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1. I n t r o d u c t i o n

In this paper, the performance o f nonlinear adaptive filters 
in modeling devices with mild and moderately strong non­
linearities such as hearing aids is investigated. The Volterra 
series based nonlinear adaptive filter structure and bilinear 
adaptive filter structure are compared with their linear coun­
terparts o f equal number o f tap weights. Experiments for 
two types o f hearing aids using human voice sequences are 
carried out in a system identification fashion. The number of 
tap weights used range from 200 to 800 and the adaptation 
is done in normalized least mean squares (NLMS) form 
(Haykin 2002). Few graphical results o f system identification 
with white noise input is shown for both Volterra and bilinear 
cases. The use o f such filters for hearing aid modeling is 
then discussed. The results on the improvement attainable 
using nonlinear filters are presented. They verify the existence 
o f nonlinearities in hearing aids and that nonlinear adaptive 
filters are better suited for hearing aid modeling compared 
to their linear counterparts with equal number o f filter coef­
ficients. The signal to noise ratio improvement in modeling, 
shows improvements in the range o f 5% to 50%. The problem 
dependent but important aspect o f the careful selection o f the 
number o f linear weights (coefficients o f linear terms) and the 
number o f nonlinear coefficients (coefficients o f the nonlinear 
terms) is discussed.

2. N o n l i n e a r  F i l t e r s

While linear filters are predominantly used in practice, 
there are many applications where nonlinear filters are re­
quired. Truncated Volterra series expansion based filters and 
bilinear filters relate the input signal o f a (nonlinear) system 
to the output using a polynomial model o f nonlinearity 
(Mathews 1991). Bilinear filters reduce the large number 
o f coefficients required in Volterra form by using a recur­
sive nonlinear difference equation. Bilinear filters have been 
successfully used to reduce the saturation effects o f active 
noise cancellation systems (Kuo & We 2005). Hearing aids 
are known to be nonlinear devices. Therefore, the use of 
nonlinear adaptive filters for the modeling o f hearing aids 
should produce better results than linear adaptive filters.

2.1 Volterra Series Expansion

Let x(n) and y(n)  represent the input and output signals 
respectively. The Volterra series expansion for y(n) using

x(n) is given by

y{n) = h0 + h i( i i )x (n  -  h )  + ■

oo oc

, I ]  H  • • •  H ( M * i . * 2 .  

' i\= 0^2 =  0 ip =0

,*p)

x{n — i i ) x (n  — i2 ) • • • x{n — ?'p))

(1)

thwhere hp(i1, i 2, • • • , ip)x(n — i 1)x(n — i2) is called the p 
order Volterra kernel o f the system.

2.2 Bilinear Filters

Volterra series representation requires a large number of 
coefficients to handle higher order nonlinear systems. An 
alternative representation is the recursive nonlinear difference 
equation including the simple model characterizing bilinear 
filters with input-output relationship,

(2)
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3. H e a r i n g  A i d  M o d e l i n g

The performance ofhearing aids are usually modeled using 
human voice sequences rather than white noise. A reference 
signal (an audio recording) is fed to the hearing aid while 
the output o f the hearing aid is recorded. Consequently, 
The reference signal and the hearing aid output should be 
aligned over time to compensate for the delays involved. 
This can be done by simply locating the maximum of the 
cross-correlation. For the purpose o f comparison, the non 
linear adaptive filter and a linear filter o f equal length should 
be compared. i f  the number o f samples considered (and 
therefore the number o f linear coefficients) is N , the total 
number o f coefficients is N  +  N 2. For example if  a Volterra 
filter is compared with a linear filter with 240 taps, the 
Volterra filter can comprise o f 15 linear coefficients and 
152 =  225 nonlinear coefficients. The small number of 
linear coefficients and the comparatively very large number 
o f nonlinear coefficients are not desirable to model mild 
and slightly strong nonlinear filters. Therefore the coupling 
between the number o f linear coefficients and the number 
o f nonlinear coefficients is removed and filters with length 
M u + M nl are compared. Here M nl, the number o f nonlinear 
coefficients, is a square number and M nl <  M li, which is 
the number o f linear coefficients. in  the implementation, the 
latest M  =  M u + M nl samples, u li, (1 x M ) are selected

o
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(a) LMS (b) VLMS (c) error

Fig. 1. LMS weights, VLMS weights, VLMS weights error.

(a) FF (b) NL (c) error

Fig. 2. Bilinear filter performance. FF: feedforward, NL: nonlinear weights

a n d  u sed  w ith  the linear filter. T he first M ;i sam ples o f  u ;i
1/2

a n d  the m u tua l p roduc ts  o f  the first M n ; o f  u ;i  are u sed  to 

com pose  th e  in pu t to  the  n o n lin ea r filter u n ; , (1 x  M ).

