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Abstract

A panel speaker array with omni-directional radiation pattern is presented in
this paper.  Array signal processing techniques are utilized to manipulate the sound
beam electronically such that wide angle radiation can be maintained over a large
frequency range. In order to achieve this purpose without sacrificing the array
efficiency, the genetic algorithm (GA) is employed in the design stage (o calculate
the optimal array coefficients. The GA proved to be an cffective technique in
searching for the arrav coefficients that maximize the efficiency with desired flatness
of radiation pattern. In addition, a modified design is also proposed to further
enhance the efficiency in the low frequency range. The resulting designs are
implemented on a digital signal processor (DSP) platform and experimenially
verified by using a small 5x1 panel speaker array and a large 3x3 panel speuker

array.

Kevwords: omni-directional radiation ~ genetic algorithm ~ array efficiency - flainess.
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1 Introduction

This paper focused on the development of a panel speaker array with
omni-directional radiation pattern. This array serves as a projection screen of an
audio and video system that integrates the technologies of panel speakers, video
projection, and array signal processing. This system is intended for the applications
such as oral presentation, home theater, conferencing, public addressing, and so forth.

The main reason of using panel speakers lies in its flatness and compactness,
which makes them well suited for the application such as the projection screen in our
case. However, the randomly distributed flexural modes of a large panel create
efficiency problem in low frequency and peculiar directivity in high frequency [1].
A possible solution to these problems associated with panel speakers is to break a
large panel into smaller pieces and excite each element independently, using array
signal processing techniques. This approach enables us to ‘“‘control” the beam
pattern of the generated sound field with more flexibility over the conventional single
panel configuration.  In particular, we seek 1n this work to generate an
omni-directional response over a wide frequency range, using panel spcaker arrays.

Figure 1 shows a linear speaker array and its signal processing unit. For a
uniform linear array, it is well known that the directional response is the spatial
Fourier transform of the array coefficients [2]. It is then straightforward to obtain a
frequency-invariant, omni-directional array by using inverse Fourier transform.
However, the omni-directionality is generally achieved at the expense of array
efficiency. The array coefficients resulting from inverting perfect spectral flatness
tend to be an impulse function in the spatial domain, which implies only one element
in the array is active and the remaining elements are at rest. Instead of the above

naive approach, a method of optimization was employed in this paper to calculate the
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array coefficients that attain optimal efficiency with a desired directional response, or
spectral flatness in the transformed domain. Due to the highly nonlinear nature of
the array optimization problem, this study employs an optimization technique, the
genetic algorithm (GA), to effectively search the global optimum in a nonlinear space
with a large number of parameters. Typically, there are 2(2N+1) parameters,
including the magnitudes and phases, to determine for an array with 2N+1 elements.
Thus, the search space can be very large for a moderate number of array elements.
The GA is well suited to dealing with such optimization problem. Reference [3]
optimized a linear array and a planar array using GA to produce beam patterns with
the lowest side lobe level. A GA-based technique is proposed in this paper for
finding array cocfficients to maximize two cost functions: spectral flatness and array
efficiency. In addition to the basic version, a modified design is also proposed to
further enhance the efficiency in the low frequency range. These two optimal
designs are referred in this paper as the omni-directional array and the modified
omni-directional array.

In order to verify the proposed optimal array designs, experiments were carried
out in this research. A small 5x1 panel speaker array and a large 3x3 panel speaker
array were constructed for experimental verification.  Signal processing and
clectronic compensation are carried out by using a multi-channel digital signal
processor (DSP).  Results obtained using the optimal designs will be discussed with

reference to an uncompensated array.

2 Fundamentals of Uniformly Linear Arrays

The array configuration employed in this work is the uniformly linear array (ULA)
in which array clements are equally spaced in a straight line. Somc fundamentals of

ULA relevant to the ensuing discussion are given in this section.
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2.1 The Far-field Model of a ULA

Consider the ULA with 2N+1 elements, as shown in Fig. 1(a). The observation
point is assumed in the far-field such that » >>2N d, where d is the spacing between
two adjacent elements, r is the distance between the observation point and the array
center. As a rule of thumb, the far field begins at the distance threc times the
characteristic dimension of the source [4] or, in our case, 2Nd. The sound pressure
of this array is given by 5]

P(f.0.r)=A(fO)R([.r)B([.0). (1
where fis the frequency of the source, @ is the angle measured from the normal of the
array, A(f,0) 1is the directional response of a single array element, and

