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This paper presents a coherent method of design of active noise control systems
for compact and distributed sources of noise in a three-dimensional non-dispersive
propagation medium. An analysis of single-input single-output, single-input
multi-output and multi-input multi-output control structures is provided.
Conditions for the robust operation of such systems on the basis of optimum
cancellation, in relation to controller design, are determined. These conditions are
interpreted as constraints on the geometric compositions of the system.
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1. INTRODUCTION

Active noise control (ANC) is realized by artifically generating secondary
(cancelling) source(s) of sound through detecting the primary (unwanted) noise and
processing it by a suitable electronic controller, so that when the secondary wave is
superimposed on the primary wave the two destructively interfere with one another
and reduction of the unwanted sound occurs. Theoretical and practical
investigations have shown that, generally, due to the broadband nature of the noise
emitted by practical sources, the control process is required to realize suitable
continuous frequency-dependent characteristics so that cancellation over a broad
range of frequencies of the noise is achieved [1-4]. Moreover, in practice, the
characteristics of sources of noise vary, e.g. due to operating conditions, leading to
time-varying spectra. Furthermore, the characteristics of system components are
subject to variation: e.g., due to ageing, environmental effects, etc. Therefore, the
control process is further required to incorporate an adaptive capability so that the
required performance is achieved and maintained. Through his experiments of
reducing transformer noise, Conover was the first to realize the need for
a “black-box” controller that would adjust the cancelling signal in accordance with
information gathered at a remote distance from the transformer, as the
performance of his ANC system was deteriorating from time to time due to the
time-varying nature of the transformer noise [5, 6]. Later it has been realized by
numerous researchers that for an ANC system to be practically successful it is
essential that it incorporates an adaptive capability [1, 7-17].
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In practice, sources of noise can broadly be classified as compact or distributed.
A compact source of noise is theoretically modelled as a point source with contours
of equal pressure levels forming spherical surfaces around the source. A distributed
source of noise, on the other hand, can be modelled as a set of point sources
distributed around the surface of the source. In cancelling the noise of a compact
source, a single detector is generally sufficient to obtain the required signal
information needed to generate the cancelling signal. This leads to the realization of
a control structure incorporating a single-input signal. However, in cancelling the
noise of a distributed source, to obtain sufficient signal information, a multiple set
of detectors will be required. This will lead to the realization of a multi-input
control structure. Similarly, at the output end, the performance requirements of the
system as related to the physical extent of cancellation in the medium, will lead to
the realization of either single-output or multi-output control structures. Therefore,
depending on the application a suitable control structure incorporating the
required number of inputs and outputs can be employed.

The analysis presented in this paper is concerned with the cancellation of noise of
both compact and distributed sources in three-dimensional (free-field) propagation.
The system is considered within the realization structures of the single-input
single-output (SISO), single-input multi-output (SIMO) and multi-input
multi-output (MIMO) forms. The controller design relations are developed in the
frequency domain. These can, equivalently, be thought of either in the complex
frequency s-domain or the z-domain allowing the practical realization of the
corresponding controller in either the continuous time or the discrete time using
analogue or digital techniques accordingly.

The analysis is focused on ANC systems in stationary (steady-state) conditions.
This corresponds to a system with fixed controller of the required characteristics
under situations where substantial variations in the characteristics of secondary
source(s), transducers and other electronic equipment used do not occur. In an
adaptive ANC system, this means that once a steady state (stationary) condition
has reached the situation is equivalent to the case of the fixed controller. Therefore,
in an adaptive ANC system the analysis applies to periods of time when a steady
state condition has reached and substantial variation in the parameter values do
not occur.

2. ACTIVE NOISE CONTROL STRUCTURE

A schematic diagram of a general ANC structure, namely the MIMO
feedforward control structure (FFCS), is shown in Figure 1(a). A set of n primary
point sources emit unwanted acoustic signals (noise) into the medium. This is
detected by a set of n detectors, processed by the controller and fed to a set of
k secondary sources. The secondary signals thus generated are superimposed upon
the unwanted noise so that the noise level is reduced at a set of k observation points.
The corresponding frequency-domain equivalent block diagram of Figure 1(a) is
shown in Figure 1(b) where E is an n x n matrix representing transfer characteristics
of the acoustic paths between the primary sources and the detectors, F is a kxn
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Figure 1. Active noise control structure: (a) Schematic diagram. (b) Block diagram.

matrix representing transfer characteristics of the acoustic paths between the
secondary sources and the detectors, G is an n x k matrix representing transfer
characteristics of the acoustic paths between the primary sources and the observers,
H is a kxk matrix representing transfer characteristics of the acoustic paths
between the secondary sources and the observers, M is an n x n diagonal matrix
representing transfer characteristics of the detectors, P is a 1 x n matrix representing
the primary signals at the source points, P, is a 1 x k matrix representing the
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primary signals at the observation points, S is a 1 x k matrix representing the
secondary signals at the source points, S, is a 1xk matrix representing the
secondary signals at the observation points, D is a 1 x n matrix representing the
detected signals, and O is a 1 x k matrix representing the combined primary and
secondary signals at the observation points.

As seen in Figure 1(a), each detector gives a combined measure of the primary
and secondary waves that reach the corresponding detection point. The secondary
waves thus reaching the detectors form closed feedback loops that can cause the
system to become unstable. Therefore, a careful consideration of these loops is
necessary at a design stage. Alternative techniques attempting to avoid the
instability problem in one-dimensional propagation (duct noise) by isolating the
detector from secondary source radiation through using either unidirectional
detectors or multiple-detector/multiple-source configurations such as acoustic
dipole and tripole have been reported [ 18-22]. It is possible to avoid the instability
problem in three-dimensional propagation by using unidirectional detector(s) or by
employing indirect detection [23]. However, a stability analysis of the system based
on relative stability measures will lead to a robust design [24].

