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ABSTRACT the mean performance for (random) microphone position errors. In
Fixed broadband beamformers using Sma”_sized microphone ar_SeCtion 5 simulation results are described and it is shown that ro-
rays are known to be highly sensitive to errors in the microphone bust broadband beamformer design gives rise to a significant per-
array characteristics. This paper describes a procedure for designformance improvement when microphone position errors occur.
ing broadband beamformers with an arbitrary spatial directivity
pattern, which are robust against errors in the microphone posi- 2. BROADBAND BEAMFORMING: CONFIGURATION
tions. The presented design procedure optimises the mean perfor- . ) . ) o
mance of the broadband beamformer and hence requires knowl-COnsider the linear microphone array depicted in Fig. 1, with
edge of the probability density function of the microphone position MicrophonesN' L-taps FIR filtersw,, (with real coefficients) and
errors. Simulations with a small-sized microphone array show the ¢ the distance between theh microphone and the centre of the

performance improvement that can be obtained by using a robustMicrophone array. Assuming far-field conditions, the spatial di-
broadband beamformer design procedure. rectivity patternH (w, 0) for a sourceS(w) with normalised fre-

quencyw at an anglé from the microphone array is defined as
1. INTRODUCTION H(w,0) = w'g(w,0) @

with w the M-dimensional real-valued filter vectol{ = LN),

In many speech communication applications the microphone sig- .
Y sp PP " g . w,T\,,l}T, and the steering vectey(w, 6) equal to

_ T
nals are corrupted by background noise and reverberation. Fixed” — [wo

and adaptive beamforming are well-known multi-microphone sig- e” (w) Ao(w, ) e—IwT0(0)

nal enhancement techniques for noise reduction and dereverbera- i

tion [1]. Fixed beamformers are frequently used e.g. for creating g(w,0) = : )
the speech and the noise reference signals in a Generalised Side- eT(w) An_1(w,0) e JwTN-1(6)

lobe Canceller [2], for creating multiple beams, and in applications , _ .

where the position of the desired speech source is approximatelywith e(w) = [ 1 edv . g dETDw } and

known, as in hearing aid and cochlear implant applications [3]. it (,6)
In [4][5] several procedures have been presented for designing An(w,0) = an(w,0) e """ ;o n=0..N=-1, (3
broadband beamformers with an arbitrary spatial directivity pat- representing the frequency and angle-dependent characterisiits (g

tern using an FIR filter-and-sum structure. Whatever design pro- phase) of the.th microphone. The delay, (6) is equal to
cedure is used, fixed beamformers are known to be highly sensitive
fS ) (4)

to errors in the microphone array characteristics (gain, phase, po- () =
sition), especially when using small-sized arrays [6][7].

Robustness against random errors can be improved by limiting with ¢ the speed of sound40-~>) and f, the sampling frequency.
the white noise gain [6] or by performing a calibration procedure
with the used microphone array [8]. However, when statistical
knowledge about the errors is available, this knowledge can be in-
corporated into the design procedure. In [5][9] robust design pro-
cedures for (random) gain and phase errors have been presented
In this paper we extend one of these design procedures in order to
include robustness against microphone position errors.

In Section 2 the far-field broadband beamforming problem is
introduced. Section 3 discusses the weighted LS cost function,
which can be used for broadband beamformer design when the

microphone characteristics are exactly known. In Section 4 a ro-
bust beamformer design procedure is presented, which optimises._5(«)

d,, cos 0
c
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When amicrophone position errooccurs and the distance be-
tween thenth microphone and the centre of the arraylis+ 6y,

4. ROBUSTNESS AGAINST POSITION ERRORS

this can be seen as a frequency and angle-dependent phase shifsing the cost function in Section 3, it is possible to design beam-

win COggf for the nth microphone, which hence can be easily in-
corporated into the microphone characteristics in (3) as

—Jj¥n(w,0) e_jwwfs
|

position

An(w,0) = an(w,0) e )

gain
Using (2), (4) and (5), théth element ok (w, 6) is equal to

7jw(k:+d" Cosef )

phase

Sn cmef
=2 fs

(6)

g (w,6)=¢ (i, @) IV

with & = mod(i — 1, L)

g(w, ) can be decomposed into a real and an imaginary part, i.e.

g(w7 9) = gR(w, '9) + ng(W, '9)
Using (1), the spatial directivity spectrufi (w, )|? is equal to

|H(w,0)|* = H(w,0)H" (w,0) = w G(w,0)w, (7)
with G(w,0) = g(w,0) g™ (w,0). Using (6), the(i, j)-th ele-
ment of G(w, 6) is equal to

) (dp—dm) cos 0
e*]w((kfl)vL 7 fs)an(w’ 9) am(w7 9) .

®)

with I = mod(j — 1, L) andm = | £} |. The matrixG(w, §) can
be decomposed into a real and an imaginary @agt(w, 6) and
G1(w,6). SinceGr(w, ) is anti-symmetric| H (w, §)|? is equal

to
©)

G (w,0) =

o= (6n(@.0) =0 (w,0)) —jw n=bmeosl 5,

)

|H(w,0)]> = w'Gr(w,8)w

3. WEIGHTED LEAST-SQUARES COST FUNCTION

formers when the microphone characteristics (gain, phase, posi-
tion) are exactly known. However, small deviations from the as-
sumed characteristics can lead to large deviations from the desired
spatial directivity pattern [6][7]. Since in practice it is difficult to
manufacture microphones with the same nominal gain and phase
characteristics and microphone position errors frequently occur, a
measurement or calibration procedure is required in order to obtain
the true microphone characteristics. However, after calibration the
microphone characteristics can still drift over time.

When statistical knowledge, e.g. a probability density function
(pdf), is available for the gain, phase and position errors, this knowl-
edge can be incorporated into a robust design procedure. In [5][9]
two robust design procedures for frequency and aimglependent
gain and phase errors have been presented. Considering all feasi-
ble characteristics, the first design procedure optimisesnien
performancei.e. the weighted sum of the cost functions, using the
probability of the microphone characteristics as weights, whereas
the second design procedure optimisesitbest-case performance
i.e. the maximum cost function.

In this paper we extend the mean performance design proce-
dure in order to include robustness against (random) microphone
position errors. The mean performance weighted LS cost function
can be written as

/ / Jrs(w,A) fa(Ao)... fa(An-1)
Ap AN_1
(16)

with Jrs(w, A) the weighted LS cost function (11) for a spe-
cific microphone characteristifAo, ..., Ax—1} and f4(A) the
joint pdf of the stochastic variables(gain), (phase) and (po-

Jrs(w

dAN 1,

The design of a broadband beamformer consists of calculating thesition error). Without loss of generality, we assume tatatmi-
filter w, such thatH (w, #) optimally fits the desired spatial direc-  crophone characteristicsl,,,n = 0... N — 1, are described by
tivity patternD(w, 6), whereD(w, 0) is an arbitran2-dimensional the same pdf 4(A) and thata, v and§ areindependent stochas-
function. Several design procedures exist, depending on the spetic variables such that the joint pdf is separable, i.f4(A)
cific cost function which is optimised. In this paper, we willonly £, (a) fu (1) fa (6), with £, (a) the gain pdf.fg () the phase pdf
consider the weighted least-squares cost function. In [4][5][9], and fa (9) the position error pdf. These pdfs are normalised such
also eigenfilter-based and non-linear cost functions are discussedithat the area under the pdfs is equal taBy combining (11) and

Considering the least-squares (LS) efid(w, 0)—D(w, 0)|?, (16), the mean performance cost function can be written as
the weighted LS cost function is defined as T T
Jrs(W) =w" Qumw — 2w" a,, +drs , av)
2
Jrs(w / / F(w,0)|H(w,0) = D(w,0)["dwdd , (10) which has the same form as (11), with
whereF'(w, 0) is a positive real weighting function, assigning more / / afA (Ao) ... fa(An_1)dAo...dAn_1
or less importance to certain frequencies and angles. This cost A JAy
function can be written as the quadratic function
m=] ... Ao) ... fa(An_1)dAy ... dAN_1.
Tos(w) = wTQusw — 2w"a+ dus | (11) Q /Ao AN?I(QLS fa(Ao) ... fa(An-1)dAo N-1
with (assumingD(w, 0) to be real-valued) We will now discuss the calculation of these two expressions.
QrLs = //F w,0) Gr(w,0) dwdb (12) 4.1. Vector a,,
Using (13), the vectoa,,, can be written as
a = / / F(w,0)D(w,0) gr(w,0) dwdd (13)
o am, = / / F(w,0)D(w,0) gm,r(w, 8) dwdd , (18)
drs = / / F(w,0)D*(w,0) dwdf . (14) eJa
e JQ

with the (complex) vectog (w, §) equal to
The filterw s, minimising the weighted LS cost function, is

WLs = QZ; a. (15)

A/A g(w,@)f_A(Ao)f_A(AN_l)dAodAN_l (19)
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g(w,0) = elrees) / (@, 0) fa(an) dan / eI £ () dip, / eI (5, d6n (20)
an n On
Ha(w,0) Hop (W,0)=pioy R (w,0)+jpg 1(w,0)  ps(w,0)=ps r(w,0)+jins 1(w,0)
p (dyp —dum) cos
Gi(w,0) — e*Jw((kfl)er dm) cos 0 Bf)// n (@, 0) am (W, ) fo(an) fo(am) dandam - 1)
3 (¥ (@0,0) = (0,0)) oo (Bm=8m)cos0
" " fo(n) fo (Ym) dipndip, ¢ * fa(8n) fa(Om) ddnddy,

m

Using (6), theith element ok, (w, #) is equal to (20), withue (w, 0)
real-valued angky, (w, #) andus(w, ) complex-valued (for sym-
metric pdfs aroun®, py (w, 6) andus(w, ) are also real-valued).
In the remainder of this paper we will assume Gaussian pdfs, e.g.

with o7, (w, 0) equal to

/ / ¢ (D10 =v2@O) £ o () diprdips
Py J o

the microphone position error pgh (6) is assumed to be

1 _(8—ug)?
fa(d) = e (22)
\/2ms?
with meanus and variance. Using (22) and the fact that
oo . 2
/ Ll \/ T ia , (23)
oo a
it can be easily shown that
(wsg cos Gfs)2 . ugcosf
us(w,0) =e” 22 eI s ) (24)

such that theth element of the real pagh.., r(w, 8) is equal to
O e e A |

(wsg cos 0fs)2
ty,1(w, 0) sin {w(k—i— Mﬁ)} }67 .

2c2

A similar expression can be obtained for a uniform pdf. Using

(25), theith element of,,, in (18) can be calculated by (nume
cally) integrating the expressidfi(w, 0) D(w, 0)g;, r(w, ) over
the considered frequency-angle region.

4.2. Matrix Q,,

Using (12), the matriXQ,,, can be written as

Qn = / / F(w,0) G, r(w,0)dwdd | (26)
e J0
with the (complex) matrixG,, (w, ) equal to
/ G w a)fA(AO) fA(AN71)dA0...dAN71.
Ao AN_1
(27)

Using (8), the(i, j)-th element ofG.,, (w, 0) is equal to (21).
If n = m, the (4, 7)-th element of the real pal..,r(w, ) is
equal to

G p(w,0) = 05 (w,0) cosw(k —1)] , (28)
with
o2(w,0) = / a*(w,6) fa(a) da (29)

If n # m, the (i, 5)-th element of the real paG..,r(w, ) is
equal to

pa(w, 0)as, (w, )03 (w, 0) cos [u} ((kfl)Jr (dn = dm

ri-
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ando?(w, @) similarly defined. In [9] it has been shown that

03 (w,0) = 1, (w,0) + 4,1 (w,0) (31)
such that using the same arguments and using (24), it can be easily
proved that

(wsg cos 9f5)2
2

U? (UJ, 9) = M?,R(w7 0) + /"%,I(wa 9) =ec (32)
Using (28) and (30), thé:, j)-th element 0fQ,, in (26) can be

calculated by integrating the expressibiw, G)Gi,{,R(w, 0) over
the considered frequency-angle region.

5. SSIMULATIONS

We have performed simulations using a small-sized non-uniform
linear microphone array consisting & = 3 microphones at
positions [—0.01 0 0.015] m. We have designed an end-fire
broadband beamformer with passband specificatitns©,) =
(300—4000 Hz, 0°-60°) and stopband specificatio(Q,, ©,) =
(3004000 Hz, 80°-180°) and fs = 8kHz. The filter length

L = 20 and the weighting functiof’(w, 6) = 1.

In order to only investigate the effect of microphone position
errors, the microphones are assumed to be omni-directional mi-
crophones with a frequency response equal i®. a, (w,0) = 1
andy, (w,0) =0, n =0...N — 1, simplifying several expres-
sions (1o (w, 0) = py(w,0) = oo(w,0) = o7, (w,0) = 1). We
have designed 3 types of broadband beamformers:

1. anon-robust beamformer, i.e. assuming no microphone po-
sition errors §, =0, n=0...N — 1)

a robust beamformeM( C) using a Gaussian microphone
position error pdf withus = 0 andss; = 0.003 (these
values depend on the accuracy of the manufacturing process
of the microphone arrays)

. since a microphone position errdrcorresponds to a max-
imum phase eropq.. = 72 f, (atw =  andf = 0°),
we have designed several robust beamformérRH) as-
suming a constant (frequency and angle-independent) phase
error, i.e.

2.

2

%y _ (mssfs)?
ps(w,0) =e 2 =¢e 22 | a[‘;(w,o):

The microphone position erra = 0.003 m corresponds

to the phase errory, = 12.7°.
For the different design procedures, Fig. 2 plots the mean perfor-
mance weighted LS cost functioff’s (w) for the Gaussian micro-
phone position error pdf. Obviously, the MIC-robust beamformer
gives rise to the smallest cost function, whereas the non-robust

2
e v .



beamformer gives rise to the largest cost function. The CPH- Mean mic pos cost function (L=20)
robust beamformers are less robust than the MIC-robust beam-

former, but even for small values of, they still provide a substan- ~ Robust (phase)
tial robustness increase compared to the non-robust beamformer.  Robust (mic pos)
Figures 3 and 4 show the spatial directivity plots at several fre- 5- o Max phase eror |

guencies for the non-robust beamformer and for the MIC-robust
beamformer, both when no errors occur and when (small) micro-
phone position errorf).002 —0.002 0.002] m occur. When no
errors occur, the performance of the non-robust beamformee is th
best, but the performance of the MIC-robust beamformer is cer-
tainly acceptable. However, when microphone position errors oc-
cur, the performance of the non-robust beamformer deteriorates
considerably, certainly at low frequencies. On the other hand, the |
MIC-robust beamformer retains the desired spatial directivity pat- f1ES SUNIIR
tern, even when microphone position errors occur. ikt SRS SO WP kil

(w)
=

w
T
I

WLS cost function J

N
EEES
I

6. CONCLUSION 0 2

6 8 10 12 14 16
Standard deviation sw for Gaussian pdf (deg)

In this paper, a procedure has been described for designing broad-
band beamformers that are robust against random microphone poFig. 2. Mean performance weighted LS cost functigfi; (w) for
sition errors. This design procedure optimises the mean perfor-non-robust and robust design procedures (MIC, CPH)
mance, requiring knowledge about the microphone position error

pdf, and is in fact an extension of a robust design procedure pre-
sented in [9]. Specific expressions have been derived for a Gau

sian pdf. Simulations have illustrated the performance improve

ment that is obtained when microphone position errors occur.

Freq: 500 Hz Freq: 1000 Hz Freq: 1500 Hz
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