R(f,r)=r""exp(j2afr/c) represents the spherical spreading. The beam pattern

B(f,0) isexpressed as

. 2apd sinf)

N i
Bf.O) =2 g,(fle | (2)
n=-N
where g, (/) isthe array coefficient of the nth element and c is the speed of sound.
We further restrict the array coefficients g, (/) to be frequency-independent

complex constants, g,. Then the beam pattern can be written as

N
B(u) = Zg”e/"” , (3)
n=-N

where u =2xfdsin@/c is a non-dimension angle. Inspection of Eq. (3) reveals

that the beam pattern is essentially the frequency response of a FIR filter with

coefficients g, . Thus, the design problem of an omni-directional array can be

regarded as the design of an all-pass FIR filter.

2.2 Characteristics of a ULA

Analogous to time-domain filters, a ULA is a filter in the spatial domain, where

5
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the wave number k is the spatial frequency, the spacing d is thc spatial sampling
period, and the non-dimensional angle « is the digital spatial frequency. Increase of
the array aperture will result in the decrease of the beam width and thus improved
resolution.

The beam pattern of a typical ULA is shown in Fig. 2. The non-dimensional
angle, u=2nfdsin0/c, is a nonlinear function of the look angle 4. The
beam-broadening effect arises as 8 varies from 0° to £90°.  When the main beam of

an array is steered to £ ¢, its beam width can be approximated as [2]

2A0 =2 A , (4)
(2N +1)d cosO,

where A @ s the angle difference between the look angle & and the adjacent null
pointand A . is the source wave length.

The physical limits of the look angle § = £90° correspond to the non-dimensional
angle uy= +kd, which in turn increases with increasing frequency /. Note that the
parameter u; 1s then likely to be greater than m above certain frequency. In this case,
grating lobes will appear within the observation range. To avoid the grating lobcs,

the spacing d is generally chosen according to

d<t (5)

i

where A =c¢/ f 1sthe wave length and ¢ is the sound speed.

2.3 Omni-directional Response

As mentioned previously, the goal of this work is to design speaker arrays with
omni-directional characteristics. Some considerations with regard to this aspect are
addressed as follows. The dash line in Fig. 3 shows a typical omni-directional beam
pattern plotted in the u-domain. The smaller are the ripples, the closer is the array to

the ideally omni-directional response.  Since the parameter « is non-dimensional, the



omni-directional response applies to all frequencies.

The array efficiency can be further enhanced by taking advantage of a subtle
point in the omni-directional response.  With reference to Fig. 3, it can happen that
in low frequency the effective range of the look angle gives a range of the
non-dimensional angle less than + 7. i.e., uy=kd < m. The regions [ m, —kd) and (kd,
7] are virtually “invisible.” It would be waste to provide energy in invisible regions
(shadow areas) because in those regions no sound radiation will physically exist.
Alternatively, it is more desirable to design a band-pass array pattern (solid line in Fig.
3), concentrating within the “‘visible™ region, [-, 7], such that the overall efficiency
can be improved.  In next section, a phase compensation scheme will be presented to
produce omni-directional pattern, while at the same time prevent the design effort

being wasted in the invisible region.

3 Optimization Schemes for Omni-directional Arrays

In this section, optimization schemes is presented to achieve a better compromise
between array efficiency and the omni-directional response for the panel speaker

array.

3.1 The preliminary Scheme

Let the autocorrelation function be

R =S g2, - (©6)

Hn=-=r

where g, i1f the array gain for the nth element and “*” denotes complex conjugate [6].
The power spectrum is given by

Sty =|Bw)|,”. (7)

where { H denotes the 2-norm. It is well known that the power spectrum is the




Fourier transform of the autocorrelation function
S@u) =Y R(k)e " . (8)
Kooz

Assume the array is of 2N+1 elements. The first performance index employed in the

optimization procedure is the “array cfficiency”

R(0)
= )
(2N +1D)jg|
where g = g, |-N<n<N,ne N}, ‘g{x =maxi{g, |-N <n <N} is the infinity

norm of g, and

A > 1
RO =Y |g,] =5 [ swau, (10)

n=-N

where the Parseval theorem has been invoked. Thus, the array efficiency can be

interpreted as the mean-square spectrum normalized by [g|m. The array efficiency

will be close to unity if all array elements are active.

