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ABSTRACT

A network structure and its learning algorithm have been
proposed for blind source separation applied to nonlinear
mixtures. Nonlinearity is expressed by low-order polyno-
mials, which are acceptable in many practical applications.
A separation block and a linearization block are cascaded.
In the separation block, the cross terms are suppressed, and
the signal sources are separated in each group, which in-
clude its high-order components. The high-order compo-
nents are further suppressed through the linearization block.
A learning algorithm minimizing the mutual information is
applied to the separation block. A new learning algorithm is
proposed for the linearization block. Simulation results, us-
ing 2-channel speech signals, instantaneous mixtures, and
2nd-order post nonlinear functions, show good separation
performance.

1. INTRODUCTION

In practical applications of a blind signal source separation
(BSS), processes of generating, mixing and sensing signals
include nonlinearity, caused by loud speakers, microphones,
amplifiers and so on. Statistical independency is not enough
to separate the signal sources, some additional prior knowl-
edge are required. Furthermore, since a unique solution
is not guaranteed, some regularization techniques are re-
quired [6]. Post-nonlinear (PNL) mixtures, in which the
signal sources are first linearly mixed, and they are trans-
ferred through nonlinear functions. For the PNL mixtures,
a mirror structure BSS, in which a nonlinear process and a
linear unmixing process are cascaded in this order, has been
mainly used [7]. Nonlinear distortion is suppressed in the
first stage assuming some prior conditions. Spline nonlin-
ear functions or spline neural networks have been applied to
the linearization process [3], [4]. Furthermore, a maximum
likelihood estimator has been applied [5]. Also, neural net-
works have been applied [8].

In this paper, the nonlinearity is limited to low-order
polynomial expressions, which are acceptable in many prac-
tical applications. A BSS model is proposed, in which a
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separation block and a linearization block are cascaded in
this order. In the first block, signal groups, including high-
order components, are separated. In the second block, the
high-order components are suppressed. Simulation using 2-
channel speech signals and 2nd-order nonlinearity will be
shown to confirm usefulness of the proposed method.

2. NOLINEAR MIXTURES

In this paper, the nonlinearity is expressed by polynomials.
Thus, the observed signals include the high-order terms of
the signal sources and the cross terms among the different
signal sources. Letting s; be the signal sources, and nonlin-
earity be a 2nd-order function, the observed signal x;(n) is
expressed as

n n n
Tp = ZakiSi Jrzzbk,ijSiSj ey
i=1 i=1 j=1
Thus, z; contains the original s;, the high-order terms sf
and the cross terms s;s;,¢ # j. Nonlinearity is not lim-
ited to post-nonlinearrity, rather it can be included in the
processes of generating, transmitting, and sensing signals.
Order of nonlinearity is limited to 2nd or 3rd-order. How-
ever, in many practical applications, linear processing is a
main part, and nonlinearity is parasitic phenomena, which
can be approximated by low-order nonlinear functions.

If the signal sources are statistically independent, then
a;s; + bis? and ajs; + bjs3, i # j are also statistically in-
dependent, and can be separated by minimizing the mutual
information [1]. The cross term s;s;,% # j has some corre-
lation with both s; and s;, then it can be suppressed through
the above learning process.

3. SEPARATION BLOCK

3.1. Network Structure

A proposed cascade form BSS is shown in Fig.1. The post-
nonlinear (PNL) mixture model is used here [3], [4], [5].
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However, the proposed approach is not limited to the PNL
mixtures. First, the signal sources s; are mixed through lin-
ear combination resulting in u;. After that, they are trans-
mitted through nonlinear functions F}, resulting in xy,.

Si X1 Wil Z1—~yl
Sz 72 —»yz
Si Zo = GFyn
""""" Output
Sou Wan Linearization
X 1
Mixing Block Input  Separation Block
(sensor)

Fig. 1. Network structure of proposed cascade form BSS.

