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ABSTRACT 2. THEORY OF ELEMENTARY SHAPE INVARIANT

BEAMPATTERNS
This paper presents a new method of designing a beamformer hav-

ing a desired broadband beampattern with focusing capability to In [4], the nearfield-farfield transformation is obtained by solving
operate at any radial distance from the array origin. An important the physical problem governed by the classical wave equation in
consequence of our result is that the beamformer processing can béhe spherical co-ordinate system. letlenote radial distance)
factored in to three levels of filtering: (i) beampattern independent and# be the azimuth and elevation angles in our spherical coor-
elementary beamformers; (i) beampattern shape dependent filtersdinate system. Then a general solution of the wave equation for
and (iii) radial zooming filters where a single parameter can be ad- engineering applications can be constructed by combination of all
justed to zoom-focus the array to a desired radial distance from thepossible modes of the form

array origin. As an illustration the method is applied to the prob-

lem of producing a practical array design that achieves a frequency En(r,0,¢;k) A3 gW L (kr) plm (cos 6) ™ (1)
invariant beampattern over the frequency range of 1:10. nts

where integera > 0 andm (|m| < n) index the modes; = @
1. INTRODUCTION is the wave numberf is the frequency of the wave andis the
speed of wave propagation. The functiaR¥ (-) are associated

Consider the problem of designing a microphone array for speechLegendre functions anrHSj;(-) is the half odd integer order

acquisition. Not only does the array requires a narrow main beam, Hankel function of the first kind. We assume that the propagation
but it should operate uniformly over a large bandwidth and be able speed: is independent of frequency, implyirigis a constant mul-

to cope with nearfield sources. Whilst there has been a deal oftiple of frequencyf and throughout this paper we will often refer
progress in designing broadband arrays, having them operate wello k as “frequency”. By combining modes for all possibl@ndm

in the nearfield is a challenge. In this paper, we will present a the general solution to the wave equation inbleampatterrform
systematic way of designing nearfield broadband sensor arrays. Iris given by

particular, we will explicitly show how to parameterize the filter

coefficients inorder to be able to focus the array to practically any < . .
operating radius from the array origin whilst maintaining a prede- be(0,¢3k) = > an'(k), B} (r,60,6;k) @
termined broadband angular specification. n=0m=-n

Most of the array proce_ssir!g Ii_terature assumes a farfield SOUrC&, here{a™ (k)} is a set of frequency dependent coefficients. From
having only plane waves impinging on the sensor array. HOWeVer yis noint onwards, we refer to (2) as the modal representation of

in many practical situations such as microphone arrays in car en-peampatterns. It has been shown [4] thatdjg(k) coefficients
vironments [1], the source is well within the nearfield. The use of ... be obtain from thanalysisequation:

farfield assumptions to design the beamformer in these situations

can severely degrade the beampattern. . (n+ %) (n —m)!
There is little work in the literature on nearfield beamforming. @ (k) = 1 () (n+m)! ®3)
In [2], time delays were applied to compensate for differing propa- 2 Hn+% (kr) )
gation delays due to spherical propagation. However this is only an 2 pm _
approximation and ignores the variation of the magnitude with dis- /0 /0 b. (8, ; k)P (cos §)e 7™ sin OdOdep.

tance and angle and assumes a point source. In [3] there was con-

sideration initially for nearfield theoretical development but this Since we can invert the representation (2) via (3) we conclude that
was ignored in the actual array design. A novel technique use-theq” (k) uniquely represent an arbitrary beampattern.

ful in array design has been recently developed [4]. It is based Using the analysis equation (3), any arbitrary beampattern can
on writing the solution to the wave equation in terms of spherical pe decomposed in to modes which are characterized by the coef-

harmonics and allows a nearfield beampattern specification to beﬁciemsag(k)_ These mode&™ (r,, ¢; k) can be factored into
transformed to the farfield. Well understood farfield designs can two parts:

then be used to design the nearfield beamformer. Farfield broad-
band beamforming has been reviewed in [5]. E(r,0,¢;k) = Rn(r, k) €, (0, $), 4)



where, R,(r,k) = re HT(::;(’W) and € (6,¢) = We can consides; (%, k) as the elementary aperture illumination

2 functions corresponding to eaeft (6, ¢). Note that these elemen-
tary aperture functions are independent of the specific beampattern
and they can be calculated beforehand in a practical situation.

The weightsa;* (k) have two interpretations: (i) they decom-
ose the beampatterns (7) to a weighted sum of ESIBs, and (ii)
ey construct the aperture illumination (8) as a weighted sum of

elementary aperture illumination functions.

P (cos@)e’™®.  The quantitye? (6, $) can be considered

as an elementary beam shape @&hdr, k) is a complex function
parameterized by andk. Therefore, the shape of the beampattern
is invariant with frequency as well as with distance. Hence we
call these beampatterns Elementary Shape Invariant Beampattern
(ESIB).

