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ABSTRACT

In this thesis a generalised energy flow model of the cochlea 
is presented. Stimulus frequency otoacoustic emission (SFOAE) 
suppression measurements are made on human ears. Some of these 
results are used to demonstrate the utility of the generalised 
cochlea model. Specifically, it is shown how the SFOAE results 
can be explained in terms of the generalised model.

The technique for the measurement of SFOAEs is critically 
examined. Both the theory of measurement and the equipment 
used are described in detail. The relationship between the 
results of the measurements and SFOAEs is analysed.

Various aspects of the SFOAE measurements are presented: 
characteristics of the SFOAEs are compared to those of 
transient evoked OAEs measured in the same ear; the effect of 
varying the frequency of the second, suppressing tone 
necessary to measure SFOAEs is examined; and, it is shown that 

when the suppressor and stimulus tones are of different 
frequencies then both SFOAEs and distortion product OAEs can 
be measured simultaneously.

Characteristics of the suppression of SFOAEs by another tone 

are measured in detail. The general characteristics of SFOAE 
suppression are measured at different levels and frequencies
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of stimulus, and in different ears. These SFOAE suppression 
results exhibit qualitatively similar characteristics as 
neural and psychophysical suppression results presented in the 
literature.

A simplified model of the suppression process, based on a 
generalised energy flow model of the cochlea, is presented. 
This model is shown to predict suppression results that are 
qualitatively similar to those measured by SFOAE suppression.
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1. INTRODUCTION

1.1 THE FUNCTION AND PERFORMANCE OF THE PERIPHERAL AUDITORY 
SYSTEM

The function of the auditory system is to detect and analyse 
acoustic stimuli incident on the external ear. The peripheral 
auditory system, here defined as consisting of the outer and 
middle ears and the cochlea, performs the first part of this 
process. Its role is to encode features of the acoustic 
stimulus as neural firings of the auditory nerve fibres.

The performance of the peripheral auditory system can be 
characterised in many different ways, for instance:

(1) The peripheral auditory system can detect very small 
acoustic intensities. This can be characterised as the 
sensitivity of the system. At mid frequencies (around 2 KHz) 
the human auditory system can detect sounds with intensities 
as low as 1x10'̂  ̂W.m'̂  [Kinsler and Frey (1983)]. If this level 

of sound can be detected in 1 second and the effective area of 
the human ear canal is 10"̂  m^, then the auditory system is 

detecting an energy of 1x10'*̂  J. This is the energy released 

when a 0.2g pin is dropped from a height of 5x10'̂ "* m, or about 
l/2000th of the diameter of a hydrogen atom.
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(2) The peripheral auditory system can function over a wide 
range of acoustic intensities. This can be characterised as 
the dynamic range of the system. The highest intensity of 
sound which the human auditory system can detect without 
causing itself damage is about the threshold of feeling, or 2 
W.m'̂  [Kinsler and Frey (1983)]. The energy incident upon the 

ear canal by a sound of this intensity for one second, 
corresponds to the energy released by the same 0.2g pin when 
dropped from a height of 0.05 m. Hence, the dynamic range of 
sound intensity that can be detected by the peripheral 
auditory system is about 2xl0‘“, orl23 dB.

(3) The human auditory system can detect acoustic stimuli with 
frequencies from about 20Hz to about 20KHz. This is the 
frequency range of the peripheral auditory system. It is most 
sensitive to mid frequencies (around 2KHz). In order to be 
just detected, a sound at 200Hz or 15KHz requires an intensity 
1000 times greater than a sound at 2KHz [Kinsler and Frey 
(1983) ] .

(4) The human auditory system can detect changes in frequency 
of about 0.2% to 0.3%, or about l/25th of a semitone [Kinsler 
and Frey (1983)]. This is defined as the frequency 
discrimination of the system.

(5) If two tones are presented simultaneously separated by 
above a certain frequency interval then the auditory system
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can detect the characteristic of both tones just as well as if 
they were presented singly. This limiting frequency interval 
defines the frequency resolution of the auditory system's 
frequency analysis. It is of the order of about 7-10% in 
humans [Zwicker (1954)]. Evidence that frequency analysis is 
performed in the auditory periphery is given by recordings 
made from the auditory nerve. Frequency tuning curves of the 
firing rates from single fibres of the auditory nerve show 
similar frequency resolution as psychophysical measurements of 
forward masking, [Pickles (1980)].
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1.2 THE MECHANICS OF THE PERIPHERAL AUDITORY SYSTEM

1.2.1 The peripheral auditory system as a mechanical 
transformer

The mechanical to electrical transduction in the auditory 
periphery is performed by specialised cells - the inner hair 
cells. The inner hair cells cause firing in the auditory 
nerves upon mechanical stimulation (displacement) of a sensory 
bundle at one end of the cell. The rest of the auditory 
periphery is concerned with delivering mechanical energy to 
these sensory bundles from the acoustic wave impinging upon 
the ear canal.

The stiffness of a single inner hair cell sensory bundle is of 
the order of 10^ N.m' [Strelioff and Flock, 1984]. The area 
presented by the sensory bundle normal to its axis of motion 
is approximately 5jum x 5jtxm = 2.5x10'" m̂ . Thus the magnitude of 

the specific acoustic impedance of a sensory hair bundle at 1 
KHz is of the order of: 10'̂ /(27Z'xlOOOx2. 5x10'") = 16x10^ N.s.m'̂ .

The specific acoustic impedance of air is approximately 430 
N.s.m'\ Therefore if the sensory bundles were merely coupled 

directly to the sound field, by exposing them on the outside 
of the head, then the impedance | mismatch would be 16x10*^/430 
= 37000 times. This would mean that the sensory bundle would 
undergo a displacement about 37000 times less than that of the
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particle displacement of the acoustic sound field. Since the 
particle displacement of air at the threshold of hearing at 
IKHz is about IxlO’* m, this would be about 3x10'̂  ̂ m. Since 
this is about 3 0000 time less than the diameter of a hydrogen 
atom it would inconceivable that a biochemical process could 
detect this motion.

There are about 3000 inner hair cell sensory bundles in the 
human cochlea. Since the total frequency range of the ear is 
about 10 octaves and the frequency resolution is about l/8th 
of an octave, about l/80th (or 40) sensory bundles move in 
response to a single frequency. Hence even if the sensory 
bundles were perfectly matched to the sound field's acoustic 
impedance the very small moving area (40 x 2.5x10'̂ * m̂ ) would 
mean that little power was available to vibrate the sensory 
bundles. The power available at the threshold of hearing would 
be only: 40 x 2.5x10'“ m̂  x lxlO‘‘- W.m'- = 1x10'̂ ' Watts.

In fact the human ear presents an ear canal with an effective 
cross sectional area of approximately 10^ m'- to the sound 

field. This means that the power available to the auditory 
periphery is some 1000000 times larger than if the sensory 
bundles themselves were presented.

If we tried to couple this cross sectional area of sound field 
directly to the sensory bundles then the impedance miss match
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would be even worse. The acoustic impedance of the ear canal 

would need to be: 430 N.s.m'^/10^ m'- = 4.3x10* N.s.m'*, 

in order to be well matched to the sound field. The acoustic 
impedance of 40 sensory bundles working in parallel at lOOOHz 
is of the order of: 16x10* N.s.m^/(40 x 2. 5x10’*’ m̂ ) = 1.6x10^* 

N.s.m'*. Thus there would be an impedance miss match of about 

4x10* times between the ear canal and the sensory bundles.

In conclusion: the auditory periphery has to behave as an
acoustic transformer of very high ratio in order to 
efficiently couple the sensory bundles to the sound field. 
This is because of the need to collect sound power from a 
relatively large area and the high stiffness and small area 
presented by the sensory bundles.

