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ABSTRACT 

Even excitation of room modes is prerequisite to a balanced low frequency (lf) transfer characteristic. The 
evaluation of multi channel systems has shown that spatially distributed low frequency sources can yield to complex 
mode excitation patterns. In this paper the influence of the position and the phase adjustment on the summation of 
the main speakers and a “single” LFE is addressed. Furthermore, in multi channel applications the listener expects a 
well-balanced transfer characteristic not only at a particular listening position but also across a larger listening area. 
Multiple low frequency sources with cardioid radiation characteristic represent a flexible solution to this problem. 
The beneficial impact of using up to four cardioid subwoofers on the balance of the lf-room transfer function is 
shown. Particular interest has been paid to the decay times of individual modes as well as on the signal summation 
of LFE and main speakers. Further investigations cover the influence of the number of low frequency cardioids and 
how it relates to the spatial level variation of the low frequency transfer characteristic in the room. 

 

1. INTRODUCTION 

A uniform steady-state low frequency room response is 
bound to an even excitation of the room’s eigenmodes. 
Although still under dispute [1], this quantity appears to 
be a widely accepted measure for good bass 
reproduction in small rooms and is therefore used in this 
paper. 

Consider a typical 5.1 multichannel setup, where all 
main channels are utilized in full-range mode. Due to 
the spatial distribution of the lf-sources fairly complex 
mode excitation patterns are observed. Additional 
problems arise from the summation of the five lf-signals 
at the listening position, because each speaker has a 
different position and phase relation relative to the other 
speakers. The scenario gets more complex when a 
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single LFE-channel is added to the system, because now 
each speaker interferes with the LFE-channel in the 
crossover region.In this paper the typical traps that arise 
in such a setup are highlighted. The benefits of multiple 
lf-cardioid subwoofers are explained and how they can 
be utilised to improve the bass reproduction of 
multichannel systems. Measurements are presented that 
show how multiple cardioid subs help to balance the lf-
room response across an increased listening area, a 
prerequisite in modern home theatre installations. 

2. 5.1 SETUP 

In Fig. 1 the speaker positions for the six sound sources 
of a 5.1 listening setup according to the ITU 775 
recommendation are shown. Due to manifold constrains 
on the producer’s side in the studio as well as on the 
consumer’s side in his home theatre or listening room, 
the recommended conditions are rarely put into practise.  
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Fig. 1 Loudspeaker positions according to ITU-R 

recommendation 775 (Rev1) [2]. 

Often the user is forced to accept severe deviations from 
the advised scheme due to the shape of the listening 
room, the furniture the room is equipped with or the 
used equipment. The following list comprises some of 
the more frequently observed conditions: 

• Five or six places of mode excitation 

• Sources with differing bandwidth/transfer function 
characteristics 

• Listening area too larger compared to positioning 
radius of sources 

• Individual sources fed with uncorrelated lf-signals 
(stereo/multichannel bass-signals) 

• Practical limitation enforced by differing standards. 
Variable delay: available for DVD-video and DVD-
audio, but not provided for SACD. 

In an earlier study [7] the authors compared the mode 
coupling properties of monopolar, dipolar, and cardioid 
lf-sources. The cardioid turned out to be the most 
flexible (and therefore most usable) low frequency 
source, because of its low sensitivity to rear wall 
reflections and the position-independent mode 
excitation properties. The different ways a cardioid-like 
radiation pattern can be generated and the acoustic 
properties of cardioid lf-sources are covered in previous 
publications [4],[5],[6]. 

3. MODAL DECAY FOR MONOPOLE AND 
CARDIOID 

The modal coupling properties of a monopole and a 
cardioid were examined using a series of measurements 
taken in 5.0x4.0x2.6m sized reverberation chamber. The 
source positions and the source orientation relative to 
the room are shown in Fig. 2. 