3. BROADBAND CONTINUOUS SENSOR DESIGN

) 3.2. Nearfield Equivalence
3.1. Elementary Continuous Sensors

In previous sections we have developed a new method for decom-ln this section, we generalize the above result for broadband beam-
P P patterns at any radial distance from the array origin using the

posing a given beampattern_into _elementary shape inva_riant beamhearfield-farfield transformation technique [4].
patterns (ESIBs). As an engineering problem, now we will develop

relevant theory to physically realize these ESIBs using an array of )

sensors. Initially we will begin with the concept ofcantinuous ~ Theorem 1 Let ¢(6, ¢; k) be an arbitrary broadband beampat-
sensor so that an exact relationship between ESIB and aperturetern specification. Then the aperture illumination;’ (&, k) of a
illumination can be developed. Then the illumination function of continuous sensor which realizes this beampattern at a radius
the continuous sensor will be approximated by a discrete sensorffom the sensor origin is given by

array to permit implementation.

In order to be able to completely describe results for different ar- Mo >~ i [Rn(00, )%
ray configurations we introduce the notatje(®, k) for the broad- pP(@ k) =" Y al(k) Rrh) 2 (Z,k) (10)
band aperture illumination or the response of the aperture at a point n=0m=-n ’

Z and for a frequency:. Then the response of a continuous sen- o )
sor to planar waves (i.e., generating from a farfield point source) Wherea; (k) are the coefficients of the modal equation represen-
impinging from an angléé, ¢) is, tation of the given beampatterd, ¢; k) specified in the farfield.

boo (7, k) = /oo p(Z, k)’ ¥ d, (5) The proof is given in [6].

— oo

where the vectoiZ depends on the dimension of the sensor and its 3 3 one dimensional Sensor

orientation. For example, in the case of a one dimensional array

aligned toz axis,# = cos § and# = z. Equation (5) is a Fourier ~ The broadband array theory developed in the previous section is
transform relating the farfield beampatterns and the aperture illu- sufficiently general to capture quite arbitrary three dimensional
mination for a fixed frequenc¥. The inverse Fourier transform  sensor geometries. In an attempt to bring the result into focus and

corresponding to (5) is given by provide a more concrete presentation of the ideas we examine a
& o linear sensor aligned with axis. In this case, the beampattern is
p(Z,k) = (_)D/ boo (@, k)e ™ F "% dig (6) rotationally symmetric with respect 9, and a farfield beampat-
2m —oo tern can be expressedias (0, ¢; k) = b (6; k).

whereD is the dimension of the array. However, the beampattern 1€ only non-zero components are those for which= 0,
beo (@, k) is defined only ford € [0,7] and¢ € [0, 2], and so which leads to the following simplified set of equations:

the integration in (6) must have finite limits. L&te (u1,u>) be

the range ofi corresponding to the physical range of the angles.
In order to establish an exact relationship between the ESIBs and

o)

boo (B; k) = > _ avn (k) Ry (00, k) Py (cos 6). (11)

the aperture illumination function, we write an arbitrary farfield =0
beampattern in the modal representation (2) as and
— - - m m (r) — = [R”(oo7k)]2 0
bR =3, 3 BB 00,00, (D) PR = 3 el TR T a5 k) (2

where{a (k)} are the decomposition weights. Substituting (7) Wherea., (k) = af (k) and o) (z, k) are the elementary aperture

in to (6) and rearranging, we obtain the desired relationship as  functions andp(")(z, k) is the aperture illumination which will
- . realize the desired response at a radiusom the array origin.
SN m e By evaluating the integral in (9) for this case, we obtain a closed
P&, k) = ZO _Z o’ (k) B (00, K)o (£, k) (8) form expression for the elementary aperture functions for a linear
e sensor aligned with the axis as:
where
LAY 0o, ) = o (g (13)
GEN 2" [Caee e @ en( k) = o= (i) =

1




4. BROADBAND DISCRETE ARRAY DESIGN

4.1. Approximation [

Having developed the theory of a general broadband continuous
sensor in terms of elementary aperture functions, we will now de- ¢
scribe the implementation of a broadband array. From this point
onward, we only consider one dimensional sensor arrays, however,
the results can be generalized to higher dimensions. We con5|der
a double sided array aligned to thexis.

The continuous aperture distribution described by (12) is not
practical for beamforming with finite number of point sensors. The
problem of obtaining a desired broadband response using a dis-
crete set of sensor locations reduces to a numerical approximation
of the following integral representation, which gives the output
frequency response of the ideal continuous sensor for an arbitrary
signalS(z, k) at frequencyk impinging on the array at position

Y (k) = /_oo P (z, k) S(z, k) dz. (14)
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We follow the approach introduced in [5] to approximate (14) by

L e
Y(k) = > 90" (z1,k) Sz, k), (15)
i=—1L
Figure 1: Block diagram of a general one-dimensional broadband
where{z; }._; is a set of2L + 1 discrete sensor locations and beamformer
gi is a spatial weighting term which is used to account for the

(possibly) nonuniformly spaced sensor locations. i o
Theorem 2 All elementary filter responsds; (z;, -) of the same

moden at different sensor locations; are identical up to a fre-

4.2. Beamformer Structure quency dilation.

We can considep(”(zi, k) in (15) as the frequency response of
a filter attached to the sensor at poiit By combining (12) and
(15) we write,

With the double-sided one dimensional broadband array as defined
in (16), we are led to a block diagram as shown in Fig. 1.