4. E x p e r im e n t s  a n d  R e s u l t s  

4 .1  V olterra an d  B ilin ear F ilters

A  second  o rd e r V olterra filter w as im p lem en ted  fo r sys­

tem  iden tifica tion  o f  a  no n lin ea r system  w ith  the fo llow ing  

V olterra kernels. R esu lting  p lo ts  are  show n in  F igure  1.
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A  b ilin ea r filte r w as te sted  for a  system  iden tification  

p ro b lem  fo r a  system  w ith  the param eters  a , th e  feed fo r­

w ard  w eigh ts, b, th e  no n lin ea r w eigh ts, and  c, th e  feedback  

w eigh ts. R esu lting  p lo ts  are  show n in  F igu re  2.
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H ere , b is show n in  a  m a trix  fo rm  in s tead  o f  the v ec to r for 

convenience. T he en tries in  b w ere  d elibera te ly  se lec ted  to 

be  an  o rder o f  m agn itude  sm aller to  ensure convergence.

4 .2  H earing  A id  M odeling  R esu lts

T he ab ility  o f  linear and  n o n lin ea r filters o f  m ode ling  

h earin g  a ids w as com pared  fo r tw o d iffe ren t types o f  hearing  

a id s: A  w ith  a  m ild  n o n linearity  and  B  w ith  a  m o dera te ly  

strong  nonlinearity . T he com parison  m easure  u sed  w as the 

p e rcen tage  S N R  im provem en t ga in ed  b y  u sin g  th e  n o n linear 

filte r as

( S / N )n  -  (S /N
Improvement x 100% (3)

[(S/N)nl + {S/N)h ] /2 

; is the S N R  be tw een  the desired  signal andw here  ( S / N )

th e  m o de ling  e rro r due to  the use  o f  the n o n lin ea r N L M S

Table 1. Volterra based hearing aid modeling, SNR improvement for A
Length M M U M ni Run Improvement

249 249 49 0.8 50000 4.6324%
249 249 49 0.2 50000 9.0757%
500 500 100 0.2 50000 12.3211%

Table 2. Volterra based hearing aid modeling, SNR improvement for B
Length M Mu M ni Run Improvement

249 249 49 0.8 50000 7.8183%
249 249 49 0.2 50000 6.1692%
500 500 100 0.2 50000 7.8698%
500 500 400 0.2 50000 55.7738%

filter and  ( S / N ) ;i is th e  sam e ra tio  fo r the linear N L M S 

filter.

Table 1  and  Table 2  sum m arize  the resu lts  fo r m ode ling  

h earin g  a id  A  and  m o d e lin g  hearing  a id  B , respective ly , using  

V olterra series b ased  n o n  linear filters. M  is the n u m b er o f  

filte r coeffic ien ts an d  M ;i and  M nl are  the linear and  n o n ­

linear coeffic ien ts respectively . T he convergence p aram eters 

U and  th e  ru n  len g th  (ite rations) are  also  listed.

H earing  a id  m od e llin g  w as done using  b ilin ea r filters 

an d  com pared  w ith  the linear coun te rparts  o f  equal length. 

Table 3  show s the resu lts  fo r m o d e lin g  hearing  a id  B . M f f ■- 

M f b  an d  M nl are  the n um ber o f  feed  fo rw ard  coefficients, 

n u m b e r o f  feedback  coeffic ien ts and  the  n u m b er o f  n o n linear 

coeffic ien ts respectively . T he ru n  leng th  w as se lec ted  to  be 

10000. B ilin ear filters b e in g  n o t as exact as V olterra filters in 

app rox im ating  the n o n lin earity  cou ld  be  a  reaso n  fo r w eaker 

perfo rm ance.

5. D is c u s s io n

N o n lin ea r adaptive filters p e rfo rm  sign ifican tly  b e tte r than  

th e ir  lin ea r co u n te rparts , in  app rox im ating  m ild  and  m o d e r­

a te ly  strong  n o n lin ea r hearing  aids. A s the  no n lin ea rity  o f  the 

dev ice becom es stronger, a  la rger n u m b er o f  no n lin ea r co e f­

fic ien ts shou ld  be  used . T he S N R  im provem en t in  m odeling , 

show ed  im provem ents in  the range o f  5%  to  50% . T he m atch  

b e tw een  the n u m b er o f  linear and  the  m u m b le r o f  n o n linear 

coeffic ien ts shou ld  be  se lec ted  to  su it th e  system  in  question . 

T he S N R  seem s to  v a ry  d epend ing  o n  th e  above coeffic ien t 

n um bers  and  the  values o f  convergence  param eters  selected. 

T hese effects shou ld  fu rther be  investigated .
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M M f f M fb M nl l-la l-i-b l-lc Impr.
205 103 102 0 0.2 0.005 0.01 0.88553%
205 100 99 6 0.2 0.005 0.01
1379 690 689 0 0.2 0.005 0.01 2.4973%
1379 500 499 380 0.2 0.005 0.01
809 405 404 0 0.2 0.005 0.01 7.9348%
809 300 299 210 0.2 0.005 0.01
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