1.2.2 The outer and middle ears

The first stage of this impedance transformation takes place 
in the outer and middle ears. The acoustic input impedance of 
the oval window (the place of vibrational input to the cochlea 
- the next stage of in auditory periphery) has been measured 
to be about IxlO" N .s.m'\ at lOOOHz [Khanna and Tonndorf 
(1971)].

By the use of an acoustical-mechanical-hydromechanical lever 
system the outer and middle ears match this impedance with the 
much lower impedance of the sound field. The sound field

PhD thesis submitted February 1995 page 22



D.N.Brass SFOAEs and cochlea function

impinges upon a large diaphragm - the tympanic membrane. This 
is coupled to a mechanical lever system - the ossicles. The 
higher mechanical impedance end of this lever system is then 
connected to a smaller diaphragm - the oval window - which 
launches a hydro-mechanical wave in the cochlea.

The efficiency of this system can be assessed by measuring the 
reflection coefficient : in the ear canal. This is the
proportion of the energy reflected back from the tympanic 
membrane when an acoustic plane wave is launched down the ear 
canal. If the middle and outer ears matched the input 
impedance of the cochlea exactly to the impedance of the sound 
field, then the reflection coefficient would be zero. In fact 
the reflection coefficient is about 0.4 in the adult human ear 
at mid freguencies (1.5 - 5 KHz) [Keefe et al (1993)]. This 
means that about 60% of the energy of the sound field 
impinging upon the tympanic membrane is absorbed by the 
auditory periphery.

1.2.3 The cochlea

The cochlea performs the second stage of the impedance 
matching, i.e. it efficiently couples the hydro-mechanical 
wave launched by vibrations of the oval window to vibrations 
of the sensory bundles. This is performed by two processes: 
the decrease in area over which the energy is spread, from the 
area of the oval window to the area of cochlea partition
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occupied by the small number of sensory bundles to which each 
frequency is directed; and, a mechanical lever action between 
the vibrations of the cochlea partition (a structure that is 
part of the hydro-mechanical wave transmission system) and the 
sensory bundles [Davis (1958)].

In addition the cochlea performs two other functions, these 
are :

(i) Frequency analysis. This is achieved by the direction of 
different frequencies of vibrational energy to different 
groups of sensory bundles. Dispersion of frequencies in the 
hydro-mechanical wave is used to achieve this function.

(ii) Compression of the dynamic range of the input signal. The 
dynamic range over which the human ear is sensitive exceeds 
120dB. This represents a range of the amplitude of vibration 
of over 10̂  times. In order to match this dynamic range to the 

dynamic range of the inner hair cells it is compressed. The 
mechanical vibration is compressed by about 45dB between 20 
and 80 dB SPL input level at the ear canal [Johnstone et al 
(1986)]. This function is achieved by the action of non-linear 
mechanical elements (outer hair cells) which change the nature 
of the hydro-mechanical wave in a level dependent manner.
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1.3 THE MECHANICS OF THE COCHLEA

1.3.1 Macro structure of the cochlea

The human cochlea consists of a fluid filled void in the 
temporal bone forming two coiled tubes about 35mm long and 
between 1 and 2.5mm- cross sectional area [Zwislocki (1948)]. 
A cochlea partition separates the two tubes longitudinally all 
along their lengths, apart from the very apical end where 
there is a small opening known as the helicotrema. Both tubes 
are filled with fluids, with hydro-mechanical properties 
similar to those of water.

At the basal end of the tubes are two openings covered with 
membranes - the oval and round windows. These openings are 
arranged so that each opens into a different chamber above and 
below the cochlea partition. The oval window is coupled to the 
ossicular chain. The round window moves freely, coupled only 
into an air filled chamber known as the tympanic cavity.

1.3.2 Macro-mechanical properties of the cochlea partition

The mechanical compliance the cochlea partition is dominated 
by the basilar membrane. This is an anisotropic membrane, very 
compliant relative to both the bony walls of the tube and the 
fluid filling the tubes.
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The highly anisotropic nature of the cochlea partition has 
been demonstrated by Voldrich (1978). He showed that when the 
cochlea partition was deflected using a metal needle only the 
transverse section in contact with the needle moved. This 

observation was consistent with the basilar membrane stiffness 
being dominated by fibres running across its width [lurato 
(1962)]. Thus from a mechanical aspect the cochlea partition 
is better considered as a series of independent parallel beams 
than as an isotropic membrane.

Both the width and thickness of the basilar membrane vary 
along its length. In the Guinea Pig the thickness of the 
basilar membrane decreases from 7.4/xm at the base to 1.3/im at 
the apex. The width increases from 0.1mm at the base to 0.3mm 
at the apex [Fernandez (1952)]. If the stiffness of the 
basilar membrane is dominated by evenly distributed transverse 
elastic fibres [Cabezudo (1978)], then its compliance is 
proportional to its (width) V (thickness)[Steele (1983)]. 

Thus the compliance of the Guinea Pig basilar membrane will 
increase by about 8000 times from base to apex.

The cochlea partition has various structures attached to it 
which increase its effective moving mass, notably the organ of 
Corti in which the hair cells are embedded. In the Guinea Pig 
the cross sectional area of the organ of |corti is nearly 
constant at about 0.015mm- all along the cochlea partition 

[Fernandez (1952)]. Thus if the density of the organ ofjcorti
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is constant then the effective moving mass of the cochlea 
partition will remain nearly constant along its length.

1.3.3 Response of the cochlea partition to high level 
vibrational input

Johnstone and Boyle (1967) used a Mossbauer source placed upon 
the cochlea partition to measure the velocity of its 
transverse motion. This measurement was repeated and refined 
by, amongst others, Rhode (1971), Rhode and Robles (1974), 
Rhode (1978), Sellick et al (1982), Sellick et al (1983), 
Robles et al (1986) and Johnstone et al (1986). More recently 
similar measurements have been made using laser 
interferometry. See for instance; International team for ear 
research (1989), Ruggero and Rich (1991), Ruggero (1992).

Rhode (1971) found that when the tympanic membrane was 
stimulated with an acoustic input the Mossbauer source on the 
cochlea partition was seen to move at the same frequency. He 
also placed another Mossbauer source on the malleus - one of 
the ossicles responsible for delivering vibrational input to 
the cochlea. He divided the velocity measured by the Mossbauer 
source placed on some part of the cochlea partition by the 
velocity measured by the Mossbauer source placed on the 
malleus, in the frequency domain. In this way he was able to 
determine the response of that part of the cochlea partition
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to vibrational input. Specifically he determined the transfer 
function from the malleus to that part of the cochlea.

Rhode (1971) used high levels of input stimuli, of above 70dB 
SPL. This is important because at these levels of input the 
response of the cochlea partition is nearly linear. Below 
these levels of input the response of the cochlea partition 
can be shown to behave in a non-linear manner [Johnstone et al
(1982)]. Rhode (1971) was able to demonstrate slight non- 
linearity in the response of the cochlea partition even at 
these high levels. The transfer function was slightly 
different for inputs of 70, 80 and 90 dB SPL. However, the
transfer function for each of these levels was qualitatively 
similar, and for the sake of simplifying the forthcoming 
analysis I shall assume that the cochlea partition behaves in 
a linear or at least a quasi-linear manner at these levels.

The response of the cochlea partition to a single tone showed 
a considerable phase lag with respect to the input, of up to 
20 radians. This is consistent with the response of the 
cochlea partition being determined by an hydromechanical wave 
system. Such a system would have in general a response to a 
single sinusoidal tone determined by:

V =  A+ ( w ,  X)  . A. ( W , X ) . i+k_(w,x).x) (1.1)
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Where: v is the transverse velocity of the cochlea partition; 
w is the angular frequency of the input signal; t is time; x 
is the distance along the cochlea partition from the base; 
A+(w,x) and A(o),x) are the amplitudes of the apically and 

basally travelling waves respectively; and, k+(w,x) and k.(w,x) 

are the wavenumbers (or phase gradient) of the apically and 
basally travelling waves respectively.