100 = 38Hz
200 = 74Hz

010 = 47Hz
020 = 93Hz

110 = 63 Hz
210 = 88 Hz width

length

cardioid  - 2x8Zoll drivers
ca. 44x44x32cm

monopole - bassreflex system
ca. 44x40x30cm
port @ front

pos ition K1a/b
and M1

position K2 position K3

position K4a/b

receiver
microphon

micrphone
position

position M/K
Rt60

 
Fig. 2 Position, orientation, and number of cardioid 

subwoofers as used during the measurements. 
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To investigate the decay times of individual room 
modes the position and orientation for each source type 
was chosen such that good excitation of all modes was 
ensured. Low frequency absorbers were fitted in the 
reverberation chamber to reduce the variance of the 
expected decay times. Than the decay times at distinct 
individual room modes were determined for each of the 
three configurations: single monopole, single cardioid, 
and four cardioids. The positions and orientations of the 
four cardioids setup were previously determined such 
that they yield the best mode excitation pattern. The 
results of this investigation are shown in Fig. 3. 
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Fig. 3 Decay times as function of mode frequency for each 

of the following configurations: 1x monopole,  
1x cardioid, and 4x cardioids. 

The comparison of a single monopole with a single 
cardioid (both placed at same position) indicates, that 
the cardioid produces shorter decay times even at low 
frequencies. Theoretically a cardioid generates 4.8dB 
less acoustic power output than a monopole. This 
explains why the decay times are considerably shorter at 
higher frequencies but reconcile towards lower 
frequencies, since the cardioid radiation pattern is 
disturbed by the room boundaries. 

The modal decay times are further reduced when four 
cardioid sources are used instead of one. The Schroeder 
curves in Fig. 4 illustrate this trend at three exemplary 
mode frequencies (63Hz, 90Hz, 160Hz). At the lowest 
mode frequency (63Hz) the Schroeder curves for all 
three source-configurations look very similar, while at 
higher mode frequencies they deviate more and more in 
favour of the four cardioid configuration. This trend 
indicates, that with increasing frequency the acoustic 
power output of the cardioid decreases towards its 
theoretical limit of –4.8dB when compared to the 
monopole. Previous tests [6] have shown that the 
cardioid’s physical dimension, its shape, and acoustic 
design affect the radiation properties at low frequencies.  

Decay of room mode at 63 Hz  

Time,  s
0 120 240 360 480 60

dB, Level

0

-4

-8

-12

-16

-20

0 

 
Decay of room mode at 90 Hz  
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Decay of room mode at 160 Hz  
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Fig. 4 Schroeder curves calculated for measurements taken 

in the reverberation chamber utilising  
1x monopole, 1x cardioid, and 4x cardioids at 
63Hz, 90Hz and 160Hz. 

4. MODE EXCITATION FOR MULTIPLE 
CARDIOIDS 

Based on the results of the previous paragraph further 
investigations were carried out to quantify how the 
variance of the transfer characteristic depends on the 
number of cardioid subs. For this series of 
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measurements all source were equalised to yield the 
same free field frequency response. The single sources 
were positioned in-between the left front main speaker 
and the centre, while the configuration shown in Fig. 2 
was used in the four cardioid setup. The following 
graphs illustrate the transfer functions measured for a 
single monopole, a single cardioid, and four cardioids. 
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Fig. 5 Transfer function measured in reverberation chamber 

for 1x monopole, 1x cardioid, and 4x cardioids. 

As expected, the monopole exhibits the problematic 
nature of weak excitation (pressure source placed in 
pressure node) for all width-related modes (010 and 
110). In contrast to this the single cardioid, measured in 
the same position, shows a noticeably improved 
excitation pattern, due to proper alignment of its main 
radiation axis. Now the cardioid’s velocity component 
excites all width-related modes. Further improvement is 
achieved when four cardioids are used (carefully 
positioned and adjusted) instead of one. 