Using Eq. (8), we have

I 3 A
— | S(u)du = R(k)e™ du = R(0). (11
R J_"Z( ) (0) )
By the Parseval’s relation,
N 2 1 T
R(k) =— | S (u)du . (12)
2 [Ruo = [ s*w)
Define the “merit factor” as [7]
RO 03
D |R(K),
k=0

Substituting Egs. (11) and (12) into Eq. (13) yields

(LS(M)(/L{I o

. 27 [ 187 ()= R* (O)Jeur

The denominator of F, can also be written as



J:[Sf(u)-kl(on(/u = fY[S(u)—R(O)]jdu (15)
Thus, the merit factor /7, can be interpreted as the ratio of thc mean-square spectrum
over the spectral variance. The mean-square spectrum can be related to the
efficiency of the array, whereas the spectral variance can be rclated to the spectral
flatness. It is then most desirable to have an array with a large merit factor, i.e., high
efficiency and small variance. However, there is generally a tradeoff between these

two indices, which entails for the need of an optimization procedure to best

accomplish this tradeoff.

3.2 The Modified Scheme

It is mentioned previously that, in low frequency uy=27fyd/c < m, energy can be
wasted in the invisible region. To avoid this pitfall, we thus modify Eq. (14) to
concentrate the design effort on only the visible region [~uy ., u,]. The modified

merit factor F, is written as

( j”“‘ S(u, f, )(lu)3

r,=— . (16)
2u, [ 1S, f,) = p, T du
where
1 1y
= [ S f,)ddu (17)
2u, T
Equation (17) can be expressed as
= SR Y
. 2“0 ”"/‘:,Z
With some manipulations, above equation can be rewritten as
1 & 2sin(ku,)
1, =— D [R(k)~———] (18)
# 2”() A;[ k

[t can be shown the following relations are valid



g, (—L)B(H) ,

R(k)ye“—>S(u), S(u)=Bu)B (u),
Cly«8 (), S (u)=S0)S (u),

where

C(k)y= iR(n)R*(k —n)

H=—un

and FT denotes the Fourier transform.  Thus, by the above Fourier relations

S*(uy= Y Clk)e™. (19)
k=—»n
Define
G ! J"“Sz(u 1)t 20
o= 1, [, )du
=y, LS (20)

From Eqgs. (17)-(19), Eq. (20) can be expressed as

G- i[dk)%], an

2“() k=—on
With some manipulations, the denominator of F, in Eq. (16) can be written as

2u, [ (S f)~pa Fdu = 4uiG — duipl.

Equation (16) is now summarized as

U S(u,f(,)clu)_ )
F, = - (22)

h " : S :
Zu() [ [S(ll,_/;))—/,[y ]'(lu (IS — M,

4 Genetic Algorithm

The genetic algorithm (GA) is an optimization algorithm based on the theory of
biological evolution [8]. The GA is particularly useful for solving complex and
non-convex problem in discrete space with a large number of parameters. The main

difference between the GA and the other search algorithms is that the GA operates on



a “population™ of strings (chromosomes) instead of a single starting point. Each
chromosome is associated with a “fitness” value as the performance measure. The
GA forms “generations” of solution candidates and attempts to maximize the total
fitness of each generation. Owing to the multiple starting point nature of the
algorithm, the GA is less unlikely to be trapped in a local optimum than many other

optimization methods.

4.1 Design Procedure of the GA

The first step of the GA is to encode the input parameters for the fitness function

into binary numbers. As shown in Fig. 4, the array coefficients g, =a, e’ ,

n=-N,-N+1, ..., N-1, N, are encoded in a r-bit discrete space. Then all cocfficients
are concatenated to form a binary string called a chromosome. The corresponding
fitness value is computed.

The flowchart of the array design using GA is shown in Fig. 5. To initialize the
GA procedure, M individuals are randomly generated to form the first generation.  In
a GA cycle, three types of operators are invoked.
Reproduction: Each individual in the current population has a possibility of being
selected to form the next generation according to the fitness. The probability to be

selected for the Ath chromosome is

pk — ‘ 4//\' _.ﬁ11i|1 ) (23)

Z (f; - ./‘min )

where f; indicates the fitness function of the i/th chromosome, and f,,;, indicates the
minimum fitness value in the M chromosomes.
Crossover: With the crossover probability p., this step copies data from two parent

individuals generated in the previous step to form new child solutions. The method



used in this paper is the double point crossover, where the two points are randomly
chosen, as shown in Fig. 6(a).  This splits each parent into three segments.  The first
child solution is formed by randomly copying each segment from either of the parents.
The second child solution is formed from the segments not used by the first child.
The parents are then replaced by their offsprings.

