The deter mination of:

Optimum Frequency Response Curvesin the Bass Range

A study of the audibility of different bass alignments by Ingvar Ohman.
First published in Musik och Ljudteknik, Sweden.

A. History and listening references

The purpose of this study was to determine, with listening tests in an objective situation, what divergence from
an optimum frequency response curve in the bass rangeisinaudible. It was also desired to determine some type
of subjective description of the "sound" from different divergencies from the "optimum curves'. This last task
resulted in two additional sets of curves. These two curves show how to minimise the subjective distortion from
adynamic and a static point of view, despite greater measurable reduction in the bass output.

In the case when you, for one reason or another, want to design a speaker system with a response curve that
deviates from the "inaudible curves' (e.g. to gain box size, efficiency or power capacity), | would suggest a
compromise between both the dynamic and the static characteristics. (Except, of course, if you request a
colouration from the speaker.)

Later experiments conducted with a large number of people have shown that, to a certain extent, audiophiles
prefer the dynamic more than the static qualities, while the average listener seemsto attach more importance to
the static behaviour. Classically aligned vented boxes (flat curve down to fh, then 24 dB/octave roll off
thereafter) with a40 Hz cut off frequency also manage well with the average listener. However, audiophiles and
live concert listeners often react to the sharper cut off from the static optimisation with comments such as: "The
bass is boxy, tired, undynamic, unmusical, boomy, unnatural.” and so on. On the other hand the audiophiles and
live concert listeners have less criticism for the larger cut off range with dynamic optimisation. Some have even
said "More air, more distinct, cleaner bass reproduction” about the audibly reduced but dynamically optimised
curves. The same curves that ordinary listeners call: "The bass has lost weight, sounds cold, no depth”, and so
on.

Until now all discussions have been about linear systems, which means those that are undistorted. In reality,
however, nonlinear distortions provide alarge part of the audible alteration of the reproduced sound from
commercialy available loudspeakers. (Thiswill be discussed further in the text under the heading " Statically
optimised closed boxes".)

Conditions chosen for the original study (1981)

To be able to test the properties of human hearing of the bass range in an objective way, it is necessary to give
the person in the test areference to compare the deviations with. If the experimental results shall be of any
value, it isimportant that the referenceis as "true" as possible when creating the conditions in audio
reproduction. Therefore, the following testing conditions were demanded:

1. All listening should be take place in an echo free (anechoic) environment.

2. The reference reproduction chain should have aflat frequency down to at least 12 Hz. Thisincludes the
entire chain from microphones, viatape recorder and amplifier, to the monitor speakers.

3. The musical/sound material to be used should vary over awide range from nearly completely static
sounds (e.g. the lowest notes from large organs), to almost completely dynamic bass sounds (e.g.
symphonic bass drums, doors closed to tight small rooms). About one hour of test material was collected
for the study.



4. The electronic filter box to be used for simulating the different alignments should have complete
flexibility to simulate all possible alignments of both vented and closed boxes. A specification of a S/N
better than 100 dB and distortion less than 0.1% over the 0-20000 Hz frequency range was al'so
demanded. It may be stressed that these specifications are not enough for all audio purposes, but for a
bass range only study the demands are lower.

The procedure

(1) First the echo free environment was to be established. It is common that many actual echo free rooms
have room influences as high as 200 Hz. Then things get worse the lower in frequency you go. What |
needed was free field conditions down to 10 Hz, which is much lower than a standard echo free room.
The only alternative was to use aatrue free field! This can be found on top of a high house with a steep
roof ridge or high enough up in the air to be able to disregard the ground reflection. The choice was made
to use ahigh tree, 12 metres up. The distance between the loudspeakers and the test person was set to 0.5-
1 metres, and the intensity of the ground reflection was measured to be 1/700 of the direct sound.

(2) Now the high specified reference equipment was to be composed. Of these, the microphones where
the least problematical. Two measurement microphones were used, with a cut off frequency of 0.2 Hz.
The second link was the microphone amplifier. It was built using discrete components and was provided
with an AC-coupling of 0.1 Hz. The tape recorder that was chosen was a Technics. It could on the lowest
speed reach 8 Hz after a small modification. The range 10-20 Hz was provided with asmall lift. The
power amplifier was DC-coupled. Finaly, the loudspeakers remained to be designed. The demand for
sound pressure was moderate, since the listening was to take place at a short distance. A check of the
recorded material showed that the range below 25 Hz needed much less power capacity. The choice was
for 6.5" bassdriversin 48 litre boxes. To get the required parameters in the easiest possible way, without
the use of too much equalisation correction, the cone mass was much increased and the suspension
dlightly modified. With these modifications the cut off frequency was 10 Hz. The range between 10 and
20 Hz showed a reduction complemented by the rise from the tape recorder. The complete reproduction
chain showed a response within +/-1 dB between 11 and 160 Hz. An upper range, not of exceptionally
high quality, was added in order to fulfill the desire to have a"true" reference and had a response of +/-2
to 3 dB up to 20 kHz. This speaker was far from optimised for norma music listening. First, it had aflat
frequency in afree field; second, the sensitivity was sensationally low (approximately 74 dB per W!)
without a corresponding high power capacity (it was 100 W). For this experiment, however, the speakers
where perfect.

