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1 INTRODUCTION

Studies into the effects of acoustical loading on the in-situ response of loudspeakers generally con-
sider the dfects of room boundaries™ and room modes®”. Small two-way loudspeakers in control
rooms and studios are positioned close to the listener in ader to reduce room effects. These so-
called “near-field monitors” are frequently positioned on the meter bridge of large format consoles,
on some construction around medium format consoles, or simply on the desktop of a workstation
control surface. Sometimes loudspeakers are mounted onto a stand in order to avoid mechanical
coupling and reduce the level of the reflection off a surface. In all of these cases, acoustical loading
of the surface reflection affects the in-situ magnitude response. Assuming that the surface is acous-
tically solid, the desktop acoustical loading can be predicted and is a function of the surface area. A
typical +3 m’ surface causes an upward deviation in the in-situ magnitude response between 100~
250 Hz as well as comb filter in the mid-to-high frequencies.

The effects of a deskiop (2.1 m x 1.2 m = 2.52 mz) on the impulse response of a loudspeaker in an-
echoic conditions are shown in Figures 1 and 2. A reflection is visible about 1 ms after the direct
impulse. In the frequency domain, the reflection causes strong comb filtering starting at 1 kHz as
well as an acoustical loading related increase in level over the range 100 ~ 500 Hz.
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Figure 1. Impulse response of a loudspeaker Figure 2. Unsmoothed anechoic magnitude
mounted near a desktop in anechoic condi- response of a loudspeaker mounted near a
tions. A reflection is clearly visible. desktop. Loading and comb filtering are visi-
ble.

In non-anechoic conditions the in-situ response is often affected by reflections off other nearby
boundaries. A typical example of a notch filter being required to compensate for the acoustical load-
ing of a mixing console is shown in Figure 3. Other features often seen in the low frequencies are
associated with cancellations due to reflections off nearby large acoustically solid surfaces such as
the walls, floor or ceiling. An example of 50 and 100 Hz cancellations caused by these reflections
can be seen in Figure 4. Other cancellations can also be seen at higher frequencies. In the range
300-700 Hz there is often a broad dip in the magnitude response due to coincidence of higher fre-
quency notches caused by comb filtering due to reflections. An example of this can be seen in
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Figure 5. Also visible in this figure is comb filtering in the range 0.5-5 kHz due to a reflection off the

desktop surface.
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Figure 3. A typical example of the effect of
acoustical loading on the magnitude esponse
of a loudspeaker and the compensation filter
required to correct for it.
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Figure 4. A notch at 100Hz caused by a reflec-
tion reduces the effect of acoustical loading.
Other cancellations are also apparent.
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Figure 5. In addition to the effects shown in
Figure 2, constructive interference at 150 Hz
increases the effect of acoustical loading.
Desktop comb filtering is also visible in the
range 500-5000 Hz.

The purpose of this paper is to investigate the effect of this acoustical loading within the frequency
band of 100-250 Hz on 89 in-situ magnitude responses after having already equalised the loud-
speakers using the existing set of Room Response Controls®™. Secondly, the parameters are de-
termined for a single compensating notch filter design to equalise this upward deviation. Finally, a
statistical evaluation is conducted to determine the benefit of applying such a “one-size-fits-all” filter
individually to each of the responses. An optimisation algorithm is used to define notch filter -

rameters.

.2 IN-SITU EQUALISATION AND ROOM RESPONSE CONTROLS

A notch filter'* was constructed using a bi-quadratic transfer function of the form,
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where the scaling of the transfer function is given by the coefficients,
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with the centre frequency f,, sampling frequency fs, gain of the resonance A, calculated from the
dB-gain value G, and the Q-value Q. The transfer function coefficients are then defined as,
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3 OPTIMISATION OF THE EQUALISATION

Boundaries are defined for he gain G (0 to —20 dB), centre frequency fy (100-250 Hz) and Qvalue
Q (0.5 to 20). Initial values were set to G = 0 dB, fy = 150 Hz and Q = 4.33 (third-octave). A least
squares method, Matlab’s “Isgnonlin” function15, minimises the objective function,

. Lola (n) x|
E? o | 2224y “)
mE T |

where x(f) is the third-octave smoothed"® magnitude of the loudspeaker's in-situ frequency re-
sponse, an(f) is the notch filter magnitude response, xo(f) is the target response (a flat response at
0dB) and the frequencies f; and f, define the optimisation band frequency range (100-250 Hz).

Visual inspection of the loudspeaker magnitude responses after equalisation shows that the algo-
rithm is robust in finding the global minimum.

