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Dynamic Range Requirements of
Phonographic Preamplifiers

The task facing the phonograph pre-
amplifier is a complex one.! It must
interface properly with high source-
impedance cartridges, follow the
RIAA equalization curve pre-
cisely, and be immune from over-
load and nonlinearity from any sig-
nals present at the input, singly or in
any combination. Over the last several
years detailed information has be-
come available on the range of sig-
nals to be expected from cartridges,
and both musical signals and un-
desired warp and distortion signals
have been quantified.?*® Con-
sequences of the undesired signals on
the program material may now be
studied analytically and criteria set
for phonograph preamplifiers. At the
other end of the range, noise present
in the system has received increasing-
ly more sophisticated treatment, so
that now a psychometrically correct
comparison may be made between
the noise level achieved by design
and the theoretical limit.

Sonic Range Signals

In the low audio frequency range
from 20 Hz to 800 Hz, the maximum
allowable groove velocity is set by the
physical amplitude of the groove
width.* The criteria is set for LPs by
the cutterhead’s standard two-mil ex-
cursion, which is mechanically limited
by stops and practically determined
by playing time requirements. When
played with a conventional cartridge
having 1 mV/cm/sec sensitivity
through an RIAA equalized preampli-
fier with 40 dB of gain at 1 kHz, the
output overload level varies with fre-
quency as shown in Fig. 1. For other
sensitivies or gain, the curve may be
translated up or down as appropriate.

In the range from 800 Hz to ultra-
sonic, the maximum velocity is set
by the geometry of the cutting stylus.
If the maximum velocity limit were
exceeded in this range, the back facet
of the stylus (required for a smooth
groove wall) would interfere with the
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just-cut groove, causing high dis-
tortion by deforming it.

At the audio frequencies above 2
kHz, the playback stylus’ dimen-
sions become the dominant mechani-
cal limitation. The maximum cur-
vature of the groove wall cannot ex-
ceed the contact radius of the stylus
for low distortion. Two curves are
shown for this region. For spherical
stylii with 0.7 mil diameter, curve 2
applies, and for elliptical stylii of
0.2 mil minor diameter, curve 3 ap-
plies. The maximum undistorted
playback velocity at high fre-
quencies is extended by the ellipti-
cal and other special stylii. Special
stylii developed for CD-4 have
smaller contact radii with the groove
wall and consequent greater high fre-
quency tracking capability—all
other things being equal.

The curve in figure 1 then gives the
sine-wave low-distortion power re-
sponse of the cutterhead and cutting
stylus, cartridge, preamplifier com-
bination. That is, no single-frequency
component of program material
may exceed the limits for low repro-
duced distortion. But, because over-
load is a peak phenomenon for
which all frequency components in-
stantaneously add, the actual spec-
tral output of the preamplifier must
run substantially below the sine-
wave limit line. The amount below
is determined by the frequency and
phase characteristics of the program
material; since the energy distribu-
tion of orchestral music falls off with
increasing frequency, it is less likely
to produce high frequency overload
than modern popular or jazz record-
ings, with their increased high fre-
quency energy content.® The overall
record level should be adjusted down-
wards so that every peak fits under

the curve if low distortion is important.

In such cases, the overall record level
may need to be lowered so much that
noise becomes apparent, or the disc
plays back at a noticeably lower
level than others. Since these are not
commercially acceptable alter-
natives, peak levels beyond the

modulation limits do occur at high
frequencies. Good data exists for the
highest recorded velocities—some
““worst case” points are plotted on
Fig. 1.6 The 105 cm/sec peak is from
a Woody Herman recording, Verve
V-8558, side 1, band 2. The 40
cm/sec peak is from the Sheffield
Pressure Cooker recording; it is the
sibilance on the beginning of side 1
with a center of 11 kHz. Notice that
the 80 cm/sec peak imposes a more
severe output requirement than the
105 cm/sec peak due to its lower fre-
quency and consequent greater am-
plification. From this and earlier
studies one may draw the conclusion
that this high frequency stylus limit
called curvature overload is a
dominant one to dynamic range with
modern program material.