The variation bandwidth of the four cardioids regarding 
their modal excitation properties is illustrated in Fig. 6 
on the basis of two modes, 110 mode at 63Hz and 200 
mode at 74Hz. The six curves were acquired varying the 
cardioid’s orientations, its phase and its level. It 
becomes apparent that the use of four cardioids sources 
improves the control of the room transfer function 
especially in the sparsely modal frequency range. The 
final result depends upon the correct position and 
orientation of the cardioids as well as on carefully 
adjusted level and phase. 

The results prove that because of its versatile 
characteristic a cardioid array can be used efficiently to 
control the modal frequency range in a room. 
Consequently, such configuration is well suited to 
balance out irregularities even in acoustically awkward 
environments. A welcome side effect of multiple 

cardioid excitation are the noticeably reduced mode 
decay times. 

Especially for multichannel listening rooms with 
insufficient damping in the sparsely modal frequency 
range, multiple cardioids represent a new solution that 
helps controlling the modal excitation. The quality of 
the bass reproduction is improved, without the need for 
costly structural measures. 
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Fig. 6 Variation of modal excitation measured with four 

cardioid sources at 63Hz (110 Mode) und 74Hz (200 
Mode). Changes were generated by varying the 
cardioid’s orientation, their relative phase and level. 

5. MULTICHANNEL REPRODUCTION IN 
“REAL” LISTENING ROOMS 

In this section the behaviour of cardioid arrays in 
“proper” listening rooms is examined, with the hope, to 
find confirmation for some of the beneficial properties 
listed in the previous section. 

5.1. Integration of main channels and sub 
array (system integration) 

A classic 5.1 multichannel setup was installed in a 35m² 
large listening room, consisting out of five main 
speakers and an array of four cardioid subwoofers. The 
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four cardioid subs were arranged similarly to the 
scheme shown in Fig. 2.To simplify matters the system 
was driven as a typical sub-sat-configuration with an 
acoustical crossover frequency at 80Hz (4th order). This 
way the lf-signals of all channels are summed before 
they are routed to the cardioid-array. The benefits of 
correlated lf-signals are controllable modal excitation 
conditions. In Fig. 7 the transfer function for each 
individual channel summed with the low frequency 
cardioid array is shown. 

For reasons of clarity the three front channel responses 
are plotted in the top diagram whilst the two rear 
channel responses are shown in the bottom diagram 
together with the centre channel response as a reference. 
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Fig. 7 5.1 multichannel sub-sat-configuration: transfer 

functions of individual channels summed with 
cardioid array (ca) in well damped listening room 
(decay times 20-200Hz  0,45-0,3s)  
top diagram: center front, left front and right front  
bottom diagram: center front, left rear and right rear 

The absolute phase of all main channels was identical. 
As already mentioned, the chosen setup for the cardioid 
array minimises amplitude- and phase-variations of the 
modes and ensures a constructive signal superposition 
with the main speakers. On average the un-smoothed 
transfer functions in Fig. 7 show a balanced 
characteristic without large deviations, especially in the 

frequency range covered by the cardioid array. Likewise 
there are no prominent interferences noticeable in the 
transition range between the main channels and the sub-
array. Only the influence of the unavoidable floor 
reflection between 100 and 200Hz is clearly marked. 

5.2. Effect of “typical” faults on system 
integration 

For demonstrative purposes typical faults that occur in 
setup practise were applied to the centre channel. The 
two faults shown in Fig. 8 are 1. an out-of-phase 
connection for satellite and sub and 2. non-matching 
filter responses for satellite and sub (e.g. high pass filter 
set too high or lowpass filter set too low). 

The effects these faults have on the channel summation 
are well known and are typical for loudspeaker with 
differing bandwidth and/or transfer characteristics.  