3.2. Number of Sensors

In this model, in order to cancel the cross terms and to sep-
arate the signal source groups, the number of the sensors
is increased. One example is shown below. Two signal
sources are received by four sensors.

z1 = biisy + biaso + bigsi + biasisa + bissy (2)
Ty = ba1sy + boaso + bagst + bagsisa + boss3 (3)
x5 = bs1s1 + bsaso + bagst + bags1sa + bsssy (4)
Ty = ba1s1 + bazso + bazst + bassis2 + bassy (5)

xy, are treated as a constant. From these linear equations,
the cross term s;s; can be cancelled, resuting in

/ 2 2

i = c1151 + c1252 + 1387 + €158 (6)
/ 2 2

Ty = 2151 + o252 + 2387 + €255 @)
/ 2 2

Ty = C€3151 F C3282 + 3357 + 3553 3

Furthermore, s% is cancelled as,

o = disi 4 diasy + dizs? )
do1s1 + daosa + dagsi (10)

Furthermore, s, can be cancelled, and the s; group, which
includes s; and s?, is separated. At the same time, s? is
cancelled as,

" 2
r] = e1181 +e1252 + €155 (11)

ry = e8] + eg282 + €a553 (12)
Furthermore, s; can be cancelled, and the sy group, which
includes s9 and s%, is separated.

These processes are equivalent to multiplying a vector
[T1, 29, 23, 24]7 by a 2 x 4 linear matrix W = {wy;, }.

3.3. Learning Algorithm

In this block, the signal sources are separated based on their
statistical independency. Therefore, the conventional learn-
ing algorithm, that is likelihood estimation minimizing the
mutual information can be applied [1].

W(n+1) = W(n) +n[A(t) - SO(Z(H))ZT(”)]W(Z)S)

7 is a learning rate, A(t) is a diagonal matrix, and () is a

nonlinear function [2].

4. LINEARIZATION BLOCK

4.1. Linearization Based on Solving Equations

At the outputs of the separation block, it is assumed that the
signal sources are completely separated as follows:

21 = fusi+ fi2st (14)
zo = fa1S2+ fooS92 (15)

Since z; and 25 include only s; and sg, respectively, they
can be linearized through the following nonlinear functions.

_ —fun £V fH + 4 12 (16)

v = Gi(z)
2f12
_ 2
ys = Ga(z) = f21i\/21;2212+4f2222 (17

Finaly, the separated and linearized signal sources are ob-
tained.

o= g151 (18)
Yo = G282 (19)

4.2. Learning Algorithm

Transformations in the linearization block are given by Eqs.(16)

and (17). However, in real applications, the coefficients f;;
are not known. So, they should be adjusted through an iter-
ative method. Equations (16) and (17) can be expressed by
using two parameters as follows:

A _ ai | z(n)
yi(n) = 5 + 1T 5, (20)
fi 1
i = T i = o 21
“ bi2 b fiz @D

«; and (3; are adjusted through an iterative method.

Error Function:
In this paper, 2nd-order nonlinearity is assumed. Thus, after
the linear source separation, the outputs include 1st-order
and 2nd-order terms of the signal sources. Furthermore, if
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we take speech and music signals into account, their average
is almost zero. Therefore, the output average can be used as
a cost function.

] M1
M
I=

Ei(n) = yi(n —1) (22)

The gradient descent algorithm is used for adjusting the pa-
rameters.

ai(n) = ai(n—l)—ngfz((g (23)
(n _ (i — _ 8El(n)
Bilm) = Ailn—1) -5 o4
OEi(n) 1 \= dy(n—1)
doi(n) M lg(; da;(n)
13 1 a;(n) a?(n)
= g2yt
1=0
1 1
4‘@;@;52(”'—1)) ) (25)
OE;i(n) LM_I Ayi(n —1)
Bin) M ; 9Bi(n)
_ LN D )
Mo TTapr
1 1
+ﬁi(n)z(nfl)) ) (26)

Porality Control:
In the above update equations, there is a freedom of polar-
ity. It should be judged which polarity should be used. For
this purpose, the following conditions are introduced. These
conditions do not lose generality in real applications.