“Low distortion” keeps repeating
itself above as a criteria. Small, in-
frequent high-frequency overload of
the system probably goes unnoticed
since the high-frequency components
are often broad-band, which offers
built-in distortion masking. For ex-
ample, sibilance or cymbal crashes
to some degree contain their own
source of distortion masking by their
nature. Taken too far, however, sibi-
lance overload can turn a clean “s”
sound into one akin to rubbing two
blocks of sandpaper together; “tish”
becomes “tush.” Although low dis-
tortion reproduction is limited by
the cutter and playback stylus’ me-
chanical overload, the preamplifier
should be capable of reproducing
these overloads (and their correspond-
ing distortion components) cleanly
without intermodulation.

Ultrasonic and Infrasonic Signals
In the ultrasonic spectrum, a wide
survey of peaks from records has not
yet been made. Recently however, in-
formation has become available on
one well-known ““hot” record. The ul-
trasonic range output is shown in
Table 1 and plotted on Fig. 2. A mov-
ing-coil cartridge was used for this
measurement, since moving-magnet
cartridges driving cable capacitance in
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Fig. 1—Sonic cutting limits for low dis-
tortion playback. Uses 1 mV/cm/sec
cartridge with 40 dB/1 kHz gain RIAA
equalized preamplifier.
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Fig. 2—Ultrasonic and infrasonic
range signals measured from records
(same conditions as Fig. 1). No g»-
frasonic rolloff in preamp. Average
tone-arm/cartridge combination, f =
7 Hz, 5 dB peak. Worst warp envelope
shown.

parallel with the input impedance of
phonograph preamps form a low-pass
filter which attenuates response in the
ultrasonic range.” The low source im-
pedance of moving-magnet cartridges
provides flat electrical response
throughout the ultrasonic region.
While it may be argued that the out-
put from a cartridge at these fre-
quencies probably consists of dis-
tortion products that need not be re-
produced cleanly, difference tone in-
termodulation, i.e., distortion prod-
ucts appearing as f-f1, may become
audibly important. Any nonlinearity
in the phonograph preamplifier at
these frequencies and levels will act as
a detector and will thus produce out-
put in the audio range. Difference
tone intermodulation of two strong,
inband signals to produce a third has
been noticed in preamplifiers. “One
word of caution is in order. The pre-
amplifier used to amplify the repro-
duced signal must be an extraordi-
narily good one. Even some highly re-
spected amplifiers were found to in-
troduce sufficient IM with high-level
signals to partially obscure the contri-
bution of the pickup.””® Ultrasonic sig-
nals could produce similar problems.
The ultrasonic output voltage require-
ment is ameliorated by the RIAA
equalization; still, the preamplifier
should clearly be capable of handling
signals shown in the table with low
distortion.

The infrasonic range signals are
generated by warps on records inter-
acting with tone-arm/cartridge re-
sonance. Fortunately, a large amount
of data is available characterizing the
warps which occur on commercially
acceptable records which met the
1964 N.A.B. standards for record
warp.® The records in the survey were
not particularly badly warped. In-
stead, they were from a conventional
collection of records. The effect of
much more severely warped records
has not been included because of the
inherent difficulties of playing such
records, e.g. tracking them and their
severe warp-induced wow. Most
warps occur below 5 Hz (70 per cent)
with 95 per cent occurring below 8 Hz.
The envelope encompassing all the
measured warps, corrected for cart-
ridge sensitivity and preamplifier gain
and equalization, is shown in Fig. 3 as
curve 1. This maximum envelope has
not been corrected for the effect
of tone-arm and cartridge mass/
cartridge compliance peaking and
roll-off. Also shown is a single warp
at 4 Hz with a peak amplitude of
0.003 in. which was chosen from the
data to illustrate a “typical” warp. This
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and below the “typical” warp show Fig. 3—Infrasonic region responses.
the range of possible responses to that
warp from the best system upwards to
the worst. This shows that a 4 Hz warp
may be reproduced over a 24 dB span
by the range of available tone-
arm/cartridge combinations. Another
interesting phenomena is seen in the
difference between undamped sys-
tems and ones with pivot or arm oV : _ I
damping, such as has been advocated U H— #20
among audiophiles. In the case of the —
10 Hz, Q = 3 system, damping of the - : L +20
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base is seen to substantially increase A N
the output on warps below re- = e
sonance, even though this moderate = ==
degree of damping does not cause the 7 N
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Therefore, damping of optimum sys- FREQUENCY — Hz
tems is not recommended; it may,
however, prove useful in a system
with resonance in the 4 Hz region. For
the composite whole range curve of
Fig. 2, an average tone-arm/cartridge
system has been used with the typical
resonant frequency of 7 Hz with 5 dB
peaking. ‘