Thus, the first term of expression 1.1 describes the apically 
travelling wave launched from the basal end due to the forced 
vibration of the oval window. The second term describes the 
basally travelling wave, due to reflections of energy from the 
apically travelling wave. For reasons I shall discuss later, 
in Rhode's (1971) measurements A.(w ,x) is much smaller than 
A+(w,x), and I can for the moment ignore the basally 
travelling wave.

Rhode's (1971) data also shows that k is highly dependent upon 
input frequency. As the input frequency is increased from low 
values the wave number increases reaching a maximum at some 
frequency, before abruptly decreasing to nearly zero as the 
frequency is increased beyond this value. This dependence of 
k upon w demonstrates that the cochlea wave is dispersive. 
This means the velocity of the propagation of wave energy 
depends upon the frequency of that wave energy.
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Wave number (k) is also dependant upon distance along the 
cochlea partition. Measurements taken more apically show 
qualitatively the same dispersion characteristics as 
measurements taken more basally. Quantitatively however, the 
more apical measurements show a maximum phase gradient at a 
lower frequency [Rhode (1971)].

In general, dispersive systems exhibit a transfer function 
that is frequency dependant in both phase and magnitude. This 
is the case with vibrations of the cochlea partition. Rhode's 
(1971) data show changes in the amplitude of the cochlea 
transfer characteristics with frequency of input. At low 
frequencies the amplitude of the transfer function is small 
rising to a maximum before falling abruptly as the frequency 
 ̂is increased. Like the phase response the maximum frequency is 
related to the place of measurement. Indeed the amplitude and 
phase response are intimately linked as demonstrated below. As 
I we move apically along the cochlea partition the frequency of 
maximum amplitude of the transfer function falls.

This place [dependent bandpass transfer function forms the 
basis of the cochlea's ability to perform frequency analysis. 
For each frequency the site of maximum amplitude of vibration, 
and the maximum concentration of vibratory energy, is at a 
different place along the cochlea partition. The sensory 

bundles of the inner hair cells are arranged all along the 
cochlea partition. Thus only a small number of sensory bundles
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respond strongly to each frequency. The inner hair cells at 
different places along the cochlea partition are| innervated by 
different nerve fibres. Hence different nerve fibres fire more 
strongly in response to different stimulus frequencies in the 
auditory periphery.

1.3.4 A macro-mechanical model of the cochlea transfer 
function

The characteristics of the response of the cochlea partition 
at high levels (such as measured by Rhode (1971)) can be 
accounted for by considering the mechanics of the macro
structure of the cochlea detailed above.

First I make some assumptions. These are;

(i) That the curvature of the cochlea is not important to its 
hydro-mechanical properties [Steele (1973)]. This allows us to 
consider the cochlea as two straight tubes.

(ii) That the twô tubes (or the cochlea duct) can both be 
considered as rectangular section boxes. This assumption 
allows us to easily define our boundary conditions and solve 
our equations using simple Cartesian coordinates.

(iii) That the compliance of the cochlea partition dominates 
that of both the walls of the tubes and compressibility of the
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fluid in the tubes. This allows us to assume that the walls of 
the cochlea duct are completely rigid and that the fluid is 
incompressible.

(iv) That all the viscous losses in the system can be 
interpreted as damping of the motion of the cochlea partition. 
This allows us to assume that the fluid is non-viscous.

(v) That the fluid motion is constant across the width of the 
tubes. This is commonly called the '2D' assumption [Viergever 
et al (1986)] since fluid motion in only two dimensions needs 
to be considered. This (at first sight rather gross) 
assumption has been shown to be valid by Viergever et al 
(1983), as long as the fact that the cochlea partition does 
not take up the whole width of the cochlea duct is taken into 
account.

I take as my starting point the 'box model' of Viergever et al 
(1986) . An illustration of the model and its coordinate system 
is shown in figure 1.1.

PhD thesis submitted February 1995 page 32



D.N.Brass SFOAEs and cochlea function

Figure 1.1 The box model of the cochlea. The dimensions x and 
y are along the length of the cochlea partition and 
perpendicular to the cochlea partition respectively. The 
cochlea duct is represented by two rectangular section tubes 
on length L, height h(x) and width b(x). The cochlea partition 
of, width 0(x), separates the two tubes of the cochlea duct. 
The system is excited by the anti-phasic vibration of the 
round and oval windows, situated at x=0.

Ovgl window C o c h le a  partition  
width =  p(x)

h (x )

Round window-
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The non-viscous incompressible fluid filling the tubes must 
obey Laplace's equation:

V V  = 0 (1.2)

Where <p is the velocity potential of the fluid; ie. dcp/dx and 
d(p/dy are the fluid velocities in the x & y directions 
respectively.

The boundary conditions of Laplace's equation are given by the 
conditions :

(i) that at each wall of the cochlea the velocity component 
perpendicular to that wall is zero.

(ii) That the velocity of the fluid at the cochlea partition 
matches that of the cochlea partition given by :

Vcp = A (o), x) . X) (1.3)

(iii) that the pressure of the fluid at the cochlea partition 
matches that of the partition given by:

Pcp ~ Vcp*^cp(^/^) (1*4)

Where: p̂ p, v̂ p and Z(̂ p(w, x) are the pressure, velocity and
impedance of the cochlea partition, respectively.
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In fact equation 1.2 is not known to have a general, exact
analytical solution when Ẑ p (and hence k) is allowed to change

with X [de Boer (1980)]. However, if Ẑ ? is constant with x we 

find, [Steele and Taber (1979)]:

2 jpcj/(k.tanh(k.h) ) - Z^ = 0 (1.5)

This (so called dispersion relation) allows us to determine k 
from knowledge of Ẑ p. Note that in general k is complex since 
Zcp contains a real part (or damping).

Zcp is typically given by:

Zç-p = j wM + S/ jco + R (1.6)

Where: M, S and R are the mass, stiffness and damping per unit 
length of the cochlea partition.

Equation 1.5 is true only if the cochlea partition occupies 
the whole width of the cochlea duct. That is, when /3=b. In
fact the cochlea partition only occupies a fraction of the 
width of the cochlea duct. This can be accounted for by 
averaging across the width of the duct. Equation 1.5 is then 
rewritten [Viergever et al (1983)]:

8jpcü|6/(TT'bk.tanh(k.h) ) - Ẑ p = 0  (1.7)
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Although a general, exact analytical solution of the system is 
not known when varies with x, there are many possible

approximate solutions. For instance the system can be solved 
using a finite difference technique [Neely (1977); Allen 
(1977)] or WKB analysis [Steele and Taber (1979); Viergever et 
al (1986)]. I shall outline the more intuitive energy flow 
analysis of Lighthill (1981), (1983) and (1991).

In order to perform this analysis I am required to make 
another assumption. It is that Ẑ p, and hence k, changes slowly 
with X. This the same assumption that makes the WKB analysis 
valid. Evidence that this assumption is valid is given by the 
smoothness of the change of gradient of the phase curves of 
cochlea partition response, for instance those given in Rhode 
(1971).

Steele et al (1979) show that for a model with exponentially 
varying stiffness the results of finite element and WKB 
analysis agree quite well. Since, under these conditions, WKB 
and energy flow analysis are mathematically equivalent 

[Lighthill (1978)] we can assume that energy flow analysis can 
also be accurately applied.

For a passive non-dissipative travelling wave system the 
following equation must hold:

W = E(x).U(x) (1.8)
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Where: W is the power input to the system; E(x) is the energy 
per unit length at x; U(x) is velocity of energy propagation, 
or group velocity, at x.

When k changes slowly with x, U is given by:

U = 8w/6k (1.9)

Where k is the 'local wave number' given by solving equation 
1.7 at the place of interest.

