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Overhead stage canopies are commonly used in concert and
conference halls (Fig. 1 and 2). These reflect sound towards  the
audience and improve hearing conditions among musicians.
Moreover, they  can be used to eliminate some architectural
faults, like parallel and concave surfaces or too high ceilings.

Properly designed canopies should have a wide and flat
frequency response. This is possible to obtain by selecting

the adequate shape, size and arrangement of reflecting pan-
els. However, literature dealing with the mathematical basis
for overhead canopy design is rather limited. Also, it is
worth noting that due to the occurrence of wave phenome-
na, computer modeling based on geometrical acoustics does
not always give satisfactory results. Therefore it is impor-
tant to develop simple analytic formulae useful for archi-
tects and acoustical consultants.

�> />

�> />



175

���!�"
��	�"$	��"����	.�26	 78	 "�6	 9	 7:;:

In this paper, the frequency limits of a useful sound trans-
mission range and the efficiency of reflection structure are
estimated. Afterwards , these parameters are experimentally
verified by scale model measurements of reflecting struc-
tures in an anechoic chamber.

�� ���
��

Reflecting structures forming a canopy can be seen as
a high-frequency pass filter with two independent low fre-
quency limits. These limits  result from the attenuation of
wavelengths that are large compared to the size of an array’s
element and attenuation caused by diffraction (Long 2006;
Pierce 1981). The high frequency limit is dependent on the
canopy structure, i.e. whether the sound “sees” the canopy
as a continuous object or as a set of panels with spaces
between them.

The frequency response of reflection array can be pre-
dicted accurately by the Boundary Element Method or from
the Kirchhoff-Fresnel approximation. However, there are
some algorithms which provide adequate accuracy with less
computational effort. A simplified formula for the low fre-
quency limit fg deduced from scattering theory (Skålevik
2006) was proposed by Skålevik (Polaczek and Rubacha
2010; Polaczek et al. 2010):

64gf = ε (1)

where ε�(panel edge density):

panel edge length

panel area
ε = (2)

The pass band level was described by Rindel (Pierce
1981).

If the projection of the reflected ray on the array plane is
parallel to one of the edges of the array, attenuation due to
diffraction may be given as:

 1 210log 10log( )diffrL K K KΔ = = ×  (3)

where K1 and K2 refers to coefficients of sound reflection by
the array in the X and Y directions, respectively. The coeffi-
cient in the direction shown in Figure 3 is equal to

( ) ( ) ( ) ( ){ }1 1

2 21
1 1, 2, 1, 2,

2

l l

i i
v i i i iK C C v S v S v

= =
= − + −∑ ∑⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦ (4)

To calculate K1 from formula (4), Fresnel integrals are
used:

( )

( )

2

2

cos
2

sin
2

v

o

v

o

C v z dz

S v z dz

π⎛ ⎞= ∫ ⎜ ⎟⎝ ⎠

π⎛ ⎞= ∫ ⎜ ⎟⎝ ⎠

(5)

where:

  ( )( )1, 1 1
2

1 cos
*

iv e i m
a

= − − θ
λ

(6)

  ( )( )2, 1 1 1
2

2 1 cos
*

iv e b i m
a

= − − − θ
λ

(7)

and the characteristic distance a*:

1 2

1 2

2
*

a a
a

a a
=

+
(8)

Fresnel integrals have no analytical solution, therefore
Rindel (Pierce 1981) made a rough approximation:

2K = μ (9)

where μ (relative density):

panel area

array area
μ = (10)

According  to the Rindel approach, approximate solution
of eq. (3) for reflecting array with reference to attenuation
for whole array is shown in Figure 4 and called reflection
structure efficiency.

��������#��B��)+1	���'�)��	�*	��*2�+�-)�		����1	��'�)��)�
�)	'�)�2	��)�-�1	μ	�)�	'�)�2	����	��)�-�1	ε

�� ���������
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For experimental verification of the theory presented in
point 2, some models of sound reflecting structures were
measured. Measurement setup and its flow-charts are
shown in Figure 5 and 6.
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Measurements were made for normal incidence of
sound. Impulse responses were obtained by means of the
MLS technique. The further calculations were made using
the following procedure (Fig. 7):

FFT(IR IR )array empty
20log

FFT(IR IR )emptyref
Lx

⎡ ⎤−
= ⎢ ⎥

−⎢ ⎥⎣ ⎦
(11)

�� ���
���	���

�
�����������������
�������

���

Measurements were performed for different shapes
of reflection panels. The panels were made of fiberboard
and intensely reflected sound in a wide frequency band. The
panels were arranged in an array of size 70×70 cm. For
normalization of the results, all frequency responses were
related to the measurement on the reference object (one
large panel), which removes the influence of the measure-
ment equipment, especially the speaker and the micro-
phone, and undesirable reflections.

������������1	�*	��+��)��2��	'�)�2�6	μ	F	:6H�	ε	F	I;69I

����� ������1	�*	�B����	'�)�2�6	μ	F	:698�	ε	F	HJ6;J

Figure 10 shows the frequency response of an array
consisting of rectangular elements (Fig. 8). The efficiency
values at two exemplary measurement points, the average
measured value and the calculated one from the theoretical
formulae are  given. Averaging of the results is necessary
due to sound scattering by the array. For this reason, signals
at twenty different measuring points were registered. In all
cases an incidence angle was normal.

������!���,�����-+�2	�)�	(�������	*��B��)+1	���'�)��	�*A�)
����1	�*	��+��)�2��	*��(	#-����	K4	��;	D	2��	*��B��)+1	2-(-�

*��	�)	����1	�*	��+��)�2��

Figure 10 shows that the calculated and measured effi-
ciency parameters for the array of rectangles are almost the
same. Slightly larger, though still a small difference, is
found for arrays of squares and circles (Fig. 14 and 15).
Good confirmation of the theory is also seen in Figure 11 –
two different low frequency limits obtained from measure-
ment can be predicted theoretically with quite good accura-
cy. Thus, experimental verification of formulae (1), (2) and
(9), (10) is confirmed.

���������#��B��)+1	���'�)���	�*	��+��)��2��	�)�	�B����
��*2�+�-�)	�2�(�)��	*��(	#-�����	K	�)�	84	��;�	��7	D	2��
*��B��)+1	2-(-��	*��	����1�	�*	��+��)�2��	�)�	�B������

���'�+�-0�21

However, such a good conformity with the theory does
not occur for triangular panels (Fig. 12 and 13). Both the
initial slope of the graph and the low frequency limit differ
from these predicted theoretically. This may result from
differences in the symmetry of the triangles’ layout in X
and Y direction. In such cases, scattering in X and Y direc-
tions differ more than is assumed in the Skålevik approach.

Some different formulae for low frequency limit can be
found in the literature. Skålevik deducted formula (1) from
the scattering theory. Afterwards, he measured some struc-
tures and found the trend of fg = 68ε� Therefore more inves-
tigations are needed to study the influence of the element’s
shape on the low frequency limit.
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In the paper, the parameters useful in the design of overhead
canopies have been experimentally confirmed. This can be
helpful for architects and acoustical consultants dealing
with large halls where such canopies are installed.

In the reported stage of research only four kinds of pan-
els were tested, with normal incidence of sound. Due to the
measurement setup used, panels are supposed to be sus-
pended horizontally, parallel to the hall’s floor. Using the
methodology developed in this paper, the next stages of
research are planned, in which the following conditions of
a real hall will be considered:
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