An example of cartridge/arm limits
is given in Fig. 4. The overall playback
system trackability has been modified
by the frequency response of the
tone-arm/cartridge system and by the
gain and equalization of the pre-
amplifier. The upper curve shows the
capability of this arm/cartridge com-
bination. The lower curve shows the
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Fig. 4—Trackability vs. frequency re-
ferred to output of RIAA equalized
preamp. No infrasonic cutoff. Adjust-
ed for 0.7 mV/cm/sec cartridge sensi-
tivity with 40 dB/1 kHz gain preamp.
Example: Shure V-15 lil.
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(1) WARP AMPLITUDE SPECTRUM
(2) LOCUS OF POINTS CONNECTING

WORST WARPS WITH COINCIDENT
TONE ARM PEAKS
\ 4Hz — I15SHz RESONANCE RANGE

IOOmV'

maximum output of this combination
from the worst warps. Once again, it
should be remembered that there are
statistically far fewer warps at 10 Hz
than at 4 Hz. The plotted point repre-
sents the response of this overall sys-
tem to our “typical”’ warp.

Figure 5 gives the warp amplitude
spectrum from Fig. 3 as curve 1 while
curve 2 represents the maximum out-
put possible at each frequency by
combining worst case warps with
tone-arm/cartridge systems peaks.
The capability of handling these warp
signals from records combined with
the range of the possible tone-
arm/cartridge peaks is a clear-cut per-
formance requirement for phono
preamps. And these signals must be
handled in the presence of sonic
range signals without cross-modu-
lation.

10 100
FREQUENCY —Hz

Fig. 5—1 mV/cm/sec cartridge sen-
sitivity, RIAA equalized.

All the information up to this point
has assumed no electrical low fre-
quency roll-off in the system. Previous
work has shown the usefulness of in-
frasonic rolloff. * The degree of rolloff
was set empirically by observation of
loudspeaker cones while playing
moderately warped records. Once the
criteria were set, group delay effects
associated with such rolloff were stud-
ied!? and were shown to be inaudible
on program material. The system con-
sequences of passing warp range in-
formation to the loudspeakers has not
been studied analytically. The pres-
ence of very low frequency warp
components coincident with program
material is expected to produce dis-
tortion in loudspeakers.

A loudspeaker driven simulta-
neously with mid-band and infrasonic
signals will produce both amplitude

Fig. 6—Subjective pitch and ampli-
tude fluctuation thresholds, after Stott
and Axon.
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and frequency modulation sidebands
around the mid-band signal. Al-
though a spectrum analyzer will read
both kinds of modulation equally, the
ear is much more sensitive to fre-
quency modulation distortion than
amplitude modulation distortion. Fig-
ure 6 shows the average threshold of
subjects listening to slow piano music
played in rooms to pitch and ampli-
tude fluctuations.’®* Note that the
pitch fluctuation threshold is lowest in
the range of 4 to 10 Hz, which un-
happily corresponds to the range of
warps and tone-arm/cartridge system
peaks. Also, the threshold for ampli-
tude modulation is more than an or-
der of magnitude greater than for fre-
quency modulation in this range.

Frequency modulation distortion
arises from the Doppler effect. Al-
though the audibility of F.M.D. is de-
batable on low-frequency program
material cross-modulating with high
frequency material, ™ the effect of
warp range signals with their attend-
ant high excursions intermodulating
with mid-range material is worth
study.