4 LOUDSPEAKER MEASUREMENTS

The 89 active loudspeakers analysed in this study were Genelec 1030A (15 units), 1031A (52 units)
and 1032A (22 units). The loudspeaker measurements were supplied by one of the authors (62
measurements) and by a calibration engineer (27 measurements). The measurements were -
lected on the basis that the loudspeaker cabinets were known to be positioned near a large reflect-
ing surface such as a desktop or mixing console. All loudspeakers were equalised using the existing
set of Room Response Controls (Bass Roll-off, Bass Tilt and Treble Tilt). Two acoustic measure-
ment systems were used to acquire the impulse responses (Table 1).
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The RMS deviation within the optimisation range 100-250 Hz was recorded for each magnitude re-
sponse before and after applying a notch filter designed individually to compensate any upwards
deviation in the magnitude response. This statistic was used to study how the objective response
quality had changed due to individualised notch filtering.

Table 1. Settings in the measurement systems.

Measurement System MLSSA" WinMLS 2000
Neutrik 3382 Microphone '~ OM2099 RG2455
Sample rate, fs 75.5 kHz 48 kHz
MLS sequence order 14 14
Averages 1 1
Impulse response length 0.217 s 0.341s
Time window Half-cosine Half-cosine
FFT size 16384 16384
Frequency resolution 4.61 Hz 2.93 Hz

5 RESULTS

Summary statistics of the upward deviations found in the frequency range 100-250 Hz for the 89
loudspeaker magnitude responses are shown in Table 2.

Table 2. Summary statistics for the upward deviations in loudspeaker measurements within the fre-
quency range 100-250 Hz.

Median Standard Devi ation
Peak Frequency 141 Hz 31.1 Hz
Peak Deviation from Baseline 5.00 dB 1.52 dB
RMS Deviation 3.38 dB 0.98 dB

5.1 Individually Designed Notch Filters

Third-octave smoothed magnitude responses were calculated for each loudspeaker measurement
and a microphone correction applied. The pressure response of each loudspeaker measurement
was normalised to the nedian value of the range 400 Hz to 15 kHz. The least squares optimiser
(Equation 4) was used to find the parameters for a notch filter (Equations 1-3) to correct upward
deviations in the magnitude response in the range 100-250 Hz individually for each loudspeaker
measurement.

Despite the positioning of the loudspeakers near a desktop, 20 (22%) of the 89 loudspeaker meas-
urements did not require notch filter equalisation to minimise the RMS dbviation in the range 100-
250 Hz. These loudspeakers were therefore excluded from the rest of the analysis.

The maximum height of the deviation and attenuation of the notch filter for each loudspeaker meas-
urement are shown in Figure 6. Figure 7 shows the same data as a scatter plot that indicates good
correlation between the peak gain in the loudspeaker measurement and the notch filter gain. The
frequency of the highest deviation and the centre frequency of the notch filter for each loudspeaker
measurement are shown in Figure 8. Figure 9 shows the same data as a scatter plot and again
there is good correlation between the loudspeaker measurement and the notch filter. The notch fil-
ter Qvalue for each loudspeaker measurement is shown in Figure 10. The RMS deviation in the
range 100-250 Hz before and after applying a notch filter and the change in the RMS are shown in
Figure 11. Figure 20 in Appendix A shows box plots and histograms of the RMS deviation in the
range 100-250 Hz before and after applying a notch filter. Also shown is the change due to equali-
sation. Summary statistics for the individually optimised notch filters are shown in Table 3. In all
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cases the RMS deviation has been reduced (improved) after the individually optimised notch filter
has been applied to each magnitude response.

Scatter plots (Figures 12—14) of the optimised filter parameters show that there is no correlation be-
tween each of the parameter combinations, for example, a low Q factor does not correspond to a
low gain or a low centre frequency. The centre frequencies of individually designed notch filters do
not in all cases coincide with the upward deviation peak values, creating the outliers seen in Figure
9. These outliers result from the fact that the notch fiter design considers the range 100-250 Hz,
whereas the upward deviation frequency & taken to be the highest value in the upward deviation.
The highest value does not measure central tendency of the upward deviation, whereas the notch
filter centre frequency will tend towards this value because of the design method, creating a possi-
bility for discrepancy between the two.

Table 3. Individual notch filter summary statistics.