Mutation: This step is performed on each the chromosome according to the mutation
probability p, by randomly altering chromosomes, as shown in Fig. 6(b). The
mutation probability p,, must be chosen appropriately.  If p,, is too large, the GA will

diverge. Conversely, if p,, is too small, the GA will terminate prematurely.

4.2 Application of the GA to the Array Design Problem

The parameters for the GA in our array design problem are
g, =a,e”, n==N:--N (24)

where g, 1sacomplex constant, and «,, ¢, are the magnitude and phase.

First, M sets of array coefficients «a,, ¢, are randomly generated.  The ranges
of the magnitude «, and the phase ¢, are

0<a,<l and 0<¢, <2r
Then, divide the full range into 2" lcvels according to the desired resolutions and
round the coefficients into the nearest integer. Encode the coefficients «, and ¢,
into r-bit binary representations. Then the binary codes of all 2(2N+1) coefficients

are concatenated to form a chromosome. The objective of the GA is to optimize the

array efficiency under the constraint of a desired spectral flatness.

4.3 Constraints

In order to ensurc uniqueness of solutions, two fundamental constraints must be



incorporated into the optimization procedure. The first constraint pertains to the
scaling of the array pattern.  In order to simplify the formulation, we assume that the

gain of the center element is unity.

g,=1,and |g,|<1,where ~N<k<N, keN. (25)

[=X¢]

The second constraint pertains to the rotation of the array pattern. To avoid
non-unique solutions due to rotation, the following constraint applies

£g,=2g, =0 (20)
To further simplify the formulation, the magnitudes of the array coefficients are

assumed to be symmetric about the center element.

‘g x‘ = igvv 8.ova VT PR >

9

5 Verification of the GA-based Array Design

5.1 Numerical Simulation

A simulation was carried out for the omni-directional array, using the preliminary
scheme. With reference to the fitness function in Eq. (13), we choose M = 200, » =
16, and N = 6 in the simulation. Hence, 6 magnitude parameters and 11 phase
parameters of array elements are arranged into one chromosome. The probabilities
of crossover and mutation are set to be 0.85 and 0.01, separately. After
approximately 300 iterations (20 minutes), the GA reached a maximum. The
learning curve is shown in Fig. 7 and the results found by GA are summarized in
Table 1. We compare the GA solution with the quadratic phase array (QPA) [4] in
Fig 8. The GA design produced flatter array pattern than the QPA design with

identical array efficiency.
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Next, the modified scheme is investigated. The fitness function in Eq. (22) is
used in the GA procedure. Choose 1= 1.5 and N = 2 in the optimization progran.
Simulated beam pattern using optimal array cocfficients is shown in Fig. 9. Using
the modified scheme, we are able to concentrate the beam pattern in the visible region,

u=-1.5~1.5. This enhancement of efficiency is obtained for the frequency

1",

el 28
2l (28)

For a frequency 1123 Hz satisfying the above relation, we compare the beam patterns
between the two designs using the preliminary scheme and the modified scheme,
respectively.  The spacing ¢ = 6.7 cm.  The results in Fig. 10 show that the array
using modified scheme gives larger output than the array using the prcliminary
scheme.

The array coefficients g, 1, g2 ..., g Of the nth element that is applicable to
broadband signals can be obtained by repeating the GA procedures for each frequency,
i oo fur For f<c¢/2d, both schemes can be uscd, whereas for f>c¢/2d only the
prcliminary scheme is needed.  The complex coefficients g, (, €,2 ... &,» amount to
the frequency response function, based on which digital filters can be designed for

cach array element.

5.2 Experimental Investigation

A small 5x1 linear panel speaker array and a large 3x3 panel spcaker matrix are
constructed for experimental verification. The dimensions of the small pancls are
7emx6.7cm and the dimensions of the large panels are 30cmx30cm.  The spacing d
is 6.7cm in the 5x1 array and 30cm in the 3x3 matrix. The resulting designs are
implemented on a digital signal processor (DSP) platform.  All measurements were

conducted inside a 3mx3mx4m anechoic chamber.



The first experiment pertains to the verification of the array design using the
preliminary scheme of the GA procedure. Figure 11 shows the measured beam
pattern of the 5x1 panel speaker array at the frequency 3 kHz. Figure 12 shows the
measured beam pattern of the 3x3 panel speaker matrix at the frequency 1514 Hz.
the results of these two figures illustrated omni-directional characteristics
approximately from -60 to 60 .