A simple equation for F.M.D. ex-
ists: 18

d.f. = 0.033 A/F; 1)

where A; = amplitude of cone mo-
tion, each side of rest, in inches; F; =
modulated frequency, and d.f. = dis-
tortion factor in per cent. Since this
distortion arises from cone motion
and is not due to acoustic output, the
relationship should hold for in-
frasonic signals present at the woofer.
It has been shown that the predicted
F.M.D. occurs in loudspeakers by sep-
arate measurements of AM and FM
sidebands. 16

Since this problem quickly becomes
overpowering if one tries to examine
all possible combinations of loud-
speaker, playing level, system rolloff,
etc., a reasonably chosen example
seems in order. A good acoustic sus-
pension, two-way loudspeaker, with a
10 in. woofer, was set up in an ordi-
nary listening position in a 2,000 cu. ft.
living room. One-third octave noise,
centered at 800 Hz, was fed the loud-
speaker, and the drive level was ad-
justed to produce an average 90 dB
sound pressure level in listening posi-
tions. The noise was then removed
and replaced by an 800 Hz sine wave
at the same drive level. Various fre-
quencies and amounts of infrasonic
signals were superimposed on the 800
Hz tone, representing a range of pos-
sible warp conditions assuming no
electrical rolloff in the system. The re-
sults are given in Table 2. The woofer
displacements corresponding with
the warps were measured and are
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Table 1—Ultrasonic content from a
record. Moving-coil cartridge playing
cymbal crash on opening of Sheffield
Vol. 3, Lab 1. Ref. 3.54 cm/sec peak
velocity = 0 dB. Direct measurement
of cartridge output before RIAA
equalization. Measurement made by
Dave Hadaway of DB Systems.

TkHz. .o 0dB
M0kHz...............o. L. +16dB
20kHz. ...l +6dB
QOKHZ. s o o5 cvesmusasovivminona 0dB
60kHz....................... +2dB
80kHz........................ -7dB
100kHz. ...................... -5dB

shown in the table. Distortion was
measured with a spectrum analyzer,
and under one set of conditions the
AM and FM distortions could be sepa-
rated due to a sideband null. Equation
1 checked for these conditions in-
dicating that Doppler distortion was
present in the amounts predicted by
theory.

The percentage of distortion arising
from these cone motions on the 800
Hz tone are given in the table. These
percentages correspond to the same
phenomena as flutter in tape record-
ers or turntables, but because of the
multiplicity of flutter standards in use,
they may not correspond with the
specified flutter numbers. Specifica-
tions weighted to the DIN peak stan-
dard should correspond fairly well,
however. The threshold for flutter is
given in Fig. 6. At 4 Hz, where the
worst warp velocities occur, the
threshold for an average listener is
about 0.4 per cent peak. Setting a crit-
ical flutter standard at two standard
deviations from the mean, so that
fewer than 5 per cent of listeners will
perceive the flutter, yields a criteria of
0.14 per cent peak flutter at 4 Hz.
These two flutter criteria are repre-
sented in Table 2 by the amount of at-
tenuation required to meet the stated
limit.

In order to make the problem man-
ageable, one set of conditions was an-
alyzed to produce the numbers in the
table. While this set of conditions rep-
resents a reasonable average, differ-
ent amounts of distortion will occur
under other conditions. As the play-
back level is raised, the cone ampli-
tude increases while the modulated
frequency stays constant so the dis-
tortion will increase and vice-versa. A
one-way speaker will be more suscep-
tible since a wider spectrum will be
handled simultaneously and the mod-
ulated frequency goes up; conversely,
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a lower crossover from the woofer to
a midrange or tweeter driver will
ameliorate the effect. Piano music
threshold represents a practical worst
case, in other real-world instruments,
vibrato in the production of sound
will more or less mask flutter sources
in the system. In addition, the random
nature of warp-induced flutter super-
imposed on complex musical signals,
where the influence of the flutter
stops at the top end of the woofer’s
range, complicates the problem fur-
ther.

The built-in stochastic nature of the
problem, along with these difficulties,
prevents an absolute solution to the
problem. As may be seen in Fig. 3 and
Table 2, the tone-arm/cartridge sys-
tem has a strong influence on the per-
formance of the system. Infrasonic fil-

should be suspected for their dis-
tortion contribution.