Yet it does not matter whether the main channels are 
used in “fullrange-mode” or in highpass-filtered “small-
mode”. Severe cancellations in the crossover region of a 
5.1 system occur when asymmetrical overlapping filter 
slopes and/or wrong phase settings are used. 
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Fig. 8 Transfer function of summed centre channel and 

cardioid-array in listening room. Centre in-phase, 
centre 180° out-of-phase und wrong highpass 
filtering (uneven non-overlapping HPs) 

In principle all above results can be applied to 
multichannel systems with fullrange main channels (this 
means, no extra sub or LFE), provided that the bass 
signals are highly correlated across all channels. The 
measurements show also, that a low frequency cardioid-
array unites advantageous features and represents an 
elegant solution for controlling level variations in the 
sparsely modal frequency range of small rooms. 
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Fig. 9 One cardioid sub: Contour plot of room transfer function plotted against measurement position (9 meas. positions, 

listening area ca. 1,5m²) 

6. LEVEL VARIATION ACROSS LISTENING 
AREA 

This work was inspired after studying Welti’s AES 
paper on “How many Subwoofers are enough?” [3]. 
Although Welti used monopolar subs in his analysis, his 
proposed optimal positions of one sub at each wall’s 
midpoint is identical to the arrangement that works best 
with cardioid subs. The target functions Welti used in 
his optimisation were derived from a set of transfer 
functions that were simulated across a listening area. 
Here the same approach is taken to investigation the 

local level variance a cardioid sub array produces across 
a defined listening area. 

From the previous results it is obvious that the observed 
level variations at within the listening area are somehow 
related to the number of cardioid subs placed in the 
room. In order to quantify this relation more precise, the 
transfer functions of arrangements with one, two, three 
and four cardioid subwoofers were measured at nine 
positions. The measurement positions were evenly 
spread across a 1.5m2 large listening area. 
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Fig. 10 Two cardioid subs: Contour plot of room transfer function plotted against measurement position (9 meas. positions, 
listening area ca. 1,5m²) 
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Fig. 11 Four cardioid subs: Contour plot of room transfer function plotted against measurement position (9 meas. positions, 

listening area ca. 1,5m²) 

The measured transfer functions are plotted as colour-
coded level-maps, as shown in Fig. 9 - Fig. 11, for 
configurations utilising one, two and four cardioid 
subwoofers (the three sub configuration was measured 
but is not shown). The measurement positions in the 
colour maps are plotted successively position after 
position as they were acquired. Areas in-between two 
measurements are interpolated by the visualisation 
software (VACS [8]). The plot in Fig. 9 shows that a 
single cardioid subwoofer generates a useful transfer 
characteristic within its operating range between 20Hz 
and 100Hz, but only at or near the optimal listening 
position.Changing the listening position or increasing 
the listening area causes large deviations of the transfer 
characteristic. 

Adding a second cardioid sub to the configuration 
whilst moving both subs to either sides of the listening 
room (see schematic in Fig. 10 and recommend 
configurations in [3]) greatly reduces level variations 
within the examined listening area. To achieve this 
advantageous result the radiating axis of the two 
cardioids must be orientated normal to each other (90°). 
This particular configuration improves the excitation of 
width-related modes (these are modes propagating in x-
direction) and thus reduces level variations across the 
listening area. 

When a third sub is added into array level variations 
across the examined listening area are further reduced. 
Acoustically the integration of the centre and the sub 
array remains the most noticeable improvement. 

In its final stage the array consists of four subs 
positioned in the same arrangement as before (see  
Fig. 11). Only small improvements regarding the level 
variation within the listening area were found, compared 
to the three-sub configuration. The main benefit of the 
four-sub configuration is its flexibility due to the many 
degrees of freedom. Variation of the position and 
orientation of each cardioid sub as well as its delay and 
level give access to a very selective control over distinct 
modal frequency ranges. Of course, the acoustic 
integration of the subwoofer array and the five main 
channels is further improved. 
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7. CONCLUSIONS 

In this paper results of an examination regarding the low 
frequency transfer characteristic of multiple cardioid 
subwoofers when used within multichannel systems are 
presented. The following generalised recommendations 
have been derived from above findings. 