Note, in Figure 1, that moving the observation points so that to coincide with the
detection points will lead to a feedback control structure (FBCS). This type of
structure has been investigated for the SISO system extensively [23, 25-34]. The
feedforward control structure, on the other hand, has more popularly been
employed and investigated, as a general structure, in one-dimensional as well as
three-dimensional enclosed and free fields [1, 4-6, 15-17, 23-26, 35-39].

3. DESIGN OF THE CONTROLLER

The objective in Figure 1 is to reduce the level of noise to zero at the observation
points. This corresponds to the minimum variance design criterion in a stochastic
environment. This requires the observed primary and secondary signals at each
observation point to be equal in magnitudes and have a phase difference of 180°:

So = - Po- (1)
By using the block diagram in Figure 1(b), P, and S, can be expressed as
P, = PG, S, = PEMCL[I — FMCL] 'H, ()

where I is the identity matrix. Substituting for P, and S, from equation (2) into
equation (1) and simplifying yields the required controller transfer function as

C=M"'4"'GH 'L}, (3)
where 4 is an n x n matrix given by
4=GH 'F —E. 4)

Equation (3) represents the required controller design relation for optimum
cancellation of noise at the observation points. In designing such a controller
a careful consideration of the acoustic feedback loops, due to secondary source
radiation reaching the detectors, that can cause the system to become unstable is
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required. Moreover, note in equation (3) that, for given sources, sensors and
necessary electronics, the controller characteristics are dependent on the transfer
characteristics of the acoustic paths and, hence, system geometry. A study of this
dependence will give an insight into the complexity and practical realization
aspects of the controller and, therefore, is extremely important in a design stage.

Note in Figure 1 that the control structure utilized includes the same number of
secondary sources as the observation points. Similarly, the number of detectors is
equal to the number of the primary sources. These are required for optimum
cancellation of noise to be achievable at the observation points. This is evidenced in
the corresponding design relation for the required controller in equation (3),
requiring inversion of H and 4, for which both E and H have to be square matrices.
This implies that a control structure in which the number of secondary sources is
not equal to the number of observation points and/or the number of detectors is
not equal to the number of primary sources will lead to a sub-optimal design with
which full cancellation of noise at the observation points will not be achievable. For
a practically acceptable level of performance to be achieved with such a structure,
the controller design can be based on minimization of some function of the noise,
e.g. in a least-squares sense, at the observation points.

4. LIMITATIONS IN CONTROLLER DESIGN

It follows from equation (3) that for given detectors and secondary sources with
necessary electronic components, the controller characteristics required for
optimum cancellation are dependent on the characteristics of the acoustic paths
from the primary and secondary sources to the detection and observation points.
Any set of such points in the medium requires particular controller characteristics.
In particular, if the set of detection and observation points are such that the
determinant of A in equation (3) becomes zero then the critical situation of
infinite-gain controller (IGC) requirement arises. The locus of such points in the
medium (as a practical limitation in the design of the controller) is, therefore, of
crucial interest.

Under the situation of the IGC requirement, equation (4), for periodic waves, can
be written as

[4(jo)l =1G(jo)H™ " (jo)F(jo) — E(jw)| =0, )

where E(jw), F(jo), G(jw) and H(jw) represent the frequency responses of the
corresponding acoustic paths in Figure 1, j is the unit imaginary number and o is
radian frequency. Note that equation (5) is given in terms of the characteristics of
the acoustic paths in the system. This implies that the IGC requirement is
a geometry-related problem in an ANC system. Therefore, an analysis of equation
(5) will lead to the identification of loci of (detection and observation) points in the
medium for which the IGC requirement holds. To obtain the solution of equation
(5) an SISO system is considered first. The results obtained are then used and
extended to the SIMO and MIMO ANC systems.
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4.1. SINGLE-INPUT SINGLE-OUTPUT SYSTEM

Let the ANC system in Figure 1 incorporate a single primary source (n = 1) and
a single secondary source (k = 1) and the functions E(jw), F(jw), G(jw) and H(jw),
in this case, be denoted by e(jw), f(jw), g(jw) and h(jw) with the associated
distances as r,, 17, r, and r;, respectively:

: : A —j(w/c)r : : A —j(w/c)r
E(jo) = e(jo) = — e, F(Jw)=f(Jw)=r—fe e

k=n=1,

. . A _. . : A _.
G(jo) = g(jo) = =e7,  H(jo) = h(jo) = =e™on (6)
) h
where A4 is a constant. Substituting for E(jw), F(jw), G(jo) and H(jw) from
equation (6) into equation (5) and simplifying yields

Te) emitrr—raoe _ (1) o =it =ryore.
Te I

This equation is true if and only if the amplitudes as well as the exponents (phases)
on either side of the equation are equal. Equating the amplitudes and the phases,
accordingly, yields

VE/rf = rg/rh =4a, rf —Fe=Tp— rga (7)

where a is a positive real number representing the distance ratio. Equation (7)
defines the locus of points for which |4(jw)| = 0 and, for optimum cancellation to
be achieved at the observation point, the controller is required to have an infinitely
large gain. Note that this equation is in terms of the distances r., ry, r, and r;, only.
Therefore, the critical situation of IGC requirement is determined only by the
locations of the detector and observer relative to the primary and secondary
sources.
Eliminating r, and r, in equation (7) and simplifying yields

rela—1)=ry(a—1). 8)

Two possible situations, namely a = 1 and a # 1, are considered separately.