It is clear from Table 2 that some
amount of infrasonic attenuation is
desirable in nearly every circum-
stance. Larger amounts of attenuation
are useful to limit the modulation dis-
tortion generated in loudspeakers.
However, the practical upper limit on
infrasonic attenuation is set by the
group delay characteristics of the fil-
ter in combination with the tone-
arm/cartridge system. ldeally, the
group delay should be a small fraction
of the audible limits. Figure 7 gives the
data on limits of audibility and on the
standards of the Federal German Post
Office and West German broad-
casting companies. ¥4 Also shown is
the group delay of the infrasonic filter
with and without the influence of a

Table 2—Consequences of Infrasonic Drive on F.M. Distortion generation by loud-
speakers. Conditions: Midband output 90dB SPL in 2,000 cu. ft. room; acoustic suspension

2-way loudspeaker with 1.5kHz crossover.

Warp Freq./Amplitude 4Hz, typ.
Arm resonant frequency,  10Hz/ 7Hz/
peaking in dB +10dB +5dB
Ilbest" lltyp"

*displacement, inches +0.008" +0.022"

Flutter, % peak due to
loudspeaker at 800Hz.
Attenuation@4Hz required
to suppress flutter to
threshold of 50% of
population (0.4% peak)
Attenuation@4Hz required
to suppress flutter to
threshold of 5% most
critical listeners (0.14% pk)
Flutter, % peak due to loud-
speaker with 3-pole infra- 0.003
sonic filter @ -3dB=
15.5Hz; 4Hz, -36dB

none

0.21% 0.6%

3.5dB

3.5dB 13dB

0.009

1 4Hz, max.
4Hz/ 10Hz/ 7Hz/ 4Hz/
+10dB +10dB +5dB +10dB
“WOI'S(” "best” llt ” "WOI’S("
+0.090” *0.022" +0.055” +0.170"”
2.4% 0.6% 1.4% 4.5%

16dB 3.5dB 11dB 21dB

25dB 13dB 20dB 30dB

0.04 0.009 0.02 0.07

tering should not be used as a “’band-
aid” for bad tone-arm/cartridge sys-
tems since the bad system is likely to
be producing modulation distortion
in the cartridge, which no filter can
take out. Still, even the best tone-
arm/cartridge system requires 13 dB
of 4 Hz attenuation to make the warps
from the survey produce inaudible
flutter for 95 per cent of the popu-
lation.

It had been previously supposed
that vented box loudspeakers, un-
loaded below resonance, would ex-
hibit worse distortion on warps due to
longer cone excursions on warp sig-
nals. This theory was tested on one
vented box design. The unit tested
had distortion at about the same level
as the acoustic suspension design due
to a quite stiff driver suspension.
Speakers that exhibit long, uncon-
trolled motion visible on warp signals

worst case tone-arm/cartridge system.
At 50 Hz the group delay of the play-
back system is about one-fortieth of
the audible limit on program materi-
al.'"18 This makes mental sense if one
remembers that events happening at
low frequencies take a relatively long
time by definition. The “low-frequen-
cy transient” is practically a con-
tradiction in terms. Furthermore, low-
frequency group delay is unavoidable
in high-fidelity systems; the low-end
rolloff of the loudspeaker system,
combined with the response of the
room, will always cause a delay. How-
ever, even most of the vented-box
system alignments, with their relative-
ly long delays, fall under the limit of
perception even when aligned to the
relatively high frequency of 50 Hz.*®
And the high-quality acoustic-suspen-
sion design used in the distortion ex-
periment adds only about 4 m$S of 50
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Fig. 9—Worst case analysis, condi-
tions: 0.3 mV/cm/sec cartridge with
1:7 transformer, 36 dB gain @ 1 kHz.
Worse case tone-arm/cartridge curve
1; curve 2 as 1 but with infrasonic
3-pole filter.

Hz delay. Combined then with the
tone-arm/cartridge system, the pre-
amplifier filter, and the loudspeaker
response, the overall delay is 7 mS at
50 Hz, still more than an order of mag-
nitude below the experimental per-
ceptual limit.

