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Abstract. The design of broadband beamformers can be formulated as a minimax problem such that the maximum error
between the actual response function and a given desired response function in a specified domain is minimized. There is
a transition region between the passband region and the stopband region, and the actual response oscillates in the
transition region when the filter length increases. In this paper, we consider the smooth design of broadband beamformers
such that there is no oscillation in the transition region, and the performance can also be remained.
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INTRODUCTION

Speech signal is one of the most common signals, and microphone is the device to receive and process the
speech signal [1,2]. Then, microphone array model is widely used and has many practical applications such as
hearing-aid, speech recognition, video conferencing, mobile phone etc. For microphone array, beamformer design is
an important technique, which it can be applied to signal enhancement, blind signal separation [3] and acoustic
localization. There are many optimization methods which can solve this problem such as linear semi-infinite
programming, sequential quadratic programming [4], two-stage method [5], window function method [6]. However,
the optimal solution always cause oscillation in transition region, where the actual response becomes very poor. For
this, it is required to design a smooth response function in transition region, while the performance of the design can
also be remained.

This paper is organized as follows. In Section 2, the optimal design of broadband beamformer in far field is
introduced. In Section 3, a modified design of broadband beamformer in far field is formulated to have a smooth
transition region. The smooth design is illustrated by an example in Section 4 with optimal design and modified
design respectively.

PROBLEM FORMULATION

Suppose that there are N microphones, and for each microphone, there is a FIR filter behind. Then, the frequency
response functions of FIR filters are

R(f)=[R (), Ry (D",
Ri(f):Wigo(f)a i:l,---,N’
w; =W, (0),w;(1),--, W, (L=D]",
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where L is filter length, and 9,( f)is given by

—jof i1, —j2Af (L-1)/f,
go(f):[l’eJ ,”'5eJ = |

2

where f is the sampling rate. The transfer function of the microphone array is given by
T(f,0)=[T,(f,0), . Ty (F.0)",
Where:

Ti(fsa):e_jzmlwso/c9 0<l0,7z], i=1-,N

b

where @ €[0,7] | 1, is the spatial point of the i -th microphone, and Cis the sound’s speed in air.
According to real applications, the actual response function G( ,8)is required to fit to an ideal response function.
In general, the ideal response function is given by:

g it (f,0)eQ,

Gd(f,0)={
o, (f,0)c Q..

where Q=Q, UQ,,Q  is the passband region and Q is the stopband region.
The cost function of broadband beamformer design is given by:

%a}xﬂpz(f,ﬁﬂTT(f,0)R(f)—Gd(f,0)|
(f,0)e s
where p(f,0) is a positive weighting function. Then, the beamformer design problem is to design

w=[w] ,---,w] ], such that the cost function above is minimized. This problem is equivalent to a semi-infinite
programming problem as follows.

min A
,w
s.t. Hw,f,0)<z, V(f,0)eQ

Hw, f,0)=p°(f,0)|TT (f,0)R(f)-Gy(f,0) .

In general, only passband region and stopband region are cared in the cost function, that is, the performance of
the design will not be affected in the transition region. Then, the actual response function may appear oscillation
phenomenon in transition region.

In order to have a smooth actual response in the transition region, it requires a smooth ideal response function
defined in the transition region.
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FIG. 1. The transition region
First, we decompose the frequency domain Q2 as:

Q= U Q,
fel0,f,/2] ’
where for each frequency f , €2 is the corresponding spatial domain of f in Q . We denote the set of all
frequencies T satisfies Q¢ # @ (¢ denotes the empty set) in[0, f, /2] by I, . The transition frequency is the frequency
domain in [0, f, /2] and not in |, which can be denoted by |,. Then, the transition region is denoted by I, xQ; .
Note that |, consists of several open intervals of endpoints belonging to |, . For a given (f,0) € I, xQ; | we can find

two endpoints (f°,0) and (f°,0) (Fig.1). Then, we can define the value G4(f,8) by the interpolation of the

function values in these two points.

Furthermore, the weighting function is to measure the important of the domain, therefore, we need to define the
weight function in the transition region, and an appropriate weight function magnitude in transition region should be
less than or equal to that in the specified region Q2 .

Then, the smooth beamformer design problem is formulated in to a modified design problem as:

min z
,w
s.t. Hw, f,0)<z, V(f,0)eQUQ,

H(w, f,0)=p>(f,0)|T"(f,0)R(f)-GCy(f,0).

NUMERICAL EXAMPLE

To illustrate the problem, we have the following example, where
Q, ={(f,0): f €]0.3kHz,2.0kHz],0 €[80°,100°]},
Q. ={(f,0): f €[0.3kHz,2.0kHz]U[2.5kHz,4.0kHz],0 € [0",40"1U[120",180°]} .

The linear microphone array is placed parallel to the x-axis, where there are 9 elements with space 0.05cm. The
fifth microphone is in the center position, which is used as a reference point. The delay is 7, =(L—1)/2 . The other

parameters are ¢ =340.9m/s, f, =8kHz  and po(f,0)=1,0¢<][0,7].
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After setting the filter length as 30, the optimal coefficients of the filters can be solved and the performance is
obtained as -14.7692dB. In order to show the shape of the actual response function, we plot the magnitude of the
actual response function in Fig 2. It can be seen that the actual response function in transition region becomes bad.
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FIG. 2. Actual response function of optimal design
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FIG.3.Actual response function of modified design

To improve the beamformer design, we modify the problem by defining the ideal response function in transition
region as

2.5k - f
Gy(f,0)=9 0.5k
0 , (f,ﬂ)lesxlt’.

e—jznm/f,’ (f,0)e pr X It,

Where

Q,. =107,60"1U[1207,180°], © = (80°,100°), I, = (2.0kHz,2.5kHz) ,

Then, we set up the modified design problem and the optimal solution can be solved. The performance is
obtained as -13.4876dB, which is very close to that of optimal design. The magnitude of actual response function is
depicted in Fig 3. It can be seen that the actual response becomes very smooth in the transition region.

Finally, we set the filter length from 5 to 30 and solve the optimal design problem and modified design problem,

respectively. The performances are plotted in Fig 4. We can observe that the performance of the modified design is
satisfied.
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FIG. 4. Comparison of the cost function values with different filter lengths.

SUMMARY

In this paper, we consider the design of broadband beamformer in far field. By defining an adequate cost

function in transition region and introducing the interpolation method, we formulate a modified design of broadband
beamformer. We demonstrate by example that the improved smooth design can indeed suppress oscillation in the
transition region, and the performance can be remained.
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