The energy in the system is being continually exchanged 
between the kinetic energy of the moving mass of the system 
and strain energy of the cochlea partition. We can thus relate 
E to the stiffness per unit length of the partition:

E(x) = %S{x) [V(x) /w]2 (1.10)

Where: V(x) is the peak velocity of the cochlea partition.

Dissipation can be included by introducing a damping constant 
D(x). D(x) is defined as the proportional loss of energy per 
unit time:

D(x).dt = [E(t)-E(t+dt)]/E(t) as dt^O (1.11)
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The energy per unit length at x is given by [Brass and Kemp 
(1993) ] :

E(x) = (W.-exp [D(x)/U(x)]dx)/U(x) 
0

(1.12)

The amplitude of the cochlea partition transverse velocity is 
then given by [Brass and Kemp (1993)]:

V (x) = w.(W.-exp
X
[D(x) /U(x) ]dx)''=. (%U(x) .S(x) ) 
0

(1.13)

The phase of the cochlea partition transverse velocity is 
given by:

(9(x) =
X
k(x).dx (1.14)

1.3.5 Validation of the macro-mechanical model

The macro-mechanical model of the cochlea detailed above can 
be validated if we can match mechanical measurements of 
cochlea partition vibration with results from the model with 
realistic parameters. I say realistic parameters since some of 
the mechanical parameters of the cochlea (for instance cochlea 
partition stiffness and damping) have not yet been adequately 
determined. Hence matching the model to mechanical
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measurements consists of; estimating the mechanical parameters 
of the model; running the model; comparing the results to the 
mechanical measurements; and iterating the parameters to give 
a better match whilst keeping the parameters within a sensible 

range.

Viergever et al (1983) matched a model based upon WKB analysis 
to the Mossbauer measurements of Johnstone and Yates (1974) 
land Rhode (1971). Models based upon WKB analysis give almost 
exactly similar results to the energy flow method detailed 
above. In fact the two methods are mathematically equivalent 
in the high frequency limit [Lighthill (1978)].

Viergever et al's (198 3) model showed a very good match to 
both the amplitude and phase of the mechanical measurements. 
The parameters that they chose to input to their model were 
realistic. In particular, the parameters chosen to match the 
Guinea pig data of Johnstone and Yates (1974) were very close 
to those measured by Fernandez (1952).

1.3.6 Response of the cochlea partition to low level 
stimulation

Cochlea partition transverse velocity transfer function data 
such as that presented by Rhode (1971) was made with high 
levels of stimulation, levels in the ear canal were 70 dB SPL 
or greater. Even at these levels some non-linearity in the
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response was noted. Rhode (1971) presents three cochlea 
partition transfer functions at 70, 80 and 90 dB SPL in the 
ear canal. The lower levels of input produce sharper band pass 
responses in the amplitude of transfer function.

When measurements of cochlea partition vibration were made at 
lower levels of stimulation even more | narrower pass band 
responses were seen. Examples of responses made at levels as 
low as 10 dB SPL in the ear canal can be found in Sellick et 
al (1982); Robles et al (1985); and, Johnstone et al (1986).

Johnstone et al (1986) present the amplitude of the transfer 
function of the cochlea at levels of 20, 40, 60 and 80 dB SPL 
at the ear canal. One way of assessing the transfer function 
is to find the ratio between the amplitude of the transfer 
function at its peak frequency and the amplitude at some lower 
frequency. In the case of the results of Johnstone et al 
(1986) this ratio is 15dB at 80 dB SPL input and increases to 
50dB at 2 0 dB SPL input. (When the peak frequency is between 
10 and 18 KHz and the lower frequency is 3 KHz.)

This lack of proportionality of output vibration to input 
levels makes the cochlea partition vibration transfer function 
compressively non-linear. Closer inspection of the transfer 
functions reveals that the non-linearity occurs only in the 
octave or so around the peak frequency. In other words the 
transfer function is linear at high and low frequencies and
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compressive around the peak frequency. This compression is 
apparent in the results of Johnstone et al (198 6) where at the 
peak frequency a variation of input of 60dB gives rise to a 
change in cochlea partition transverse velocity amplitude of 
only 2 5dB.

Robles et al (1986) demonstrated that this narrower band-pass, 
non-linear response at low levels of stimulation disappeared 
in response to trauma. In the case of surgical trauma or death 
of the animal the low level response became like a linearly 
scaled version of the high level responses.

The phase of the cochlea partition transverse velocity 
transfer function for the low level response shows little 
difference to that of the high level or traumatised response 
[Robles et al (1986)]. Sellick et al (1981) report a maximum 
phase change of 0.3 radians with a change of stimulation 
between 30 and 60 dB SPL in the ear canal.

1.3.7 Deficiencies of the macro-mechanical cochlea model in 
explaining the low level response of the cochlea partition

The simple macro-mechanical model described above proves 
inadequate to explain the cochlea partition transverse 
velocity transfer function measured at low levels.
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Firstly, the model is linear and thus cannot model a 
measurably non-linear system. However, even if ignore this and 
just model the cochlea's response at one level the model 
cannot match the low level response of the cochlea [Viergever 
et al (1983) ] .

We can sharpen the band pass characteristics and increase the 
response to peak frequencies of our macro-mechanical model by 
simply decreasing the damping D(x). However, reducing D(x) 
sufficiently to give the correct increase in response to the 
peak frequency results in a band pass characteristic that is 
far to narrow to match the measurements made in real cochleas. 
Apart from this it is difficult to see how D(x) could be 
reduced to such low levels given the boundary layer 
dissipation that must be present in the cochlea [Lighthill
(1983) ] .

1.3.8 The micro-mechanics of the cochlea partition

Clearly a new or amended model is required to explain the 
cochlea partition transverse velocity transfer function 
measured at low levels of stimulation. Given the good match 
between the simple macro-mechanical model results and the data 

recorded at high levels and in the damaged cochlea it would 
appear prudent to make our new model tend towards the macro
mechanical model at high levels. This suggests that we start 
with the macro-mechanical model and add some feature which
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alters the response at low levels but which switches out at 
high levels and in response to trauma.

Many such models have been formulated; for instance Zwislocki 
(1979); Allen (1980); Neely (1983); Diependaal et al (1987); 
Kolston et al (1989); Zweig (1991); de Boer (1993); Geisler 
(1993); Kanis et al (1993); Mammano et al (1993); and Neely 
(1993) - is by no means an exhaustive list.

All of these models can be classified as 'micro-mechanical 
models'. By this I mean that these models take into account 
not only the macro-mechanics of the cochlea partition already 
described, but also attempt to model the effects of the micro
mechanical structures attached to the cochlea partition. These 
micro-mechanical structures include: the outer hair cells; the 
various structures making up the organ of|Corti; the tectorial 
membrane; and, the coupling and fluid mechanics associated 
with these structures.

Many attempts have been made to measure directly the 
mechanical properties of the micro-mechanical structures in 
isolation, particularly those of the outer hair cells [see for 
instance: Strelioff et al (1984); Ashmore (1990); Dallos et al
(1991); Hudspeth (1992); Iwasa et al (1992)]. However,|bearing 
in mind the non-linear nature of the cochlea partition 
response at low levels it is difficult to make reliable 
mechanical measurements of such small structures at such low
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levels of vibration. Furthermore, even if reliable 
measurements were available, these would tell us little about 
how the various micro-mechanical structures couple and 
interact in the complete cochlea.

In the absence of definitive mechanical measurements of the 
micro-mechanics, models must be formulated from clues given by 
measurements that do exist and from clues given by the anatomy 

of the cochlea. This lack of a complete description of the 
micro-mechanics accounts for the diversity of micro-mechanical 
models.

1.3.9 Micro-mechanical models

Some micro-mechanical models attempt to model both the high 
and low level responses of the cochlea. This by necessity 
makes such models non-linear. The mathematical and 
computational difficulties presented by such a complex non
linear model have forced many modellers to produce linear 
models which simulate only the low level response of the 
cochlea. There is some evidence that the low level response of 
the cochlea is indeed linear [see |zweig (1991)] so such mod^Xs^ 
can be justified.