Median Standard Deviation
Notch Centre Freq, f 147 Hz 27.5Hz
Notch Gain, G -5.69 dB 2.12 dB
Notch Q-value, Q 5.36 4.91
RMS Deviation After 2.31dB 1.13dB
RMS Deviation Change -0.79dB 0.73dB
Peak Value of 100-250 Hz Deviation and Notch Filter Attenuation Centre Frequency of 100-250 Hz Deviation and Notch Filter
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Figure 6. Peak value of the upward deviation
and individually optimised notch filter attenua-
tion for each loudspeaker measurement.
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Figure 7. Peak value of the upward deviation
and individually optimised notch fifter attenua-
tion for each loudspeaker measurement.
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Figure 8. Frequency of the upward deviation
and individually optimised notch filter centre
frequency for each loudspeaker measurement.
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Figure 9. Frequency of upward deviation and
individually optimised notch filter centre fre-
quency for each loudspeaker measurement.
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Figure 10. Individually optimised notch filter Q-
value for each loudspeaker measurement.
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Figure 11. RMS deviation in the range 100~
250 Hz before and after equalisation, and the
RMS deviation difference after applying indi-
vidually optimised notch filters.
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Figure 12. Scatter plot of centre frequency vs.
gain.
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Scatter Plot of Cantre Frequency vs. Q-value
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Figure 13. Scatter plot of centre frequency vs.
Q-value.
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Figure 14. Scatter plot of gain vs. Q-value.
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5.2 Fixed Notch Filter Based on the Median of the Magnitude Responses

A notch filter was designed to compensate the upward deviation in the median of the responses,
and then applied to each individual magnitude response to evaluate the benefit of a fixed filter db-
sign.

Third-octave smoothed magnitude responses were calculated for each loudspeaker measurement
and a microphone correction applied. The pressure response of each loudspeaker measurement
was normalised to the median value of the range 400 Hz to 15 kHz. The median of the 69 magni-
tude responses that remain in the study was calculated. A least squares optimiser was used to find
the parameters for a single notch filter to correct the upward deviation within 100-250 Hz range.

This median of the responses is shown in Figure 15. Also shown are the upper and lower quattiles
and the 10% and 90% percentiles. A systematic low frequency upward deviation can be seen in all
the percentile curves. Figure 16 shows the median of the magnitude responses, the notch filter to
correct the upward deviation, and the equalised median of the magnitude responses.

The RMS deviations for all the responses in the range 100-250 Hz before and after applying this
notch filter, and the change in the RMS deviation due to equalisation, are shown in Figure 17.
Summary statistics for the single optimised notch filter are shown in Table 4. Figure 21 in Appendix
A shows box plots and histograms of RMS deviations in the range 100-250 Hz kefore and after
equalisation. Also shown is the change due to equalisation. In the majority of cases the RMS devia-
tion has been improved, but 19 of the measurements show no change or are made worse by filter-

ing.

Table 4. Fixed notch filter design based on the median of the magnitude responses, and the result-
ing statistics.

Median Standard Deviation
Notch Centre Freq, fy 146 Hz -
Notch Gain, G -3.48 dB -
Notch Q-value, Q 3.23 -
RMS Deviation After 2.99 dB 1.09 dB
RMS Deviation Change -0.46 dB 0.51 dB
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Figure 15. Median and percentiles of the mag- Figure 16. Median of the magnitude responses
nitude responses for 69 loudspeakers. before and after equalisation.
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Effect of Overall Notch Filter Equalisation
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Figure 17. RMS deviation in the range 100—
250 Hz kefore and after equalisation, and dif-
ference in the RMS deviation, for each loud-
speaker measurement equalised with a fixed
notch filter.

5.3 Room Response Control Optimisation Algorithm

The fixed notch filter based on the median of the magnitude responses has been incorporated into
the automated in-situ optimiser (DIPtimiser), previously described in®'2 as a Desktop LF Control.
An example loudspeaker measurement, taken from Figure 3, is shown in Figures 18 and 19. As a
result of applying the new Room Response Control, the reported broadband RMS deviation has
been improved from 2.41 dB to 2.01 dB.

Equalised
Response

Figure 18. Magnitude esponses before and Figure 19. OUtPUt sectlon ShOWS that only the
after equalisation for the loudspeaker meas- Desktop LF Control is required on the previ-
urement shown in Figure 3. ously equalised loudspeaker.

6 DISCUSSION

The existing Room Response Controls in the active loudspeakers (Bass Roll-off, Bass Tilt and
Treble Tilt) achieve a good broadband balance but fine detail is not corrected. Also uncorrected is a
systematic effect due to the loading from a deskiop positioned near the loudspeaker cabinet. An
upward deviation of peak value 5.00 dB * 1.52 dB centred on 141 Hz = 31.0 Hz is observable in
approximately 80% of the 69 analysed cases in this study requiring additional equalisation. This &f-
fect would be expected in any conventional direct radiating two-way design mounted in such a way,
as it occurs below 250 Hz where loudspeakers of this size are relatively omni-directional.

