total modulation distortion, it
seems fair to conclude that the sum of the amplitude and
frequency modulation distortion is really the sought
quantity.

However desirable it would be to measure each sepa-
rately, this remains “beyond the scope of this paper”.
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