In most cases such a linear model is formulated by adding some 
mechanism onto a simple macro-mechanical model. It can be 
imagined that some non-linear element in the model could make
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the added mechanism less and less important as the input level 
increased. Thus at high levels of input the model would become 
similar to the simple macro-mechanical model as thus simulate 
the high level response. Thus it becomes conceptually trivial 
(if mathematically complex) to transform such linear models 
into non-linear models that simulate a whole range of input 
conditions. Hence, in this brief review of micro-mechanical 
models I shall make no distinction between linear and non
linear models.

Micro-mechanical models can be classified into various types 
dependant upon the physical principles upon which they are 
based. One major division is between 'passive' and 'active' 
models.

Passive models [eg. Zwislocki (1979); Allen (1980)] are models 
in which the only energy available to vibrate the cochlea 
partition is the energy from the acoustic sound field 
impinging upon the ear canal.

An example of a passive micro-mechanical model is given by 
Allen (1980) . This author views the cochlea as a two degree of 
freedom system. The vibrations of the basilar and tectorial 
membranes provide the two degrees of freedom. Non-linear 
coupling between these two structures is provided by the outer 
hair cells. At high levels of stimulation and when the outer 
hair cells are damaged this coupling is small so that the
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impedance of the basilar membrane structure dominates the 
cochlea partition response. Under such conditions the model 
behaves in a similar manner to the simple macro-mechanical 
model presented above. At low levels of stimulation the 
coupling between the two vibrating structures is such that the 
impedance of the tectorial membrane structure becomes 
important. By judicious arrangement of the impedances of the 
two coupled vibrating structures the model can then simulate 
the low level response measured in real cochleas.

Active models [eg. Neely (1983); Geisler (1993)] are models in 
which energy from sources other than the acoustic sound field 
are available to vibrate the cochlea partition. These other 
sources of energy (normally assumed to be vibrations of the 
outer hair cells) have outputs mediated by the acoustic sound 
field energy. Viewed in this way the cochlea can be seen to be 
an amplifier, in that the energy available to move the inner 
hair cell sensory bundles is greater than the energy available 
from the acoustic sound field.

An example of an active micro-mechanical model is given by 
Geisler (1993). This author adds force generating elements to 
a simple macro-mechanical model. These force generators are 
identified as the outer hair cells. The outer cells are made 
to react to the deflection of their cilia by producing forces 
that deflect the basilar membrane. The output force is delayed 
relative to the input stimulus. The time delay varies along
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the cochlea partition in such a way that the force is in phase 
with the basilar membrane motion at the place of maximum 
vibration of the input frequency. In this way the outer hair 
cells amplify the vibration of the input to the cochlea. This 
model is similar to one deduced from measurements of cochlea 
partition vibration by jzv/eig (1991) .

1.3.10 Generalisation of micro-mechanical models in terms of 
energy flow

Most micro-mechanical models can be generalised in terms of 
the simple energy flow analysis given above. The basis of most 
micro-mechanical models is the addition some other mechanism 
to the simple macro-mechanics described above. Thus the system 
is still essentially one in which energy flows down a wave 
transmission system with a rate given by its group velocity 
and some mechanism for the absorbtion, or possible addition of 
energy from that wave. Thus the cochlea partition transverse 
velocity can still be determined by equations (1.13) and 
(1.14).

In general both active and passive micro-mechanical models 
predict group velocity and damping (U(x) and D(x)) to be 
different from the values predicted by the macro-mechanical 
model. However, an active model allows D(x) to become negative 
at some point along the cochlea partition, whereas in a 
passive model it is constrained to be positive everywhere. For
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this reason active models can be called models with negative 
damping.

In fact the cochlea was demonstrated to be an active system by 
Brass et al (1993). These authors took cochlea vibration data 
measured by Robles et al (1986) and analysed it by means of 
energy flow analysis. They showed that D(x) became negative 
within a few millimetres before the maximum place of vibration 
of that input frequency.

They also showed that the value of D(x) rose quickly to 
positive values just after the place of maximum vibration. 
Examination of equation (1.13) shows that this must be so if 
the cochlea is to remain stable. U(x) falls steeply after the 
place of maximum vibration. If D(x) were to remain negative in 
this region the cochlea partition vibration would increase 
very rapidly with x. The practical consequence of this would 
be for the cochlea to always be in limit cycle vibration even 
for very small inputs such as those provided by thermal noise.

Most active micro-mechanical models provide a mechanism to 
limit the region of energy input to the cochlea partition 
vibration in order to prevent such instability. For instance, 
the model of Geisler (1993), discussed above, uses the phase 
lag produced by the time delay of force generation to reduce 
energy input past the place of maximum vibration.
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1.4 INTRODUCTION TO THIS THESIS 

1.4.1 Deficiencies in our knowledge of cochlea mechanics

By analysis such as that performed above we can produce a 
generalised description of the mechanical response of the 
cochlea at both high and low levels of stimulation. However, 
this generalised model only describes the flow or energy along 
the cochlea. It does not describe the mechanisms by which 
energy is added or taken away from the travelling wave by the 
micro-mechanics.

There do exist a variety of models which do suggest mechanisms 
by which the cochlea micro-mechanics achieve this task. 
However, due to the difficulties in making more detailed 
measurements these models can only be viewed as speculations. 
The very fact that contradictory types of cochlea models exist 
means that some of them must be wrong. For instance, the 
passive model of Allen (1980) and the active model of Geisler 
(1993) are clearly in contradiction.

1.4.2 Improving our knowledge of cochlea mechanics

Clearly some way of constraining both the type and the 
parameters of our cochlea models is required, if we are to 
improve our understanding of cochlea mechanics. There are two
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general types of measurements we can use to further constrain 
the parameters of our models:

(1) We can make further measurements of the mechanical 
characteristics of the individual elements of the cochlea. By 
this we mean measuring such things as: the stiffness of the 
tectorial membrane; or, the response of isolated outer hair 
cells to mechanical stimulation. These measurements would 
allow us to directly set the values of parameters in our 
models.

(2) We can make more detailed measurements of the response of 
the whole cochlea to auditory stimulus. Examples of such 
measurements would be: measurement of the vibration of 
different parts of the cochlea partition, such as the 
tectorial membrane; or, measurement of the response of the 
cochlea to more complex stimuli, such as two tones. These 
measurements would constrain the parameters in our models, 
since there would be more data to match against the response 
of our models.

In the case of animal cochleae both of the above types of 
measurements can be made, limited only by constraints of the 
measurement apparatus and the experimenters ingenuity. Such 
measurements continue to be made. For instance: Reuter et al
(1992) and Brundin et al (1994) report measurements of 
elements of the cochlea (in this case outer hair cells) in
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vitro; and, Khanna et al (1989a) and Ruggero (1992) report 
more complex measurements of the response of the cochlea 
partition in vivo. These more detailed measurements may lead 
to increasing understanding of the mechanisms of cochlea 
micro-mechanics.

For human cochleas the case is somewhat different. The only 
direct mechanical measurements of cochlea partition vibration 
have been, necessarily, made on cadavers [See, for instance, 
the work of von Bekesy (I960)]. We know from mechanical 
measurements made on animals that the mechanical response of 
the cochlea changes radically after death [Voldrich (1978); 
Robles et al (1986)]. Therefore, we do not have any direct 
mechanical measurements of the vibration of the human cochlea 
in its normal, living state. Similar constraints exist on 
making mechanical measurements of the elements of human 
cochleas, since many of the elements are known to change their 
mechanical properties after death.