Correcting fine detail at high frequencies may not be as significant as correcting for the broadband
frequency response balance, because the human hearing system is more sensutlve at detecting
wideband imbalances than small narrow band deviations in the magnitude response . The desk-
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top loading at low frequencies (100-250 Hz) becomes subjectively important, creating a “boomy”
sound quality, because the critical bandwidth decreases towards low frequencies. The acoustical
loading due to a large surface or a tabletop positioned in front of a loudspeaker is independent of
the listening position and the upward deviation was seen in varying amounts across all percentiles
of the magnitude responses. This can be corrected using a single notch filter.

When a notch filter is optimised for each loudspeaker measurement individually, the median m-
provement in the RMS deviation in the mnge 100-250 Hz is 0.81 dB. The magnitude response is
improved in all cases but a spread is found in the individual notch filter parameters.

When a single notch filter (fixed filter design) is designed based on the median of the magnitude re-
sponse all the loudspeakers pooled together, and this single filter is applied to all the magnitude re-
sponses, the median improvement in the RMS deviation in the range 100-250 Hz is 0.46 dB. The
fixed notch filter achieves 57% of the improvement achieved by notch filters optimised individually
for each loudspeaker. 19 measurements show no change or degradation in terms of the RMS -
viation, so the magnitude esponse is improved in 72% of cases. Accounting for the other 20 cases
where no equalisation was required, establishes that 56% of loudspeakers placed near a deskiop
benefit from applying a fixed notch filter.

Median parameter values for notch filters optimised individually for each loudspeaker are fy = 147
Hz, G= -5.43 dB and Q = 5.29. The parameters of the fixed notch filter design are fy = 146 Hz, G =
-3.48 dB and Q = 3.23. The centre frequency shows good agreement but the gain is shallower and
Q-value lower for the fixed design. This reflects the effect of filtering individual loudspeaker meas-
urements before pooling rather than pooling the loudspeaker measurements before optimising the
filter.

In the case of the fixed filter design, it is interesting to note that a graphic equaliser cannot be used
to simulate this notch filter, although the Qvalue is similar to that of a graphical analyser and the
gain of a graphical equaliser band can be freely adjusted, as the optimum notch filter centre fre-
quency lies between two standard centre frequencies 125 Hz and 160 Hz?>%,

The proposed desktop loading compensation filter is now available in actlve |oudspeakers % and has
been successfully added to the automated optimisation algorithm for use in automated in-situ cali-
brations (DlPtlmlser)

7 CONCLUSIONS

The objective of this paper was to find a notch filter that can compensate for the effects of acousti-
cal loading when two-way loudspeakers are mounted near desktops.

To define the shape of the most useful fixed compensating filter, a study was performed of 89 in-situ
equalised responses of loudspeakers positioned near large reflecting surfaces. The magnitude e-
sponses were normalised and pooled to visualise any systematic effects. After equalisation using
the current set of Room Response Controls, the remaining major feature in the magnitude response
was attributable to the desktop acoustical loading. The typical loading can be described as an go-
proximately third-octave wide 5 dB high upward deviation centred at 141 Hz.

The median of the magnitude responses was used to design the correcting notch filter. The optimal
parameters were found to be fy = 146 Hz, G = -3.48 dB and Q = 3.23. A graphic equaliser cannot
be used to simulate this notch as the centre frequencies do not match. Applying the correcting filter
improved the RMS deviation in the range 100-250 Hz from 3.38 dB to 2.99 dB. An improvement
was seen in over 50% of the magnitude responses. When a loudspeaker is mounted near a desk-
top, the proposed filter can improve the magnitude response in more that one in two cases.

Given that the acoustical loading effect caused by a nearby reflecting surface is relatively common
in two-way near-field installations, an additional control has been added to the standard Room Re-
sponse Control set built in loudspeakers. This “Desktop Low Frequency Control” is an active notch
filter added in the bass channel of an active loudspeaker. The new control has also been added to
the automated optimisation algorithm for use in in-situ calibrations.

Vol.26. Pt.8.2004 132



Proceedings of the Institute of Acoustics

8

ACKNOWLEDGEMENTS

The authors would like to thank Christophe Anet for supplying 20 of the loudspeaker measurements
used in this analysis and Genelec Oy for facilities to produce this paper’s content.

10

11

12

13

14

15

16

17
18
19
20

21

REFERENCES

Allison R. F., “The Influence of Room Boundaries on Loudspeaker Power Output’, J. Audio
Eng. Soc., vol. 22, pp. 314-320 (1974 June).