The proposed general beamformer has three levels of filtering
associated with it. The first level consists of elementary beam-
Z gi S(zi, k Z o (k) G (r, k) FO(2i, k), (16) formers, which are shown inside the dashed-line boxes in the Fig.

8

Py o 1. Each of the elementary beamformers consists of elementary fil-
ters of the same mode which are connected to different sensors but
where are related by the dilation property. As a consequence, we have a
set of unique beamformers for each and every madghe charac-
F(zi, k) 2 £ o™ (2, k) (17) teristic coefficientsy, (k) form the second level of filtering. Since
k the a, (k) determine the shape of the beampattern, we call them
G k) & k [R (00, k)]? (18) Beam Shape FiltersThe final set of filter<7., (r, k) are indepen-
AT \/ﬁ R, (r k) dent of sensor locations but dependent on the operating radius
and the mode, and from (18) can be simplified to
The filters 2 (z;, k) depend on the elementary beam shapes and ) N
the position of the sensors. They are given by Go(r k) = (="t \/z gi?(k—ho) (20)
| m Vo HY (k)
0 n JnJr;(k‘Zi) nty
Fn(zhk) = (_]) 277 (19) . . . A
kz; whereky is an arbitrary chosen nominal frequency. By adjusting

] ] ] the parameter in G, (r, k), the beamformer can be zoomed to a
whereJ, , 1 (-) is the half odd integer order Bessel function. We particular operating radius To highlight this important property
will call F}*(z;, k) the elementary filters. As in the case of ESIBs, we call the filtersG,, (r, k) Radial Zooming Filters Our general
these elementary filters are same for all beamformers, thus theybeamformer structure has three interesting properties: (i) the el-
may be useful in developing effective parameterization for adap- ementary beamformers are same for all beamformers, (ii) beam
tation of beampatterns. We now demonstrate an important resultshape filters control the shape of the beampattern and (iii) radial
regarding the elementary filters as a consequence of (19). Notezooming filters zoom-focus the beamformer to the desired operat-
that in (19),F? (2, k) is a symmetric function of spatial variable ing radius. Because of these properties, our design is readily con-
z; and of the frequency variable Thus, these elementary filters  vertible to adaptive implementations, where only the beam shape
have adilation property We state this property as a theorem. filters and radial zooming filters need to be adapted.



hd
ot
fid
7

i
A ”l,lgﬂll

ANGLE (degrees) FREQUENCY (H7) ANGLE (degres) FREQUENCY (1) ANGLE (degres) FREQUENCY (1) ANGLE (degres) FREQUENCY (1)

(a) farfield response (b) nearfield response at a ra- (a) Nearfield Response 3); (b) farfield Response
dius3\;

Figure 3: Response of the 25dB Chebyshev beamformer which is
Figure 2: Response of the farfield focussed 25dB Chebyshevfocussed to the nearfield at= 3\,
beamformer over 300-3000Hz

A= i—’l’) The response of the beamformer to a farfield source
is given in Fig. 2(a), which is close to the desired response. The
In this section, we consider the design of frequency invariant fesponse of the same farfield focussed beamformer to a nearfield
beamformers as a special case of the general beamforming theSource at a radius); is given Fig. 2(b). Itis evident from this
ory developed above. An arbitrary beampattern over an arbitrary figure that the farfield assumption severely degrades the nearfield
bandwidth can be expressed (in the farfield) by (11). It can be performance. Next we zoom-focus the same beamformer to the

4.2.1. Frequency Invariant Beamforming

easily seen from (11) that if there is a sequetige} of mode nearfield by adjusting the variabten the zooming filteiG:.. (r, k)
dependent constants such that to 3)\;. The resulting beamformer is simulated in the nearfield and
we observe an improved response in the Fig. 3(a). For complete-
i) — Bn ness, we find the response of nearfield zoomed beamformer to a
o (k) = R, (00, k)’ farfield source and show this in Fig. 3(b). This demonstrates that

generally a beamformer designed to operate in farfield does not
for a range of frequencigs € [k, k.] C (0, 00), then the beam-  perform accordingly in the nearfield, and a nearfield beamformer
pattern is frequency invariant ovér € [k, k.]. This simplifies will not produce the desired farfield response. However, in our
the general beamformer structure in Fig. 1, and in particular the design, a single parameter can be adjusted to zoom focus a beam-

productG., (r, k) a (k) appearing in (16) becomes former to a desired operating radial distance from the array origin.
_k_ i
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