4.1.1. Unity distance ratio

For a unity distance ratio equation (8) yields the identity O = 0. Therefore,
substituting for a =1 into equation (7) yields the locus of points for IGC
requirement as

r/ty =1 and r,/r, = 1. )

If the locations of the primary and secondary sources are fixed then each relation in
equation (9) defines a plane surface perpendicularly bisecting the line joining the
locations of the primary and secondary sources (see the Appendix A). This plane for
the primary and secondary sources located at points P(0, 0,0) and S(us, v, wy)
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respectively with a distance r apart in a three-dimensional UV W -space is given by

u v w
72u) 2 2w

which intersects the U —, V — and W — axes at points (r*/2uy, 0, 0), (0, #*/2v,, 0)
and (0, 0, r2/2w;) respectively. If the detector is placed at any point on this plane (the
IGC plane) and if at the same time the observer location coincides with a point on
this plane then the “critical situation” of equation (5) occurs and the controller is
required to have an infinitely large gain for optimum cancellation to be achieved at
the observation point,

:1,

4.1.2. Non-unity distance ratio

For a non-unity distance ratio, equations (7) and (8) yield
roftyp=a, r,/rn=a and r/ry=1. (10)

It follows from Appendix A that each of the first two relations in equations (10)
describe spherical surfaces. These surfaces for the primary and secondary sources
located respectively at P(0, 0, 0) and S(uy, v, w,) are defined by

u+ @, 2+ v+ a’v, 2+ w + aw, f_|_ar T a#1, (11)
1 —a? 1 —a? 1—a®| |1=a%]|" ’

which has a radius R = ar/[1 —a*] and centre along the line PS at point
Q(— a*uy(1 — a?), — a*vy/(1 — a?), a*wy/(1 — a?)).

The third relation in equations (10) requires the equality of the distances r, and
r,. The locus of such points in the three-dimensional UV W -space (for, say, constant
r.) is a sphere with radius equal to r, and centre at the location of the primary
source:

ur +0? +w? =rl. (12)

Therefore, the locus of points defined by equation (10) is given by intersection of the
two spheres in equations (11) and (12). Such an intersection results a circle (the IGC
circle) located in a plane that is at right angles with the line joining the centres of the
spheres. The centre of the circle is the point of intersection of the plane and the line.
Manipulating equations (11) and (12) yields the plane of the IGC circle as

oo, A PR A
(B/us) ~ (Bfvy) ~ (B/wy)

(13)
where
1 1 1
B=§[r2—<;—1>r§}=§[r2—(r%—r§]. (14)
Equation (13) defines a plane surface on which the IGC circle is residing. It can be

shown (see the Appendix A) that the line PS is at right angles with the plane of the
IGC circle. This is shown in two dimensions in Figure 2(a) where point E is the
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Figure 2. The infinite-gain controller system: (a) Formation, (b) IGC circle, (c) Position with detector
location.

location of the detector. The corresponding IGC circle is shown in Figure 2(b)
where r, 1s the radius of the IGC circle.

The quantity B in equation (14) gives a measure of the intersection of the plane in
equation (13) with the co-ordinate axes and, thereby, with the line PS. It is evident
from equation (14) that B is dependent on r, r, and r; or, for constant r, is dependent
on the location of the detector only. If 0 denotes the angle between the lines PE and
PS in a plane formed by these lines, see Figure 2(c), then the following holds:

ri =r*+ 12 — 2r. cos 0. (15)
Substituting for r} from equation (15) into equation (14) yields
B =rr,cos 0.
Therefore, as the detection point varies the limits for B are found to be
|B| < r.r.

This variation, in relation to the location of the plane of the IGC circle, is shown in
two dimensions in Figure 2(c).
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The radius r, of the IGC circle from Figure 2(c) is
r.=r.,sinl0, 0<0<m.

Thus, the maximum value 7., of the radius is r, and occurs when the plane of the
IGC circle intersects the line PS at point P, Figure 2(c). Movement of the plane to
either side of point P will lead to a decrease in the radius. At the extreme cases
where the line PE is aligned with the line PS (0 is either 0° or 180°) the radius r, is
zero. In general, for constant values of the angle 0 the radius r. is directly
proportional to the distance r, between the primary source and the detector. This
implies that for r. to be minimized the detector is required to be placed as close to
the primary source as possible.

It follows from the above that the requirement of an infinitely large gain
controller is directly linked with the locations of the detector and observer relative
to the primary and secondary sources. This derives from the dependence of the
controller characteristics on the transfer characteristics of the acoustic paths from
the detector and observer to the primary and secondary sources which demand
a particular controller transfer function for a particular set of detection and
observation points in the medium. The above analysis reveals that particular sets of
detection and observation points in the medium exist that for optimum
cancellation require the controller to have an infinitely large gain. These form the
locus of IGC requirement as follows.

(a) If the detector and observer are equidistant from the sources the locus is
a plane surface that perpendicularly bisects the line joining the locations of the
primary and secondary sources.

(b) If the detector and observer are not equidistant from the sources the locus is
a circle, with centre along the line PS joining the locations of the primary and
secondary sources, and on a plane that is parallel with that in (a). The radius of the
circle is given by the distance between the detector and the line PS.

Note that, if the first two relations in equation (10) are divided side-by-side (upon
assuming a # 0) then the following equivalent relations are obtained:

r/y=1 and r1/r, =1 (16)

This means that starting with equation (16), rather than equation (10), will also lead
to exactly the same results obtained in the preceding paragraphs.

Note in Figure 1(a) that if the observer and the detector coincide with one
another then the FBCS is obtained. In such a process the distances r, and
ry, effectively become equal to the distances r, and 7y, respectively. This in terms of
the transfer functions E, F, G and H and the distances r,, r, r, and r, corresponds
to

r,=1., or G=E, rp=1 or H=F. (17)

Projecting the above into the controller design relation in equation (3) yields, the
corresponding controller design relation for the FBCS.