The second experiment pertains to the verification of the array design using the
modified scheme of the GA procedure. Figure 13 shows the measured beam pattern
of the 5x1 panel speaker array at the frequency 1134 Hz. Figure 14 shows the
measured beam pattern of the 3x3 panel speaker matrix at the frequency 879 Hz.
From the experimental results, it is observed that the modified scheme of GA
procedure indeed produced a design with higher level of output than the preliminary

scheme.

6 Conclusions

It has been illustrated in this work that an omni-directional radiation pattern of
panel speaker array can be achieved by using the GA-based optimization method.
Both numerical and experimental investigations are carried out to justify the proposed
techniques. A preliminary scheme and a modified scheme were developed to
maximize the array efficiency under desired spectral flatness requirement. The GA
proved to be an effective search technique for the current array design problem. In

particular, the modified scheme is able to enhance the efficiency in frequency
f< % The proposed GA procedure generally yields a satisfactory design within a
pae

short computational time.  For the broadband case, both schemes can be combined to

deal with different frequency ranges.



The resulting optimal designs are implemented on a DSP platform and are
experimentally verified by using a small 5x1 panel speaker array and a large 3x3
panel speaker array. The experimental results indicate that the proposed GA
techniques are able to produce an array design with omni-directional beam pattern.
Between the two designs, the modified scheme yields more output by shifting the
effort from the invisible region to the visible.

Although the ultimate goal of this work was to develop the large array, we were
unable to verify its far-field behavior due to the limitation of current measuring
environment.  Much work is continuing in improving the implementation as well as

measurement of the large array for future research.
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Table 1. The array coefficients for the 13x1 optimal array (preliminary scheme) and
the QPA array

Element index ~ Optimal array ~ QPA (z =18)

-6 0.13exp(j0.72) 0.74
-5 0.52exp(-j2.64) -0.78
-4 0.64exp(-j0.29) 0.96
-3 0.53exp(j1.80) -1.00
-2 1.00exp(-)1.81) 0.45
-1 0.87exp( j0.78) 0.67
0 | -0.86
1 0.87 -0.67
2 1.00exp( j1.81) 0.45
3 0.53exp(j1.34) 1.00
4 0.64exp( 0.29) 0.96
5 0.52exp(-)0.50) 0.78 -
6 0.13exp( -j0.72) 0.74
Efficiency 0.63 0.63
Flatness 0.12 5.95

16



FIGURE LIST

FIG. 1 A lincarly uniform linear array. (a) The schematic of a panel speaker
array: (b) the signal processing unit of the panel speaker array.

FIG. 2 Beam pattern of a ULA plotted against the non-dimensional angle u and the

look angle &.

FIG. 3 The allpass design and the bandpass design for the omni-directional array.
Solid line represents bandpass beam pattern, dash line represents allpass
beam pattern.

FIG. 4 Binary encoding of array coefficients of GA.

FIG. 5 The flow chart of the GA procedure.

FIG. 6 The GA operators.  (a) Crossover; (b) mutation.

FIG. 7 Learning curve of the fitness function in the GA-based 13x1 array (preliminary

scheme).

FI1G. 8 Comparison of beam patterns between the QPA and the GA (preliminary

scheme) at the same efficiency requirement.

FIG. 9 Beam pattern obtained using the modified scheme, plotted against the

non-dimensional angle.

FIG. 10 Comparison of beam patterns between the two designs using the preliminary

scheme and the modified scheme, respectively. The frequency is 1123 Hz and the

spacing d = 6.7 cm.

FIG. 11 The measured beam pattern of the Sx1 panel speaker array in the frequency

3 kHz. The array is designed using the preliminary scheme of the GA procedure.

(dash line: uncompensated; solid line: compensated)

FIG. 12 The measured beam pattern of the 3x3 panel speaker matrix in the

frequency 1514 Hz. The array is designed using the preliminary scheme of the GA

procedure. (dash linc: uncompensated; solid line: compensated)

17



FIG. 13 The measured beam patterns of the 5x1 panel speaker array in the frequency

1123 Hz. (dash line: preliminary scheme; solid line: modified scheme)
FIG. 14 The measured beam patterns of the 3x3 panel speaker matrix in the frequency

879 Hz. (dash line: preliminary scheme; solid line: modified scheme)
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Parents:

Parent 1 XXX YYY Y4
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