Noise

A fundamental physical limitation
occurs at the other end of the dynam-
ic range, the thermal noise of the cart-
ridge. Thermal or Johnson noise as it
is called arises from the random na-
ture of vibrations of the charge carri-
ers in conductors. It is very similar to
the Brownian motion of particles.?
Recently the problem of character-
izing the noise contribution of the
cartridge has been solved. ?! The cart-
ridge source impedance, the load ca-
pacitance and resistance, RIAA equal-
ization, and psychometric weighting
for the effect of noise on human lis-
teners have all been given consid-
eration. 22 From the results, the funda-
mental noise limit of the circuit due to
the cartridge and its load may be com-
pared with the actual noise. Such a
comparison is called a noise figure
measurement; it is a method of speci-
fying how close a circuit approaches
the theoretical ideal. The weighted
noise for one cartridge characterized
is equal to 84 % dB below 10 mV input.
Since high quality preamplifiers have
noise levels of about 82 dB below 10
mV rms referenced to the input with a
cartridge connected and weighted,
the noise figure is about 2 dB—a very
close approach to the ideal. Pre-
amplifiers designed for low shorted-
input noise may not be as good as
those designed for cartridge con-
nected noise when the cartridge is
used. The use of such a noise figure
comparison measurement is recom-
mended since it provides the simplest
means of stating what we would most
like to know, how close does the
device under test approach psycho-
acoustic perfection? 23

Conclusion

All signals known to be available
from cartridges have been studied for
their potential to cause distortion in
preamplifiers and infrasonic signals
have been studied for their effect on
loudspeakers. The most stringent
combination of conditions in each
frequency band are plotted in Fig. 9. A
moving-coil cartridge of the high out-
put variety, combined with a step-up
transformer, was used for this worst
case analysis. In the infrasonic range, a
series of resonant frequencies for the
tone-arm/cartridge system was cho-
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sen and added to the worst case rea-
sonable warp at each frequency to
produce a worst case requirement.
The output requirement is eased by
the infrasonic filter as shown in curve
2, although the signals must be han-
dled linearly at the input even with
the filter. Referenced to the input,
over-load capability of 100 mV rms at
1 kHz will handle all the signals in the
sonic range; however, if the pre-
amplifiers’ input overload curve fol-
lowed inverse RIAA equalization pre-
cisely (which many do), it would over-
load at 10 mV rms input at infrasonic
frequencies. In order to accommo-
date the worst set of conditions at 3 to
4 Hz, the input overload should be on
the order of 35 mV rms minimum.
And this strong infrasonic signal must
be handled without intermodulating
the program material.

At the other end of the dynamic
range, the notion that noise in pre-
amplifiers should be specified as psy-
choacoustic noise figure for the most
meaningful comparison has been in-
troduced.

Acknowledgements

I wish to thank Bob Berkowitz and
Jim Cates of Acoustic Research, Inc.;
Al Groh of Shure Bros.; Andy Petite of
Advent, and Dave Hadaway of DB Sys-
tems for their help. The group delay
audibility experiment with clicks re-
ported in the February article in Au-
dio was conducted by Mark Davis of
M.IL.T. A4

References

1. This article is based in part on one
by the author published in The B.A.S.
Speaker, Vol. 5, No. 7 (April, 1977).

2. L. Happ, and F. Karlov, “Record
Warps and System Playback Perform-
ance,” J. Audio Eng. Soc., Vol. 24, No.
8 (October, 1976) pp. 620-638.

3. J. Kogen, B. Jakobs, and F. Karlov,
“Trackability—1973,” Audio, Vol. 58,
No. 8 (August, 1973) p. 16. The infor-
mation in this article was updated in:
Cary Lu, “November B.A.S. Meeting,”
The B.A.S. Speaker, Vol. 5, No. 3 (De-
cember, 1976) pp. 17-21.

4. The information in this section is
drawn from the above three refer-
ences which report on work done at
Shure Bros. by a variety of people.

5. Benjamin B. Bauer, ““Octave-Band
Spectral Distribution of Recorded
Music,” J. Audio Eng. Soc., Vol. 18,
No. 2 (April, 1970) pp. 165-172.

6. Kogen, et al., op. cit. p. 16.

7. Tomlinson Holman, “New Factors
in Phonograph Preamplifier Design,”
J. Audio Eng. Soc., Vol. 24, No. 4 (May,
1976) pp. 263-270.

AUDIO e July 1977

8. ].G. Woodward, and R.E. Werner,
"’High-Frequency Intermodulation
Testing of Stereo Phonograph Pick-
ups,” J. Audio Eng. Soc., Vol. 15, No. 2
(April, 1967) pp. 130-142.