Substituting for G and H from equation (17) into equation (4) and simplifying
yields |4| = 0 corresponding to the critical situation of the IGC requirement
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Figure 3. SIMO controller.

discussed above. Therefore, for optimum cancellation of noise, the FBCS will
always require a controller with an infinitely large gain. With a practically
acceptable compromise between system performance and controller gain, and
careful consideration of system stability, reasonable amounts of cancellation of the
noise can be achieved with this structure.

4.2. SINGLE-INPUT MULTI-OUTPUT SYSTEM

Let the ANC system in Figure 1 incorporate a single primary source (n = 1) and
k secondary sources. Thus, the controller transfer characteristics, C, in equation (3)
will represent a 1 x k matrix,

C=[c c; - ¢l

where ¢; (i = 1, 2, ..., k) represents the required controller transfer function along
the secondary path from the detector to secondary source i. In this manner, the
controller is realized in an SIMO form as shown in Figure 3.

For reasons of simplicity, consider the case of k = 2 with the functions E(jw),
F(jw), G(jw) and H(jw) represented as

E(jo) =e(jo), F(jo)=[fi(jo) f(jo)l",

hy(jo) h12(jw)}

hy (jo) hy,(jo) (15)

G(jo) = [2:(j©) (o)), H(jo) = [
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where

. A . . A . . A .
e(Jw) ="c ](w/c)i‘(,, fi(J(U) =_¢ J(w/c)f.-’ gi(Jw) =_¢ J(w/c)rg.-,
e I'ri Fgi

(o) = — ¢ (19)
Fhim
i=1,2,m=1,2, Ais a constant and r,, ry;, r,; and ry;, are the distances of the
acoustic paths with transfer characteristics e(jw), f;(jw), g(jo) and h;,(jw)
respectively. Substituting for E(jw), F(jw), G(jw) and H(jw) from equations (18)
into equation (5) and simplifying yields

fi(gihyy — gohyy) + f2(g2hyy — gihyy) = e(hy hy; —hyihyy). (20)
Manipulating equation (20) yields the set of solutions
fo _hy by £ by by f; by by

, = , —= = . 21
€ g1 ) € g1 2> f, hyy hy, @)

Substituting for e, f;, f,, g1, g, h;{, hy,, h,; and h,, from equation (19) into
equation (21) accordingly and simplifying yields

<£> e i@/ —r) _ <’”91 >ej<w/c)m.. —r) (VHZ >ej<w/c)<rmryz)

I'r1 n11 Ini2

<£> e—j(w/c)(rjvz—re) — <I‘q_1> e—j(w/c)(rh,,—rql) — (@) e_j(w/c)(rhzz—ryz)
9

I'ro 21 Fn22

(@) e @O0 _ <rh11> e~ I/ (a1 =11 — <rh12> e T i@OCm ) (2D)
I'ro n21 'naa

For the relations in equations (22) to hold, the amplitudes and phases on either side
should be equal in each relation. Equating the amplitudes and phases accordingly
yield

Fe _Tot _ Tg2

= =——=4d1, Tf1 —Te=Tp11 —Tg1 =Tp12 — T'y2,
Irq Tn11 Ini2

re _ rgl _ rg2

=—— ==y, Ty —Fe=Tp21 —Tg1 =Tp22 —Ty2,
Fra Th21  Thaz

m:ﬂzw:‘hz, Feo —Fp1 =TVh21t — Th1t = Th22 — Th12, (23)
Fga Th2t Tha2
where a,, a, and a;, are positive real numbers representing distance ratios.
Equations (23) define loci of detection and observation points for which |4(jw) = 0
and the controller in each secondary path is required to have an infinitely large gain
for optimum cancellation of noise to be achieved at the observation points.
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The first relation in equations (23) describes the locations of the detection and
observation points relative to the primary source and secondary source one (say).
In this manner, this defines the locus of detection and observation points relative to
the locations of the two sources, considered as fixed points in the medium. Using
a similar analysis procedure as presented in the previous section with the SISO
system reveals that for a unity distance ratio (a; = 1) the locus is given by

Ve/’”fl = Vgl/’”hll = T”g2/’”h12 = 1. (24)

Equations (24) define a plane surface that perpendicularly bisects the line joining
the locations of the two sources (see Appendix A). The plane for the primary source
and secondary source, located at P(0, 0,0) and S (usq, vs1, Ws1) Tespectively with
a distance r, apart in a three-dimensional UV W-space, is given by

u n v n w I
(r%/zusl) (r%/zvsl) (r%/zwsl) B

which intersects the U — , V' — and W — axes at points (r{/2uyy, 0, 0), (0, r}/2v,, 0)
and (0, 0, r1/2wy, ) respectively. If the locations of the detector as well as observers
coincide with points on this plane then the critical situation of the IGC requirement
arises.