(3) The music/sound program material was to be chosen, and recorded. The recordings where made, with
few exceptions, in natural acoustical surroundings. Just about any instrument with bass output was
recorded, even those with their fundamental tone in the higher bass range (e.g. kettledrums).

(4) The electronic box was fitted with four knobs representing the coordinates of the pole pairs. It also
had a three-way switch to remove one pole pair or replace it with asingle zero pole (aperiodic response).
Using thefirst, closed boxes could be simulated, and with the single zero pole it was possible to simulate
dipole speakers.

B. Thelistening tests. optimum frequency response curves

The original purpose of the tests was only to obtain limits of "allowed" frequency response deviationsin the
bass range. It soon was apparent that, even if it was possible to find these outer limits, it was not enough to stay
within them! Well, maybe not quite so surprising, since obviously very sharp bends even within these limits
may produce large group delays. Anyway, it was a surprise as to what small deviations where audible. It was
necessary to establish awhole set of curvesto get a useful result, and this was obtained using seven curves.
When you stay on these curves, or between two of them, it is possible to make the alignments "inaudible".



T s . t ¥ T
1 .r 4.1 L. A 8 __ K 3 1 B LI TR A T 1 1
.

a0

Optimum bass range frequency response curves (statically & dynamically uncoloured). Allowable deviation from any curve,

but not outside curves 1-7, is as follows:
50Hz: +1.0/-05dB, 40Hz: +1.5/-1.0dB,30Hz: +1.5/-2.0dB, 20Hz: +1.5/-5.0dB, 15Hz: +2.0/-10dB, 10 Hz: +3.0/-15

dB, 7Hz: +5.0/-25dB

Repeated experiments under deep concentration showed that curve 7, when using the most decisive musical test
signals, was able to be detected with statistical outcomes whose probability was alittle higher than plain
guessing. The reason that curve 7 is placed among the "optimum"™ curves, is that the room will elevate the
response about 10 dB below 20 Hz. The gist of this infrasonic response elevation is that optimum curve 7 not
only shall be accepted, but also in aroom isvery near the ideal curve that optimum curve 6 may be considered.
Instead it may be necessary to reject curve 1.

C. Thelistening tests. semi-optimised frequency response curves

Asstep 2 it was to be examined if the curves could be further cut off if the variety of the test signals was
reduced. It was soon noted that it was possible to divide the music/sounds into two main parts, placing
completely different demands on the frequency response curve. On the one hand, the dynamic test signals (e.g.
bass drums, stamping on awooden floor, the closing of doors, pizzicato on the double bass and similar sounds)
were serioudly distorted by abrupt bends in the response curve. Then again, it did not matter much if the entire
bass range was tilted down gently towards lower frequencies:
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Dynamically optimised frequency response curvesin the bassrange. Note: the upper thicker curve representsthe shar pest cut
off that is acceptable both statically and dynamically.

On the other hand we have the static signals (e.g. the organ, the bass tuba, etc.). With these signalsit was
important to keep a correct balance between the bass range as a whole (20-150) and the upper range (150 -
20.000 Hz). It proved to be sonically better to cut off rather sharply and equalise the remaining bass with a lift
in the curve just above the cutoff frequency.



Statically optimised frequency response curves in the bass range. Note: the upper/left thicker curve represents the sharpest
cut off that is acceptable both statically and dyamically.

When the cutoff frequency approaches 60 Hz a somewhat resonant and boomy quality appeared, especiall
the male voice, if the remaining bass was elevated to compensate for the lost low bass. Later experiments
showed that this problem, dt®nonlinear characteristics, is much worse from closed overemphasized boxes
than from vented boxes, where the rise is produced by the vent. This may seem a little strange since the cL
much steeper from the vented design, but the explanation dat@em the text, see: "Nonlinear properties of
Closed boxes".

Thesemi optimisednot to be confused with optimum) curves with different amounts of cutoff are like the
"optimised curves" presented by two set of curves, divided tdyth@micallyand thestatically optimised
curves. In both cases curve no. 7 (the sharpest cutoff that is acceptalstaticaly anddynamically is
plotted as reference.

Closed boxes: Optimum curves

Here | have limited the set to three curves, each of which is nateedhaf driver resonance frequency in the
box, 14, 20 and 33:



