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Noise Modeling for Nearfield Array Optimization
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Abstract—In this letter, an exact series representation for a ~ As an alternative, in this paper we model the noise field
nearfield spherically isotropic noise model is introduced. The with uniformly distributed sources over all directions in the
proposed noise model can be utilized effectively to apply well- noqfielq at a fixed distance from the array origin and call

established farfield array processing algorithms for nearfield it field spherically isotropi isdhi d del
applications of sensor arrays. A simple array gain optimization It Nearield sSphercally ISoopIc NOISENIS NOISE model can

is used to demonstrate the use of the new noise model. be utilized effectively to apply any signal processing criterion
based on isotropic type noise correlation to nearfield applica-

tions. In our simulation example in Section IV we will show
that a design based on this nearfield noise model performs
better than one based on a farfield noise model in a more

Index Terms—Nearfield beamforming, noise modeling, opti-
mization, reverberation.

|. INTRODUCTION realistic mixed farfield-nearfield noise field.
EARFIELD sensor array design is important in telecon-
ferencing and speech acquisition applications [1], [2]. Il. GAIN OPTIMIZATION FOR AN ARBITRARY ARRAY

Most array processing literature deals with situations whereag motivation for the theoretical development, we consider
the desired source and the noise sources are assumed tQ Bgnple array optimization technique as applied to a nearfield
in the farfield of the array; this considerably simplifies th%rray.

design problem. In most stochastic optimization techniques,tpe array gain is a key array performance indicator, defined
the noise correlation matrix plays an integral part of the desi

In fixed beamformer design, the noise field is assumed to be ) )

known, and usually modeled by either white Gaussian noiseg; _ 4, POWer received from a desired locatidousce)

or farfield spherically isotropic noisavhich results from a total noise power receivét,ois.)
uniform distribution of noise sources over all directions in (1)
the farfield.

For nearfield applications of sensor arrays such as teﬁe(—)nSIOIer an aray otV + 1 sensors, arbitrarily placed in a

. 3 i
conferencing, the noise field consists of undesirable nearfie %unded regior C R°. Then the response of this array to a

sound sources as well as reverberation caused by the desiied ©© located outside the regiohat y, is

and noise sources. Using tle®urce-imagemethod [3], we N eikly = "
. . . . . . _ —k;
can visualize reverberation with point image-sources. In an by)= > wn v Y 2)
. . . . n
average size room, some or all first-order reflected image- n=—N

sources will be in the nearfield of the array while multiply, here; — V=1, w, is the complex gain associated with the
reflected ones will be in the farfield. Due to absorption byensor position’ed at, € Q, y=|y|andk £ 2 f/c = 21 /)
walls, a multiply reflected reverberant noise source contributgSihe \wavenumber WhiCh’ can be expressed in terms of the
less power compared to first order reflected ones. Thus, pagation speed and the frequency, or the wavelength
overall noise field is mainly due to nearfield noise source§, Thus. the power received from the desired locatianis

and an assumption of farfield spherically isotropic noise Yiven by P, = b*(y,)b(y,) where* denotes complex
white Gaussian noise is a very crude approximation. In [4], ”&%njugate transpose. Arranging the weights in(an + 1)-
farfield spherically isotropic noise was used to model the effegioment column vectoW = [w_y - wy]? and defining a

of reverberation without considering the effect of nearﬁequuare((ZN—i-l)><(2N+1)) Hermitian matrixR. — aa*

noise sources. in terms of the(2N + 1) column vector
eHly—x—w|
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Proise = [ V"(y) b(y) dy, wherey = y/y is a unit vector in Equation (9) is a novel result, which gives the noise correlation
the direction ofy and the integration is over all directionsbetween a pair of sensors for a noise field generated by
We define thg (2N + 1) x (2N 4 1)) matrix Ryoise = [rm]  Uniformly distributed noise sources on the surface of a sphere

with elements radius ofy which encloses the pair of sensors. Another form
2 ikly—xn| —ikly—%m] of (9) can be derived using the relationship [6, p. 27]
Y ¢ ¢ A
Tnm = 7 dy (4)
471' |y_xn| |y_xrn| p ) +1
. " " - Y (%) Yog () = 22 Po(cosyam)  (10)
(Note thatR,.i« IS Hermitian and positive definite). Then, Z pg\tn/Spgiam or P nm
Pooise = 47 W*R 01 W, and (1) becomes a ratio of quadratic =r
forms wherecos ynm = XnXm andB,(+) are the Legendre functions.
- W Rsouwee W (5) Combining (9) and (10), we write the correlation between two
WH*Rpoise W sensors as

The usual goal is to fin@V which maximizes. The form of 00
(5) is familiar andRcource AN Ryoise are commonly known .., = 2k%y% S (2p + 1) Y (k)| (k) (k)

as the source correlation matrix and noise correlation matrix, p=0
respectively. The optimum array weights are [5] X P,(cos Ynm)- (11)
WOPt = R;olisea' (6)

An attractive feature of (11) is that for each term in the
series, the dependence on the distance to the noise sgurce
the angle between the two senseys,,, and the distances
In this section, we find an exact series representation for tlee the two sensors;,, and x,, appear as separate factors.
noise correlation,,,,, (4) between two sensors due to nearfiel@this property of the series expansion (11) facilitates the
isotropic noise field. calculation of correlation between two sensors for various
We write the wavefield at the sensor locatigp due to a sensor orientations. This can be significant advantage over the
source ay for y > z,, using the spherical harmonic expansiotthree-dimensional integral representation (4) when all pairs of
[6, p. 30] as sensors in a large array must be considered.
For the simple case of a line array through the origin,

oo p
= 4“’“2 Z hél)(ky)Y},q(y)jp(kxn)Y})*q(in) cosynm = +1 for all pairs of sensors, depending on whether
=0 q——p the origin is on one side of a sensor pair or in between them.
(7) Since F(+1) = (£1)? for all integersp [8, p. 208], the
correlation between two sensors for a line array is
wherep and q are integersy,(t) = \/7/2t Jpy1/2(t) and
WD) & \/n]2t (o1 o(t) +iN,i12(t)) are thespherical 5 2 v T RN SR
Bessel and Hankelf%un/ctiomﬁ firskain/d (7, p- 125],Jp11/2(+) Tnm = 2Ky 2(2]) D) | k)G kan)p (k).
and N,11/2(-) are the half integer order Bessel functions of P (12)
the first and second kind, respectively, = |x,|; Y,4(¥) are
spherical harmonics [6, p. 25]

I1l. NEARFIELD ISOTROPICNOISE

Ry —xn|

ly — x|

The simplest special case of (11) is for farfield isotropic

2p+1 (p— |g|)! l ) noise, in which casey — oo. Exploiting the relation
Yo =\ T ey ) ¢t limy oo 2 AV (k)|2 = 1/K2 [6, page 30], we find (11)
reduces to

where(8, ¢) is the elevation and azimuth of the location given o

by 3, and P}?(.) are the associated Legendre functions. It is P 22(21; + D) jp(kn) jp (k) Pr(cos Yom).  (13)
known that{Y,,(-) : p =0,1,2,---; ¢ = —p, ..., p}, form a
complete orthonormal system in the unit sphere, where

e 1, ifp=p and ¢g=¢,
/Y})q(Y) p’q’(Y) dy = {O, otherwise ®

p=0

Using [9, p. 366], (13) simplifies to

2sin(k\/22 + 22, — 22,2, COS Yrm)
ky/a2 + 22, — 20,2 m COS Ynm,
_ 2Siﬂ(/€|Xn - Xrn|)

Tnm =

where integration is over all directions.

We now determine an exact expression for the nearfield
isotropic noise correlation matrix. We substitute (7) and its
conjugate in to (4), interchange integration and summations,
and evaluate the resulting integral using (8) to obtain

(14)

klxXn — X |

which is a well-known result for farfield spherically isotropic

oo p ) noise fields [10, p. 49]. For the simple case of a linear
Pam = 47Ky > > WD (ky) | Y (%) Vg (Rm) array with half wavelength spacings, the observed noise is
p=0g=—p uncorrelated between sensors; this fact is readily evident from

X Jp(kxﬂ)Jp(kxm) 9 (14).
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model (14) (dashed). The nearfield noise model based design
provides a better directional array gain in the nearfield and
simultaneously provides similar farfield noise rejection when
compared with the farfield noise model based design. For both
design methods, the power received from a sourcgdatat

the look direction is about 25 dB less than that of the desired
source aBBA. The tradeoff for using the nearfield noise model
is the better directional gain at the expense of slightly wider
main lobe width.

ARRAY RESPCNSE (dB)

V. CONCLUSION

In this letter, we have introduced an exact series rep-
resentation for nearfield/farfield isotropic noise field, which
may be useful in sensor array applications in the nearfield.
While the model has only been demonstrated here for a small
, ‘the oot based feld o ol line array, it is generally applicable to more complex sensor
%)t sources at thee and 30 wavelengihs fom the array orgin, Also shogOMelries. More important, this result allows the application
is the response of the farfield noise model based optimum array (dashed li§d)Well-established farfield array processing algorithms for the

nearfield applications.
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IV. SIMULATION EXAMPLE
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