If the distance ratio a; is not unity, then the first relation in equation (23) yields

1,

Ve/”f1 = rgl/rhll = Vg2/”h12 =a; and Ve/Vgl = Ve/rgz = Vg1/7”g2 =1 (25)

It follows from Appendix A that both relations in equation (25) define spherical
surfaces. The first relation defines the sphere

2 2 2 2 2 2 2
ajlsy ails; aiWsi ary
= 1,2
[u—i_l—a%} +[U+1—af} +[W+1—a§} [l—a%}’ a 7 1,(26)

which has a radius R; = a;ry/|1 — a?| and centre along the line PS; at point
0:(— alug /(1 — a?), — ajvg /(1 —a?), — atw /(1 — a?). The second relation in
equations (25) (for, say, constant r,) defines a sphere with a radius equal to r, and
centre at the location of the primary source:

u? + vt +w? =rl. (27)

Therefore, the locus of detection and observation points defined by equations (25) is
given by the intersection of the two spheres in equations (26) and (27). Such an
intersection results in a circle located in a plane that is at right angles with the line
passing through the centres of the spheres. The centre of the circle is the point of
intersection of the plane and the line. Manipulating equations (26) and (27) yields
this plane as

u n v n w
(By/us1)  (By/vs1)  (Bi/wgy)

where By =3 [ri — (1 — ai)/ai)r?] = 5[r1 — (r}y — r2)]. The point of intersection
of the plane in equation (28) with the line PS; is described by B;. This can be

=1, (28)
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interpreted in a similar manner as described in the previous section with the SISO
system.
Manipulating equation (25) yields the alternative relation

Ve/’”_q1 = Ve/ng = rgl/rgZ = Vf1/7”h11 = Vf1/7”h12 =rp1/tm2 =1, a; # 1.

This is an equivalent relation describing the locus of detection and observation
points relative to the locations of the primary source and secondary source one as
the IGC circle. Thus, the situation can alternatively be interpreted as when the ratio
of the distances from the primary source to the detection point and each
observation point as well as to the pair of observation points and from secondary
source one to the detection point and each observation point as well as to the pair
of observation points are each equal to unity then the locus of detection and
observation points is given by the IGC circle.

The loci given by the remaining two relations in equations (23) can be obtained
through a similar analysis as above. Hence, the locus of detection and observation
points leading to the IGC requirement are given in the second relation with respect
to the locations of the primary source and secondary source two (say) and in the
third relation with respect to the locations of the two secondary sources. In each
case, as above, the locus, for unity distance ratio, is defined by a plane surface
perpendicularly bisecting the line joining the locations of the two sources and, for
a non-unity distance ratio, is defined by a circle with centre along the line joining
the locations of the two sources and on a plane that is at right angles with this line.
For the primary source and the secondary source located at points P and
S; (i = 1, 2) respectively, the radius r.; of the IGC circle corresponding to the first
two relations in equation (23) is given by

ro=r.sinf;, 0<0;,<m,

where, upon assuming the detector is located at point E in the medium, 0; is the
angle between lines PE and PS; in a plane formed by these lines. The radius r.;, of
the IGC circle corresponding to the third relation in equation (23), for the two
secondary sources located at points S; and S, respectively, is given by

Feia=Tp18In 015, 0<0,<m,

where, upon assuming the detector is located at point E, 6, is the angle between
the lines S{E and S,S,.

By using the above analysis a generalization of the solution of equation (5) for an
SIMO ANC system with k secondary sources can be obtained easily. It, thus,
follows that in an SIMO ANC system the locus of detection and observation points
leading to the IGC requirement is defined in relation to the locations of the primary
source considered with each secondary source as well as each secondary source
considered with any other secondary source. In this manner, for a system with
k secondary sources a total of Y%, i pairs of sources can be identified. Among these,
the primary source considered with each secondary source leads to k pairs, whereas
the remaining Y¥Z ! i pairs are formed by considering the secondary sources with
one another. In each case, assuming the two sources in question are located at
points X and Y, the following two situations lead to the IGC requirement.
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(a) When the detector and all observers are equidistant from points X and Y:
this defines the locus of detection and observation points as a plane (the IGC plane)
that perpendicularly bisects the line XY.

(b) When the distance ratios from point X to the detector and observer
m(m=1,2,...,k) and to each pair of observation points as well as the distance
ratios from point Y to the detector and observer m (m = 1, 2, ... , k) and to each pair
of observation points are each equal to unity: this defines the locus of detection and
observation points as a circle (the IGC circle), with centre along a straight line
passing through points X and Y, on a plane that is at right angles with this line.

Note that in an FBCS, where both the detection and observation points coincide
with one another, the situation described in (a) above corresponds to the detection
point being on the IGC plane. In an FFCS, however, this corresponds to the
situation when the detection point and all the observation points are on the IGC
plane. With the situation described in (b), on the other hand, an FBCS always
satisfies the requirement. In an FFCS, however, it is possible to minimize the region
of space occupied by the IGC circle by a proper geometrical arrangement of system
components.

4.3. MULTI-INPUT MULTI-OUTPUT SYSTEM

Let the ANC system in Figure 1 incorporate n primary sources and k secondary
sources. Thus, the controller transfer characteristics, C, in equation (3) will
represent an n X k matrix given by

Ci1 €12 0 Cyi
C = €1 €22 Cak ,
Ci1 Cu2 Chkc
wherec;,, i=1,2,...,m;;m=1,2,... k) represents the controller transfer function

along the secondary path from detector i to secondary source m. In this manner, the
controller is realized in an MIMO form as shown in Figure 4. Let the functions
E(jow), F(jw), G(jw) and H(jw), thus, be represented as

ell(j_w) e12(J:CU) e1n(J:CU)

e e (290)
enl(jw) enz(jw) enn(jw)
f10) f2G0) - Lo

F(jow) = f21('?a)) fzz'('..lw) f2n.(..]'w) ’ (29b)

fii(jo) fx(jo) - fu(jo)
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Figure 4. MIMO controller.
_g11(jw) g12(jo) glk(jw)-
T s (299
_gnl(ja)) gnZ(Jw) gnk(.]) i
_h11(jw) hy,(jow) hlk(jw)_
|
_hk1(j60) hy; (jo) hkk(jw)_
where
A . A )
eim(jw) - e—J(w/c)rg.-m’ fsm(jCU) = e i@/)rm
Veim rfsm
) A . : A _.
gjo0) = e IOy (jo) = o0, (30)
rgis Fpst

i=1,2,....n,m=1,2,....n, s=1,2,... )k, t=1,2,... ,k, A 1s a constant and
Feims T'rsms Tgis and 1, are the distances of the acoustic paths with transfer
characteristics e;,(jw), f,,.(jo), g(jo) and hg(jw) respectively. Substituting for
E(jw), F(jw), G(jw) and H(jw) from equation (29) into equation (5) and
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manipulating yields the set of solutions