9. Happ and Karlov, op. cit. p.631.

10. 1bid, p. 636.

11. Tomlinson Holman, “New Test for
Preamplifiers,” Audio, Vol. 61, No. 2
(Feb., 1977) pp. 58-64.

12. 1bid, p. 62. The worst case test re-
ported was conducted by Mark Davis
at M.L.T.

13. A. Stott, and P.E. Axon, “The Sub-
jective Discrimination of Pitch and
Amplitude Fluctuations in Recording
Systems,” Proc. Inst. Elec. Eng., Vol.

102B, No. 5 (Sept., 1955) pp. 643-656._

Reprinted in J. Audio Eng. Soc., Vol. 5,
No. 3 (1957) p.142.

14. H.D. Harwood, “Loudspeaker Dis-
tortion Associated with Low-Frequen-
cy Signals,” J. Audio Eng. Soc., Vol. 20,
No. 9 (Nov., 1972) pp. 718-728.

15. G.L. Beers, and H. Belar, “Fre-
quency-Modulation Distortion in
Loudspeakers,” Proc. I.R.E., Vol. 31,
No. 4 (April, 1943) pp. 132-138.

16. James Moir, “Doppler Distortion
in Loudspeakers,” Preprint 925 (B-3)
Presented at the 46th Convention of
the Audio Engineering Society Sept.,
1973.

16A. Ernst Belger, E.A. Pavel, and Hans
Rindfleisch, “iiber den Einfluss von
Laufzeitverzerrungen und Frequenz-
bandbeschneidungen bei der Uber-
tragung von Rundfunkarbeitungen,”
FTZ Book 8, 1955, pp. 445-455.

17. 1bid.

18. The 50 Hz group delay of the filter
alone is 2 mS. Combined with an
arm/cartridge system with a 15 Hz re-
sonance with a Q of 3 (up 4 dB at 20
Hz) the 50 Hz group delay is 3 mS. The
limit of detection is 120 mS; the Ger-
man standard is 70 mS.

19. A.N. Thiele, ““Loudspeakers in
Vented Boxes: Part Il,” J. Audio Eng.
Soc., Vol. 19, No. 6 (June, 1971) p. 471.

20. C.D. Motchenbacher, and F.C. Fit-
chen, Low Noise Electronic Design
(Wiley, New York, 1973)

21. B.I. Hallgren, “On the Noise Per-
formance of a Magnetic Phonograph
Pickup,” J. Audio Eng. Soc., Vol. 23,
No. 7 (Sept., 1975) pp. 546-552.

22. Herman O. Wilms, “Subjective or
Psophometric Audio Noise Measure-
ment: A Review of Standards,” J. Au-
dio Eng. Soc., Vol. 18, No. 6 (Dec.,
1970) pp. 651-656.

23. Although 0 dB is considered the
limit for noise figure, changes to the

equivalent circuit can produce less |

noise. Any such change in the circuit
must be examined for its frequency
response consequences.

Specs and numbers by themselves can
be meaningless. Take phono cartridges.
Despite the fact that this state of the art
has never been higher, with wide range,
flat frequency response, excellent sepa-
ration and superb tracking ability taken
for granted, there's still room for
improvement in the sound reproduction
of even the best records. And in many
systems, the cartridge itself is the limit-
ing factor. We believe Sonus effectively
removes this limitation.
What makes Sonus so
audibly superior?

Differences in cartridges are hard to
readily identify. But sensitive ears will
easily recognize Sonus as having a repro-
ductive quality that brings out the inner
voices of complex musical passages with
extraordinary clarity. A high definition
cartridge that, because of a combination
of design features, including its newly
patented cantilever suspension, reprodu-
ces music with an uncanny sense of
depth, ambience and realism.

So the next time you're considering
an improvement in your audio system,
consider upgrading your cartridge. Com-
pare specs if you must. (You'll find that
ours are equal to, if not better than any-
body’s.) But buy with your ears, not your
eyes.

Because man does not listen by
specs alone.

SONIC RESEARCH, INC., Sugar Hollow Rd.
Danbury, Conn. 06810

High Definition Phono Cartridges
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