Beranek L. L., Acoustics (Acoustical Society of America, 1993).
Borwick J., Loudspeaker and Headphone Handbook (2. ed., Focal Press, 1994).

Kinsler L. E., Frey A. R., Coppins A. B. and Sanders J. V., Fundamentals of Acoustics (3.
ed., John Wiley and Sons, 1982).

K. O. Ballagh, “Optimum Loudspeaker Placement Near Reflecting Planes”, J. Audio Eng.
Soc., vol.31, pp. 931-935 (1983 Dec.).

Cox T. J. and D’Antonio P., “Determining Optimum Room Dimensions for Critical Listening
Environments: A New Methodology”, presented & 110th Conv. Audio Eng. Soc., preprint
5353 (2001 May).

Groh, Allen R, “High-Fidelity Sound System Equalization by Analysis of Standing Waves”, J.
Audio Eng. Soc., vol. 22, pp. 795-799 (1974 Dec.).

Martikainen |., Varla A. and Partanen T., “Design of a High Power Active Control Room
Monitor”, presented at 86th Conv. Audio Eng. Soc., preprint 2755 (1989 Mar.).

Goldberg A. P., Makivirta A., “Automated In-Situ Frequency Response Optimisation of Ac-
tive Loudspeakers”, presented at 114th Conv. Audio Eng. Soc., preprint 5730 (2003 Mar.).
Goldberg A. P., Makivirta A., “Statistical Analysis of an Automated [n-Situ Frequency Re-
sponse Optimisation Algorithm for Active Loudspeakers”, Proc. 23rd Conf. Audio Eng. Soc.,
paper 3-3 (2003 May).

Goldberg A. P., ‘In-Situ Frequency Response Optimisation of Active Loudspeakers”, (M.Sc.
Thesis, Helsinki University of Technology, Department of Acoustics and Audio Signal Proc-
essing, 2004 Jan).

Goldberg A. P., Makivirta A., “Performance Comparison of Graphic Equalisation and Active
Loudspeaker Room Response Controls”, presented at 116th Conv. Audio Eng. Soc., pre-
print 6108 (2004 May).

Genelec Oy, http://www.genelec.com (2004 Aug).

Bristow-Johnson, R., “Cookbook formulae for audio EQ biquad filter coefficients”,
www.harmonycentral.com/Computer/Programming/Audio-EQ-Cookbook.txt, "Peaking EQ
(parametric EQ block)” (2004 Aug).

The MathWorks, “MATLAB Optimisation Toolbox (v.2.3)’, The MathWorks Inc., Natick,
(2003).

Moore B. C .J., Glasberg B. R., Plack C. J. and Biswas A. K., “The shape of the Ear's Tem-
poral Window”, J. Acoustical Soc. America, vol. 83, pp. 1102-1116 (1988 Mar).

MLSSA, hitp://www.mlssa.com (2004 Aug).
WinMLS2000, http://www.winmls.com (2004 Aug).
Neutrik Test Instruments (NTI), http://www.nt-instruments.com (2004 Aug).

Toole F. E., Olive S. E., “The Modification of Timbre by Resonances: Perception and Meas-
urement”, J. Audio Eng. Soc., vol. 36, pp. 122-141 (1988 Mar.).

Olive S. E., Schuck P. L., Ryan J. G, Sally S. L., Bonneville M. E., ‘The Detection Thresh-
olds of Resonances at Low Frequencies’, J. Audio Eng. Soc., vol. 45, pp. 116-127 (1997
Mar.).

Vol.26. Pt.8.2004 133



Proceedings of the Institute of Acoustics

22 ISO 266:1997 “Acoustics — Preferred Frequencies, 2nd Ed”, International Standards O-
ganisation, Geneva (1997).

23 IEC 1260: 1995-07: “Electroacoustics - Octave-band and fractional-octave-band filters, 1st
Ed”, International Electrotechnical Commission, Geneva (1995).

APPENDIX A — BOX PLOTS AND HISTOGRAMS
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Figure 20. Responses equalised using individually designed notch fiter designs. RMS deviation in
the range 100-250 Hz before applying the filters (left plots) and after applying the individually opti-
mised notch filters (centre plots) equalisation. Change due to equalisation (right plots).
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Figure 21. Responses equalised using a fixed filter design. RMS deviation in the range 100-250 Hz
before applying the notch filter (left plots) and after applying the fixed notch filter design to all e-
sponses (centre plots). Change due to applying the fixed notch filter design (right plots).
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