€1 _ G2 _ _ Cin _ 811 _ 82 _ _ 8ik
€m1 €m2 €mn gml ng gmk ’
i=1,2,....n, m=1,2...,n 1i#m,
fi_fi_ _fi_hil_hiz_ _hik
€mn1 €m2 €mn gml ng gmk ’
i=1,2,....k, m=12...,n,
f; _fi _ _fin_hil_hiz_ _hik
fml B fmZ B B fmn B hml B hmZ B B hmk,

i=1,2,....k, m=1,2,....k, i#m.

(31a)

(31b)

(31c)

Substituting for the functions in equation (31) from equation (30) accordingly and

simplifying yields

Fem1 _ Fem2 _ . Femn _ Tgm1 . Fgm2 _ ¥ gmi _

—_—— = = = cee — e p’
Teit Fein Fein Fgit Fgi2 Fyik

Feit — Tem1 = Teiz — T'em2 = Fein — Femn = Vgi1 — Fgm1
=Tgi2 = Tgm2 = = Tgik — Tgmk>

i=1,2,....n, m=1,2...,n 1i#m,

Tem1 _ Tem2 _ _ Vemn _ r_qml _ rqu _ rgmk —a
A= = I = g
I'rit I'riz Frin T'hit Fhiz Fhik
Frit = Vemt = TVri2 — Tem2 = *** = TVfin — VYemn = Thi1 — I'gm1
=Thiz2 = Tgm2 — Vgm2 = **° = Vhik — V'gmk>
i=1,2 ...k m=12,...,n,

rfml _rfm2 . _rfmn_rhml _rhm2_ _rhmk_a
ml _Jme L — - - = ... ="_g,
I'rig I'riz I fin T'hi1 ) Fhik

I'eit = Vrm1 =Tgi2 = Vrm2 = = =Tfrin — Vmn

=Thit — Thmt = Thiz2 — Vem2 = = Thik — Vhmk>

i=12,....,kk m=1,2,....k, i#m,

where a,, a,; and a, are positive real numbers representing distance

(32a)

(32b)

(32¢)

ratios.

Equations (32) define loci of detection and observation points relative to the
locations of the sources in the medium for which the IGC requirement holds. In
particular, equation (32a) defines the locus of detection and observation points
relative to the locations of primary sources i and m, equation (32b) defines the locus
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with respect to the locations of primary source m and secondary source i and
equation (32c) defines the locus with respect to the locations of secondary sources
i and m. It follows from Appendix A and the analysis presented in the previous
sections that, in each case, assuming the two sources in question are located at
points X and Y respectively, the locus for the corresponding distance ratio being
unity is a plane perpendicularly bisecting the line X Y. For a non-unity distance
ratio, however, the locus is a circle, with centre along a line passing through the
points X and Y, in a plane that is at right angles with this line.

It follows from the above that in an MIMO ANC system the locus of detection
and observation points leading to the IGC requirement is defined in relation to the
locations of all possible pairs of sources, each pair considered at a time. In this
manner, for a system with n primary sources and k secondary sources a total of
Y2 Li + vy Y m + nk pairs of sources can be identified. Among these, the primary
sources considered with one another lead to Y%,_} m pairs, the secondary sources
considered with one another lead to Y¥-{ i pairs and the remaining nk pairs are
formed by considering each primary source with the secondary sources. In each
case, assuming the two sources in question are located at points X and Y, the
following two situations lead to the IGC requirement.

(a) When all the detectors and observers are equidistant from points X and Y.
This defines the locus of detection and observation points as a plane (the IGC
plane) that perpendicularly bisects the line XY.

(b) When the distance ratios from point X to each pair of detection points, to
detector i (i=1,2,...,n) and observer m (m=1,2,...,k) and to each pair of
observation points as well as the distance ratios from point Y to each pair of
detection points, to detectori(i = 1, 2,... ,n)and observerm(m = 1, 2, ... ,k) and to
each pair of observation points are each equal to unity. This defines the locus of
detection and observation points as a circle (the IGC circle), with centre along a line
passing through points X and Y, on a plane that is at right angles with this line.

Note that in an FBCS, where both the detection and observation points coincide
with one another, the situation described in (a) above corresponds to the detection
points being on the IGC plane. In an FFCS, however, this corresponds to the
situation when all the detection and observation points are on the IGC plane. With
the situation described in (b), on the other hand, an FBCS always satisfies the
requirement. In an FFCS, however, it is possible to minimize the region of space
occupied by the IGC circle by a proper geometrical arrangement of system
components.

The analysis presented in the preceding sections corresponds to ANC systems in
a three-dimensional free-field propagation medium. This is carried out by utilizing
a standard characterization of sound radiation in the medium as given in terms of
distance from a radiating point source. The analysis can be extended to
one-dimensional and three-dimensional enclosed sound fields through the
utilization of a similar characterization of sound radiation in these media in terms
of distances accordingly.

The conditions for the IGC requirement obtained above correspond to the
general ANC structure in Figure 1 for optimum cancellation of noise at the
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observation points. For a control structure with sub-optimal performance, similar
conditions can be reached at by setting a performance criterion based on which the
controller can be designed and interpreted in terms of transfer characteristics of the
acoustic paths in the propagation medium. Such an interpretation can then easily
lead to an analysis similar to that presented above and the corresponding
constraints in the geometrical arrangement of system components.