There are indirect methods of observing cochlea mechanical 
response in humans. For, instance psychophysical and brainstem 
neural responses are both potentiated by the cochlea 
mechanical response. However, in neither of these types of 
measurements can give much specific information on the 
mechanics of the cochlea because: (i) both types of
measurement include the effects of further signal processing 
such as neural transduction; and, (ii) both types of
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measurement represent a 'whole cochlea response', by which I 
mean that we cannot tell from which part of the cochlea a 
particular signal is coming.

1.4.3 Measuring cochlea mechanics using otoacoustic emissions

Another type of mechanical response can be measured non- 
invasively, which makes it suitable for use on humans. This is 
the measurement of the auditory system input impedance by the 
measurement of stimulated otoacoustic emissions (OAEs).

Stimulated OAEs are measured by stimulating the auditory 
system using a small loudspeaker sealed in the ear canal. A 
microphone measures the sound pressure developed in the ear 
canal due to the auditory system input impedance. The part of 
the sound pressure due to the contribution of the cochlea to 
the input impedance can be distinguished from that due to 
other components of the auditory system by its long group 
delay and its non-linear dependence on input level. The 
component of the pressure due to the cochlea is called an OAE.

The long group delay of the cochlea component gives rise to 
the description of such signals as 'emissions', since if a 
short stimulus is used the OAE is separated in time from the 
other components. Hence the auditory system is seen to emit a 
signal a few ms after stimulation.

PhD thesis submitted February 1995 page 52



D.N.Brass SFOAEs and cochlea function

Although OAEs are modified by coupling through the middle ear 
and represent a whole cochlea response, I shall show in the 
next chapter that they can render quite specific information 
on the response of small regions of the cochlea.

1.4.4 The scope of this thesis

In this thesis I shall use OAE measurements from humans to 
demonstrate the utility of the generalised energy flow model 
of the cochlea presented above. Specifically I shall make 
measurements of the suppression of stimulus frequency 
otoacoustic emissions (SFOAEs). I shall then show how these 
measurements can be analysed in terms of the generalised 
cochlea model above.

1.4.5 Outline of this thesis

In this chapter I have outlined a generalised model of the 
cochlea, based on an energy flow analysis.

In chapter 2 I shall analyse the generation of SFOAEs in terms 
of the generalised model presented in chapter 1.

In chapter 3 two tone suppression of neural firing rate, 
psychophysical unmasking and SFOAEs will be discussed. I shall 
then show how a simple model allows all three types of two
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tone suppression to be explained in terms of a distributed
non-linearity along the cochlea partition.

Chapter 4 describes the equipment used to make SFOAE 
measurements using the 'residual method'. This equipment was 
used to make all the SFOAE measurements presented in this 
thesis.

Chapter 5 describes the theory of operation of the residual 
method and how the measurements made using this method are 
related to SFOAEs.

In chapters 6 and 7 the characteristics of the measurements 
made using the residual method are described. Evidence is 
presented that these measurements are otoacoustic in origin.

Chapter 8 presents the results of suppression of SFOAEs, made 
using the residual method. It is shown that several 
characteristics of SFOAE suppression are general across range 
of different levels, frequencies and subjects.

In chapter 9 some of the results from chapter 8 are presented
in terms of a phenomenological model. It is also demonstrated 
how the travelling wave envelope shape can be estimated from 
SFOAE suppression measurements.
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In chapter 10 a new model of SFOAE suppression is presented. 

This model is based on the energy flow model from chapter 1 
and overcomes some of deficiencies of the simple model 
presented in chapter 3. It is demonstrated that this new model 
can produce realistic SFOAE suppression results.

Chapter 11 presents a summary of the thesis.
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2. OTOACOUSTIC EMISSIONS

2.1 INTRODUCTION TO OTOACOUSTIC EMISSIONS

Kemp (1978) demonstrated that the auditory system re-emitted 
energy a short time after it was stimulated. Such re-emitted 
energy can be measured by a small microphone placed in the ear 
canal. The phrase otoacoustic emission (OAE) was coined by 
Kemp (1979) to describe this energy.

The existence of the re-emission of energy is, of itself, an 
unsurprising result. Any real, causal system will reflect back 
some of the energy from an excitation. Because the system is 
causal there must be a time delay between the stimulus and the 
reflection.

However, at the time of their discovery the existence of OAEs 
was surprising since contemporary models of the cochlea did 

not allow reflection of energy from the apically travelling 
wave. The reason for this lack of reflection was that the 
graduation of impedance along the cochlea partition was 
assumed to be perfectly smooth. In this sense such cochlea 
models are unrealistic, since there must be some lack of 
smoothness of impedance in a system made up from discrete 
units, such as cells and fibres.
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The time delays associated with OAEs are of the same order of 
magnitude as those of the group delay of the cochlea [Kemp 
(1979) ; Neely et al (1988)]. Furthermore OAEs are demonstrably 
non-linear. They exhibit a compressive, saturating non- 
linearity similar to that observed from mechanical 
measurements of the vibration of the cochlea partition [Kemp 
(1979); Norton et al (1987)].
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2.2 THE NATURE OF OAEs

2.2.1 The source of OAEs

It is unlikely that any of the structures in the outer or 
middle ear can produce reflections with both the relatively 
long time delays and the non-linearities observed in OAEs. It 
can therefore be assumed that OAEs must originate in the 
cochlea.

OAEs can be thought of as reflections from the apically 
travelling wave in the cochlea. These reflections give rise to 
basally travelling wave which will be measurable in the ear 
canal due to coupling via the middle ear.

It has been shown that such reflections are very small in a 
linear cochlea model, at least when the variation of impedance 
along the cochlea partition is fairly smooth [de Boer (1980), 
de Boer et al (1984)]. Making the model active does not 
noticeably increase the level of reflection in such a linear 
cochlea model with a smoothly varying impedance [de Boer 
(1983) ] .

It might appear that the rapid change of amplitude and wave 
number just before the in vacuo resonance will give rise to a 
reflected wave [Zweig et al (1976)]. In fact this turns out

PhD thesis submitted February 1995 page 58



D.N.Brass SFOAEs and cochlea function

not to be the case*. De Boer (1980) showed that significant 
amounts of energy will not be reflected even when the damping 
is very small.

We are left with two possible sources of OAE: small rugosities 
in the impedance variation along the cochlea duct; and, 
reflections due to some non-linear phenomena in the cochlea. 
In fact both of these possible causes can be thought of in 
terms or lack of smoothness of impedance along the cochlea 
duct, since the non-linear phenomena will case impedance 
changes because the amplitude of the travelling wave varies 
along the duct.

Whatever the cause of the reflection it is likely to be 
distributed over some length of the cochlea duct. Since the 
phase of the reflected waves will vary over this length 

Cancellation of the reflected waves will occur.

If the cochlea is an active system then OAEs are likely to be 
dominated by energy from the place of maximum vibration 

along the cochlea duct. This is because the power flowing 
I  along the cochlea is greatest at this place, as it has been

*The condition for little energy begin reflected (and WKB or 
energy flow analysis remaining valid) is: | 1/k^.dk/dx|<<1 [de
Boer et al (1982)]. Since the region in which k varies most 
rapidly is also the region in which k is largest this condition 
holds true all along the cochlea duct. (There is a singularity 
at the in vacuo resonance at which this condition does not hold 
true. However, this singularity does not appear to cause a 
reflected wave [de Boer (1980)]).

PhD thesis submitted February 1995 page 59



D.N.Brass SFOAEs and cochlea function

enhanced by the active system basal to this point. Even if the 
reflection of energy were constant all along the cochlea most 
of the power in the OAE would come from the place of maximum 
vibration since there is more energy to reflect at this place.

The relatively long latencies of OAEs suggests that the bulk 
of the energy in the OAE does indeed come from the place of 
maximum vibration. Mechanical measurements indicate that only 
the place of maximum vibration shows such large group delays 
[Robles et al (1983)].