1. A linear component is greater than a nonlinear com-
ponent.

2. The signal source level is limited. Say, for instance
|si(n)] < 1.

Under these conditions, in the linear separation output,

zi(n) = fisi(n) + fios? (27)
the following inequality is always held.
|[firsi(n)] > | fizs? (n)] (28)

This means the porality of z;(n) is equal to that of f;1s;(n).
So, except for the polarity of f;1, that of the output y;(n)
can be controlled so as to be the same as that of z;(n). The
polarity of f;; does not affect separation performance. Be-
cause in blind source separation, constant scaling inherently
remains.

5. SIMULATIONS AND DISCUSSIONS

5.1. Simulation Conditions

Two signal sources and four observations are used. The sig-
nal sources are male speech signals. The mixing matrix is

1 -2
-3 2
A= 2 -1
1 2

The learning rate is 7 = 0.001. The nonlinear functions in
the mixing block are

Fi(u) = wup+0.4u?
Fy(ug) = wug+0.2u3
F3(uz) = wug— 0.6u§
Fy(uy) = uqg+ 0.3u421

5.2. Separation Block

Separation and linearization performances are evaluated based
on the following SIN R. Assuming s; is dominant in z;, and
letting 02, and 02, be the power of s; and s7 in z;, and the
power of z; except for s; and s?, furthermore, 02, and 02,
be the power of s; in z;, and the power of z; except for s;,
SN R is defined by

0,2

SNR; = 10log;, 2 (29)

Oni

3

SN Ry includes the high-order components, which are not
suppressed in the separation block. The learning curve is
shown in Fig.2. The vertical axis indicates SN R; in dB, the
horizontal axis is iteration number. In this figure, the solid
line (2) indicates the learning curve, and the dashed line (1)
shows SN R; obtained by using the trained w;; for refer-
ence. From these curves, the training converges at 17,000
iterations.

5.3. Linearization Block

Error valuation
In this process, separation performance is evaluated by SN Ry
defined by Eq.(29). However, the same formula cannot be
used. The s; component and the other components are dis-
criminated as follows:

z;(n) is linearized through

) 2 .
wiln) = =5+ 20+ Zlg‘) (30)
Let
2 .
T Z/;n = \Jais? () + bi(m)si(n) + ei(n) B1)
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Fig. 2. Learning curve for separation block.

Furthermore,

\/aisf(n) + bisi(n) + ¢;(n) = d;si(n) + e;(n(B2)
ais?(n) + bisi(n) + ci(n

= d252(n) + 2d;s;(n)ei(n) + ei(n)? (33)

~—

Comparing the coefficients, the following relations are ob-
tained.

d? a; (34)
2d;ei(n) = bi(n) (35)
e2(n) = ci(n) (36)

a; and ¢;(n) are calculated using «;, 3; and z;(n) at each
iteraton. SN Ry is calculated by

SNR, = 1010g% 37)
1 a;
p(n) = Vi 2 (yi(n) + 71 —ei(n))®  (38)
1 M—-1 @
) = 57 2 (-5 +ei(n)’ (39)

The learning curve of SN Rs, defined by Eq.(37), is shown
in Fig.3 with a dotted line (2). In this figure, SN Ry after
the separation, defined by Eq.(29), and after the linearinza-
tion, defined by Eq.(37), are shown with a solid line (3) and
a dashed line (1), respectively. By linearinzation, SN R
can be improved by 6 dB. Approximately, SN Ry = 20 dB
is achieved, which is good signal source separation perfor-
mance.

6. CONCLUSIONS

In this paper, a blind source separation method has been
proposed for instantaneous nonlinear mixtures. It consists

L. Learning(llinearization) )
e - - - After learning(Linearization)

e

SNR2[dB]

___ Afterlearning -
(Separation)

10000 15000 20000 25000
iterations

0 5000

Fig. 3. Learning curve for linearization block.

of the separation block and the linearization block in a cas-
cade form. Both blocks are separately trained. The con-
ventional learning algorithm and the new learning algorithm
have been proposed for both blocks, respectively. Simula-
tion, using two speech signals and 2nd-order nonlinearity,
shows usefulness of the proposed method.
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