• Five fullrange loudspeaker with identical bandwidth 
and transfer characteristics offer better conditions for 
an even modal room excitation than systems using 
non-uniform loudspeakers. This recommendation is 
valid independent of the use of the “.1” or LFE-
channel. If the “.1” or LFE-channel is used all 
channels should be fed the same LFE-signal, because 
of the advantageous “multi-point-excitation”. 

• The traditional sub-sat-combination with correctly 
adjusted crossover frequencies still represents a good 
alternative. Here the mode excitation in the room 
benefits from the use of multiple monopole subs, 
provided the sources are positioned in a sensible 
arrangement. However, in comparison to a cardioid 
array, the monopoles require more damping at the 
modal frequencies, while their flexibility regarding 
the modal excitation is reduced. 

 
The results of this paper show that cardioid sources 
unite several beneficial properties when compared to 
conventional low frequency monopoles. Utilising these 
benefits new solutions for multichannel systems can be 
developed, some of which are listed below. 

• The use of a cardioid to radiate low frequencies in 
small rooms offers clear advantages over a 
monopole. First, a more balanced modal excitation is 
achieved; second, the decay times for singular 
(sparsely) modes in the room are noticeably shorter. 
The reduced amount of acoustic energy  
(-4.8dB) that is coupled into the room’s modal 
system reduces the decay times of the sparsely modal 
frequency range. Utilising this approach the acoustic 
design of the room requires less acoustic treatment in 
the modal range, thus it represents the more cost 
effective solution. 

• The use of multiple cardioid sources configured as an 
array greatly improves the modal excitation pattern in 
the room.  

• With just two sources good results are achieved in 
partially damped rooms within a small listening area. 

• With four cardioid subs the transfer characteristic 
becomes more balanced while the evenly covered 
listening area is increased. 

• The four parameters position, orientation, level, and 
phase/delay of each cardioid sub allows a very subtle 
and flexible control of the modal excitation in a 
room. 

8. REFERENCES 

[1] Sigfried Linkwitz, “Why is Bass Reproduction from 
a Dipole Woofer in a Living Room Often 
Subjectively More Accurate Than from a Monopole 
Woofer”, Letter to the Editor of the JAES, J. Audio 
Eng. Soc., Vol. 51, No. 11, November 2003, pp 
1062-1063 

[2] ITU-R Recommendation 775 (Rev1), 
“Multichannel stereophonic sound system with and 
without accompanying picture”, ITU-R Document 
10/65, November 1993 

[3] Todd Welti, “How many Subwoofers are 
enough?”, 112. AES Convention, Munich, May 
2002 

[4] Thomas J. Holmes, “The Acoustic Resistance Box – 
A fresh Look at an Old Principal”, J. Audio Eng. 
Soc, Vol. 34, No. 12, pp. 981-989, December 1986 

[5] Boone, Marinus M.; Ouweltjes, Okke, „Design of a 
Loudspeaker System with a Low-Frequency 
Cardiodlike Radiation Pattern“, J. Audio Eng. Soc, 
Vol. 45, No. 9, pp. 702-707, September 1997 

[6] Lampos Ferekidis, Uwe Kempe, „Cardioid low 
frequency sources“, presented at Reproduced 
Sound 20, Oxford, October 20 

[7] Lampos Ferekidis, „The beneficial coupling of 
cardioid low frequency sources to the acoustics of 
small rooms“, Proceedings of the IoA, Reproduced 
Sound 19, Oxford, October 2003 

[8] VACS – Visualising Acoustics, an acoustic data 
visualisation and processing software developed by 
the R&D Team. More information under: 
www.randteam.de/software/sw.php 

AES 118th Convention, Barcelona, Spain, 2005 May 28–31 
Page 8 of 8 