2.2.2 A simplified model of the generation of otoacoustic 
emissions

In order to model the , generated OAEs it is first necessary to 
decide upon a model of the mechanics of the cochlea. At 
present there is no consensus as to an exact functional 
description of the micro-mechanics of the cochlea [Allen et al
(1992)]. Hence no definitive model of the production of OAEs 
can be presented here.

Several authors have investigated the generation of OAEs 
within the assumptions of specific models. See, for instance, 
de Boer (1983), Furst et al (1988) and Fukazawa (1992). 
Because of the lack of measurements of cochlea micro
mechanics, these authors have had to make unjustifiable 
assumptions in the formulation of their models.
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In order to illustrate some aspects of OAE generation a 
generalised, simplified model is presented below. This 
generalised model is based upon the energy flow analysis 
presented above.

In the analysis above only the energy flow in the apical 
direction was considered. In order to model OAEs energy flow 
in basal direction has to be considered since this is the 
mechanism by which OAEs travel back to the base. We can model 
this basal flow of energy if we make some assumptions. These 
are :

(i) That the speed of energy flow (the group velocity) for a 
given position and frequency is of the same magnitude in the 
basal as in the apical direction, ie U+(x,w)=U_ (x, w) - where: 
U+ is the group velocity in the apical direction; and U. is the 

group velocity in the basal direction. This condition holds 
true for many travelling wave systems. There is no reason to 
suppose that it does not hold true in the cochlea.

(ii) That the energy in the basally travelling wave is 
dominated by that launched only from the vibration of the 

active elements, not from reflections of the apically 
travelling wave itself. Evidence for this is provided by the 
reduction of the relative level of OAEs from a cochlea 
stimulated at high levels [Kemp (1979)]. If OAEs resulted from 
a simple reflection of the apically travelling wave then we
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would expect a simple linear relationship between the level of 
OAE and the level of stimulus at high levels, since the 
contribution of the active elements is negligible under these 
conditions. However this is not the case: the level of OAE 
saturates at high levels, in a similar manner to that of the 
active elements themselves.

(iii) That the middle ear impedance is perfectly matched to 
the input impedance of the cochlea. The result of this 
condition is the there are no multiple reflections of the 
travelling wave.

(iv) That the vibration at any point along the cochlea is 
dominated by the apically travelling wave. This condition can 
be interpreted as saying that the energy in the reflected wave 
(the OAE) is much smaller than the energy in the incident wave 
(the stimulus).

The last two conditions allow us to use a 'first order' 
analysis. By this I mean that it would reasonable accurate to 
find the solution in the following way: find the solution for 
the apically travelling wave, using the energy flow analysis 
described above; calculate the reflected energy along the 
cochlea; and then find the solution for the basally travelling 
wave, using a similar form of energy flow analysis.
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This first order analysis does not allow for either: the
effect of standing waves caused by multiple reflections along 
the cochlea; or, the effects of the basally travelling wave 
upon the output of the non-linear active elements.

Evidence of standing waves in the cochlea are found in both 
the auditory threshold microstructure and in OAE measurements 
[Kemp (1979b)]. However, these effects are dominant only at 
very low levels of stimulation [Kemp et al (1980); Shera et al 
(1993)].

Evidence for the lower relative power of the basally 
travelling wave comes from measurements of OAEs themselves. 
For all but the lowest levels of stimulus the power of the OAE 
is much smaller than that of the stimulus when both are
measured in the ear canal [Norton et al (1988)]. If we assume
a reasonable well matched and efficient middle ear then the 
same must also be true in the cochlea.

Hence, if we restrict our observations to levels of stimulus 
above about 2 0dB SPL then the above assumptions are all 
reasonable.

Consider an active element, of length Ax, at distance x along 
the cochlea partition. The transverse velocity of the cochlea 
partition at this element is V(x), as given by equations 1.13 
and 1.14 below. The active element adds power per unit length
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to the apically travelling wave, given by p(V(x)). The active 
element will also launch a travelling wave in the basal 
direction.

If this active element were the only source of basally 
travelling energy then the basal travelling wave would have an 
initial power given by:

Pinit = 9^(V,x) ,p(V(x) ) ,Ax (2.1)

The factor 9̂ (V,x) is the ratio of basally travelling energy 
to apically travelling energy launched from the element. 
Hence, 9î(V,x) describes the energy reflection process.

If energy reflection is due to rugosities in the impedance of 
the cochlea partition impedance then 0^(V,x) will vary with x. 
If energy reflection is due to some non-linear phenomena then 
9^(V,x) will vary with the cochlea partition transverse 
velocity at that element. In order to illustrate factors that 
effect the generation of OAEs other than the variation of 
9^(V,x), in this analysis % (V,x) is tacitly assumed to be 
constant.
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Hence, the power arriving at the base of the cochlea (where 
x=0) from the isolated active element would bê :

P h a s e  =  9?.p(V(x) ) . Ax. {-exp | [D (X) /U (X) ]dx}Jx (2 .2)

= ïR.p(V(x) ) .Ax.G(x) (2.3)

Where: G(x) is the 'gain factor' giving the proportion of the 
power lost due to the effect of damping of the travelling wave 
between x and the base.

The amplitude of the extra transverse velocity at the base of 
the cochlea, added by the active element, would be:

Vbnsc = w.[M.P(V(x)).Ax.G(x)]*.[%U(0).S(0)] -'/2 (2.4)

The phase of the additional transverse velocity, relative to 
the phase of the input stimulus, would be:

'b a s e

X
k+(x).dx +
0

0
k.(x) .dx (2.5)

^Equation 2.1 assumes that none of the energy travelling in 
the basally travelling direction is reflected back in the apical 
direction. De Boer (1984) shows that this reflection of basally 
travelling waves can be significant even when the reflection of 
apically travelling wave is very small. This re-reflection could 
be accounted for by including the energy lost to this process in 
the gain factor G(x).
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= 2 .
X
k(x).dx (2.6)
0

= 2 , 9 { x ) (2.7)

Where: 6{x) is the cochlea partition transverse velocity phase 
at X, as given by equation 1.14 below.

This extra cochlea partition transverse velocity at the base 
is the component of the OAE due to the active element at x. We 
can find the total OAE by adding together all of the 
contributions from all the active elements along the cochlea. 
Hence, the total OAE is equal to:

OAE = w.(%U(0).S(0)X^.| [9^.P(V(x) ) .G(x) f.exp(^^ dx (2.8)
0

The exp(-' term is cyclic with decreasing 6 (x) , and hence 

with increasing x since the phase must decrease as x increases 
if the system is causal. This means that the basal travelling 
waves from different parts of the cochlea partition will tend 
to cancel one another. If both p(V(x)) and 6{x) vary slowly 
with X then the total OAE will be very small^.

Ît might be supposed that since the integration takes place 
over a finite interval that there will always be some 'residual' 
OAE from any non integer number of waves between 0 and L. 
However, this is not true in the cochlea since the amplitude of 
the transverse velocity falls close to zero before the travelling 
wave reaches L.
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The only region of the cochlea where p(V(x)) and #(x) change 
quickly with x is in the region of the characteristic place. 
P(V(x)) varies quickly in this region since it is related to 
the amplitude of the transverse velocity which peaks in this 
region'̂ . 0(x) varies quickly since this is the region where 
the group velocity of the travelling wave slows dramatically 
[Lighthill (1991); Brass and Kemp (1993)]. Furthermore, since 
this is the region in which the transverse velocity is 
greatest p(V(x)) will also be greatest in this region. This 
will tend to increase the contribution to the total OAE from 
this region.

In summary, our simplified model of OAE generation makes the 
following predictions:

(i) The total OAE power will be much less than the power added 
to the apically travelling wave. This is because the 
contributions to the total OAE from various regions of the 
cochlea will tend to cancel.

(ii) The majority of the OAE power will come from the active 
elements in the region of the characteristic place. This is 
because: both phase and amplitude of the transverse velocity 
vary dramatically around the characteristic place; and, the

%e are assuming that p(V(x)) is smoothly and monotonically 
related to V(x). Mechanical measurements such as those performed 
by Sellick et al (1986) would tend to support this assumption.
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output of the active elements is greatest around the 
characteristic place.