5. CONCLUSION

An analysis and design procedure for ANC systems in a three-dimensional
non-dispersive propagation medium on the basis of optimum cancellation of noise
has been presented. The relation between the transfer characteristics of the required
controller and the geometrical arrangement of system components has been studied
and conditions interpreted as geometrical constraints in the design of ANC systems
have been derived and analyzed.

For optimum cancellation of noise to be achieved at the observation points in the
medium the controller is required to have suitable continuous frequency-dependent
characteristics to produce a cancelling wave that is an exact mirror image of the
noise. The transfer characteristics of such a controller are found to be dependent
upon the transfer characteristics of transducers, secondary sources and
propagation paths from the primary and secondary sources to the detection and
observation points.

The dependence of controller characteristics on the acoustic paths in the system,
arising from geometrical arrangement of system components, can sometimes lead
to practical difficulties in the design of the controller and to instability problems in
the system. A particular arrangement of system components requires the controller
to have particular transfer characteristics. In particular, there are specific
arrangements of system components, identified as loci of detection and observation
points relative to the sources, which lead to the critical situation of the IGC
requirement. In an SISO ANC structure, two situations are found, in general, that
lead to the IGC requirement.

(i) When both the observer and detector are equidistant from the primary and
secondary sources. This corresponds to the locus of detection and observation
points forming a plane that perpendicularly bisects the line joining the locations of
the sources.

(i) When the ratio of the distances from the primary source to the detector and
observer and the ratio of the distances from the secondary source to the detector
and observer are each equal to unity. This corresponds to the locus of detection and
observation points forming a circle, with centre along a straight line passing
through the locations of the primary and secondary sources, in a plane that is at
right angles with this line.

In an SIMO ANC structure, the locus of detection and observation points
leading to the IGC requirement is defined in relation to the locations of the primary
source considered with each secondary source as well as each secondary source
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considered with any other secondary source. In each case, assuming the two sources
in question are located at points X and Y, the following two situations lead to the
IGC requirement

(ii1)) When the detector and all observors are equidistant from points X and Y.
This defines the locus of detection and observation points as a plane that
perpendicularly bisects the line X'Y.

(iv) When the distance ratios from point X to the detector and observer
m(m=1,2,...,k) and to each pair of observation points as well as the distance
ratios from point Y to the detector and observer m (m = 1, 2, ... , k) and to each pair
of observation points are each equal to unity. This defines the locus of detection
and observation points as a circle, with centre along a straight line passing through
points X and Y, on a plane that is at right angles with this line.

In an MIMO ANC structure the locus of detection and observation points
leading to the IGC requirement is defined in relation to the locations of all possible
pairs of sources, each pair considered at a time. In each case, assuming the two
sources in question are located at points X and Y, the following two situations lead
to the IGC requirement

(v) When all the detectors and observers are equidistant from points X and Y.
This defines the locus of detection and observation points as a plane that
perpendicularly bisects the line XY.

(vi) When the distance ratios from point X to each pair of detection points, to
detector i (i=1,2,...,n) and observer m (m=1,2,...,k) and to each pair of
observation points as well as the distance ratios from point Y to each pair of
detection points, to detectori(i = 1, 2,... ,n)and observerm(m = 1, 2, ... ,k) and to
each pair of observation points are each equal to unity. This defines the locus of
detection and observation points as a circle, with centre along a straight line
passing through points X and Y, on a plane that is at right angles with this line.

In an FBCS, where both the detection and observation points coincide with one
another, the situation leading to the IGC plane corresponds to the detection
point(s) being on the IGC plane. In an FFCS, however, this corresponds to the
situation when the detection as well as the observation points are on the IGC plane.
With the situation leading to the IGC circle, on the other hand, an FBCS always
satisfies the requirement. In an FFCS, however, it is possible to minimize the region
of space occupied by the IGC circle by a proper geometrical arrangement of system
components.
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APPENDIX A: LOCUS OF CONSTANT DISTANCE RATIO

Consider two fixed points P(0,0,0) and S(u,, vs, wg) and an arbitrary point
T (u, v, w) in a three-dimensional UV W -space. Let the distances PS, PT and ST be
denoted by r, r, and r, respectively:

r=.Ju}+v2+wir,=Jur+v*+wir,

= \/(u —ug) + (0 — v)* + (W — wy)?, (A1)

Let the distance ratio r,/r, be denoted by, a positive real number, a:
ry/Th = a. (A2)

Substituting for r, and r, from equation (A1) into equation (A2), simplifying and
using equation (A1) yields

(1 — a®u? + 2a%uu + (1 — a®>? + 2a*vw + (1 — a®>)w? + 2a*ww = a*d*(A3)

This gives the locus of points in the UV W -space that corresponds to a particular
distance ratio a.
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A.1l. NON-UNITY DISTANCE RATIO

If the distance ratio a is not unity then equation (A3), after completing squares
and simplifying, yields

u+ @, 2+ v+ @, 2+ w+ aw, [*_| _ar F a#1
1—ad? 1 —a? 1—a®| |1—=-a*]|" ’

(A4)

This represents a sphere with radius R =ar/|l —a? and centre at
Q(— a’u/(1 — a®), —a*v /(1 —a?), a*wy/(1 — a?)).

To obtain the location of the centre of the sphere Q in relation to points P and S,
let the coordinates of point Q be denoted by (u,,v,, w,), unit vectors in the
directions of U —, V — and W — axes be denoted by i, j and k respectively and
unit vectors along lines PS and PQ pointing towards points S and Q respectively be
denoted by I, and I,;:

2 2 2
a‘ug a‘vg a‘wy

YT T T T T T T g (A3
gl + vgj + wik _ug +v,j + wek

I (A6)

P Suk o+ w2 M S+ wd
Substituting for u,, v, and w, from equation (A5) into equation (A6), simplifying and
using equation (A1) yields

B 1 —a?1

=2 (ug 4 vsj + wik), (A7)

1
Ips:;(usi—i_vsj—i_wsk)a Ipq:
or

I, =

rq

{—i—l,,s for a>1, (AS)

—1,, fora<l.

It follows from equation (A8) that the centre of the sphere (point Q) is located along
the line PS and, specifically, if P is chosen as reference then for a > 1 the centre is
located on the portion of PS corresponding to points away from P in the direction
of I,,, whereas for a < 1 the centre of the sphere will be on the portion of PS
corresponding to points away from P in the direction of — I, In either of these
situations, as follows from equation (AS), the centre of the sphere lies outside the
range (P, ). This is shown below.

Let the distance between points P and Q be denoted by r,, and the distance
between points Q and S be denoted by ry,:

Fpg =/ Uz + U + Wi, rsqz\/(uq—us)2 + (vy — v5)? + (wy + wy)?.

Substituting for u,, v, and w, from equation (AS5) into the above, using equation
(A1) and simplifying yields

qu:azr/|1—612|, rsq:r/ll_azlu
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which implies that
Tpg > 1sg and rp, >r for a>1, r,, <ry, and ry >r for a < 1.

Therefore, point Q is always outside the range (P, S).

Let the line passing through points P and S intersect the sphere in equation (A4)
at point N(u,, v,, w,) with distances r,, and r, relative to points P and
S respectively and let the unit vectors pointing towards N from points P and S be
denoted by I,, and I, respectively:

Fpn = / urzl + Urzt + Wrzt: Fsn = \/(un - us)z + (vn - Us)z + (Wn - Ws)2 .

and

Uyl + 0] + W,k

pn 5
rpn

(un - us)l + (Un - Us)j + (Wn + Ws)k
rsn ’

I Iy = (A9)

Since N is a point along the line PS, the vectors I, and I, are pointing either in the
same or in opposite directions. Therefore, it follows from equation (A9) that

leun_us| levn_vs| lewn_ws|

(A10)

b 9

rpn I'sn rpn I'sn rpn Fsn
Since r,/rs, represents the distance ratio a, equation (A10) can be written as
2 2 2 2 2 2 2 2 2
U, =a (un - us) » Uy =d (vn - Us) > W, =d (Wn - Ws) . (All)

Solving equation (A11) for u,, v, and w, yields

—a*ta —a*ta —a*ta
=(—— =" =——= o, =—F . (A12
Un <1_a2 >u Un <1_a2 )vb, Wi <1_a2 >Ws (A12)
It follows from equation (A12) that a line, passing through points P and S, and the

sphere in equation (A4) intersect at two points E and F with co-ordinates (u,, v., W)
and (uy, vy, wy) respectively:

(A13)

Ur= — Us, Uy = — avsa Wrp= — aWS' (A14)

Equations (A13) and (A14) imply that point E is always located inside the range
(P, S) and point F outside this range. In particular, if @ > 1 then points E and F are
closer to point S whereas if a < 1 then points E and F are closer to point P. If the
distances from points E and F to points P and S are denoted respectively by 7.
rse and 1, 1y, then, upon using equations (A1), (A13) and (A14) these distances are
given by

ar r ar r
= r = — r = .
L+a Y J1—a ¥ |1—q
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A.2. UNITY DISTANCE RATIO
If the distance ratio a is unity, then equation (A2) yields
=1 (AL3)

Substituting for r, and r,, from equation (A1) into equation (A15), simplifying and
using equation (A1) yields

u v w
Z2u) 2 2wy

= 1. (A16)

This represents a plane surface which intersects the U —, V' — and W — axes at
points (r*/2uy, 0, 0), (0, r?/2v,, 0) and (0, 0, r?/2w,) respectively.

The direction of the plane in equation (A16) is represented by a unit vector at
right angles with the surface and pointing outward from the surface. Let such a unit
vector be denoted by I,. Simplifying equation (A16) yields

2uu + 2v + 2ww — 1% = 0.
Let the left-hand side of the above equation be denoted by a variable Z:
Z = 2ugu + 2v0 + 2ww — 12, (A17)

As Z varies from — oo to + oo equation (A17) defines an infinite set of plane
surfaces parallel to the plane in equation (A16). Thus, the unit vector I is given by
I = (0Z/ou)i + (0Z/dv)j + (0Z/ow) k (A18)
© J0Zjouy + (0Z)ov)* + (0Z/ow)*
where 0/0u, 0/0v and d/0w denote the partial derivatives with respect to u, v and
w respectively. Substituting for Z from equation (A17) into equation (A18),
simplifying and using equation (A1) yields

=24 04 Dy (A19)
r r r

Comparing equation (A19) with equation (A7) yields
I, = 1. (A20)

Equation (A20) implies that the line PS is perpendicular to the plane surface in
equation (A16). Moreover, it follows from equation (A15) that the point of
intersection of the plane and the line PS is equidistant from points P and S.
Therefore, the plane in equation (A16) perpendicularly bisects the line PS.

In a two-dimensional space, the locus of constant distance ratio can be obtained
through a similar manipulation as presented above and equivalent interpretations
of the corresponding results can be made. In this manner, for a non-unity distance
ratio, the locus is given by a circle with centre along the line PS. For a unity
distance ratio, however, the locus is given by a straight line perpendicularly
bisecting the line joining points P and S.
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