(iii) Because the majority of OAE power comes from the region 
around the characteristic place, OAEs must reflect the 
characteristics of the active elements in this region. In 
particular the latency and non-linear characteristics of OAEs 
must be related to the phase delay and non-linear 
characteristics around the characteristic place.

2.2.3 OAEs as a description of the mechanics of the cochlea

In the analysis above OAEs' were shown to represent a complex 
summation of part of the outputs of the active elements all 
along the cochlea. OAEs must therefore contain information on 
the mechanical response of the active elements.

There is an advantage in using OAEs for the measurement of the 
mechanical response of the cochlea, rather than direct 
measures of cochlea partition transverse velocity such as 

those made using the Mossbauer technique. This is because the 
measurement of OAEs are, in general, easier to perform than 
direct mechanical measurements, mainly because the measurement 
of OAEs is non-invasive. Direct mechanical measurements are 
highly invasive and can only be performed on anaesthetized 
animals. The highly invasive nature of direct mechanical 
measurements leads to questions about whether the auditory
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system can be viewed as completely intact when such 
measurements are made [Khanna et al (1989b)].

On the other hand the information about the mechanics of the 
cochlea that can be gleaned from OAEs is less comprehensive 
than that which can be gleaned from mechanical measurements. 
An OAE is a measurement made at a single point which 
represents a summation of contributions from many points along 
the cochlea. Information must be lost in the summation 
process.

2.2.4 OAEs and their relationship to cochlea models

The simple model described above describes OAE generation with 
a steady state single frequency stimulus. This is not the 
stimulus generally used to evoke OAEs.

Because of the non-linear nature of the cochlea mechanical 
response it is more difficult to describe the OAE response to 
a generalised stimulus. If the mechanical response were linear 
then techniques such as convolution of the impulse response 
with the stimulus could be used. There do exist techniques, 
such as the use of Volterra and Wiener kernel analysis, which 
can be used with most non-linear systems. However, it is 
difficult to measure the various factors which define the 
system when using these techniques. Therefore, it is not 
practicable to apply our model of OAE generation under single
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frequency stimulus to analyse OAE measurements made under
different stimulus conditions.

The majority of mechanical measurements of cochlea partition 
vibration are made with a single frequency stimulus. It is 
also the stimulus condition that is considered in most
mathematical models of the cochlea, since most modellers are
attempting to match the response of their models to mechanical 
measurements.

Hence, if we wish to tie together direct mechanical
measurements, cochlea models and OAE measurements it would be 
sensible to both measure and model OAEs using steady state 
single frequency stimuli.
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2.3 THE MEASUREMENT OF OAEs

2.3.1 Methods of measurement of OAEs

Many different methods of measuring evoked OAEs have been 
employed by researchers. All of these methods require the 
stimulation of the ear by an acoustic stimulus presented via 
one or more loudspeakers acoustically coupled to the ear 
canal. A microphone, also coupled to the ear canal, records 
both the evoked OAE and the imposed stimulus sounds.

One unavoidable problem with measuring evoked OAEs is that the 
stimulus necessary to evoke them is generally very much larger 
than the OAE response. All techniques for measuring evoked 
OAEs have to involve a method for the separation of the 
stimulus and the evoked OAE.

The most common techniques used for separating the OAEs from 
stimulus are:

(i) transient evoked OAE measurement techniques in which the 
stimulus and emission are separated in time, due to the 

latency of the OAEs: first described by Kemp (1978).

(ii) distortion product measurement techniques in which the 
stimulus and emissions are separated in frequency: first 
described by Kemp (1979).
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Transient OAE measurement techniques are convenient to use 
with human ears since the latency of OAEs in primates is large 
compared, for example, to rodents. However, the OAE evoked is 
complex and transitory, and the stimulus used is not very 
frequency specific. This leads to results that are difficult 
to interpret.

Distortion product measurement techniques have proved useful 
for monitoring OAEs in laboratory animals [Brown (1987)]. 
However, conventional techniques for the measurement of 
distortion product evoked OAEs, using spectral analysis, do 
not allow for the measurement ofI temporally related phenomena 
(eg latencies) nor for measurements of OAEs at the frequency 
of the two stimulus tones to be made.

Neither transient nor distortion product techniques allow for 
the measurement of OAEs at both the same frequency and at the 
same time as a constant tone stimulus, whilst also allowing 
temporal measurements to be made.

There is third method of measurement of stimulus frequency 
OAEs, first described by Kemp (1979a), fully described by Kemp 
and Chum (1980), and employed in a modified form by Zwicker 
and Schloth (1984) and Guinan (1990). This method takes 
advantage of the compressive non-linearities in the amplitude 
growth function of stimulus frequency OAEs. Measurements are 
made of the complex amplitude of the acoustic signal in the
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ear canal evoked by a pure tone acoustic stimulus. Two such 
measurements are taken; at a 80 dB SPL reference level and a 
lower (20-60 dB SPL) test level of stimulus. By scaling the 
complex amplitudes and vector subtraction a small non-linear 
component is found. This component is approximately equal to 
the stimulus frequency OAE in response to the test stimulus.

Kemp and Souter (1988) used a self cancelling stimulus and 
probe tone to reveal the presence of stimulus frequency OAEs. 
This non linear residual response method (detailed in chapters 
4 and 5) detects non linear interactions between the stimulus 
and probe tones. Since two tones are employed, and since these 
can be at different frequencies, the components of the 
residual response at the stimulus frequencies can be thought 
of as zero order distortion products, i.e. distortion products 
at the same frequency as the stimulus tone. Combining this 
concept with the temporal nature of the residual gives rise to 
the possibility of using this technique to link together 
transient evoked and distortion product OAE generation.

2.3.2 Exploration of the measurement of stimulus frequency 
OAEs in this thesis

In Kemp and Souter (1988) no attempt was made to adequately 
explain how their measurement technique revealed OAEs, or to 
make any comparison with OAEs evoked by any other means. In 
this thesis I shall describe the details of this technique,
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explore the properties of the paradigm for the observation of 
OAEs, and then attempt to provide evidence of a similarity 
between the OAEs revealed by this continuous tone evoked 
method and click evoked OAEs.

In this thesis a further development of the technique is 
described, in which the probe and stimulus tones have 
different frequencies. It is shown that this method can be 
used to measure the level of suppression of a stimulus 
frequency OAE by another tone.
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3. SUPPRESSION IN THE COCHLEA

3.1 INTRODUCTION TO SUPPRESSION

Suppression is a phenomena whereby the response of a system to 
an excitation is reduced by the introduction of a simultaneous 
second excitation. Suppression is exhibited by all compressive 
nonlinear systems.

For instance, consider a generalised instantaneous nonlinear 
system defined by:

00
y(t) = 2 a„.x(t)" (3.1)

n=0

Where: x(t) is the input (excitation) to the system; y(t) is 
the output (response) of the system; and, â , a,, . .. â  ... a* 

are constants of the Maclaurin series describing the 
input/output function.

If we excite the system with a single tone, with amplitude 

and angular frequency co,, then the output is given by:

00
y(t) = 2 a„. Aj". sin"(w,t) (3.2)

n=0
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In the frequency domain the system output consists of 
components at w, and at harmonics of W). The output at 

frequency coi is given by:

00
Y  (03,) = 2 (3.3)

m=l

Where: Y(wJ is the amplitude of the component at frequency ; 

and, "Ck = n!/(k!(n-k)!).

We can excite the system with an additional simultaneous tone 
by using an input defined by A,. sin (cj,. t)+A2 . sin (cjj* t) . The 
output is then given by:

00
y(t) = 2 a„. [A,. sin (coit)+A2 . sin ((jjjt) ]" (3.4)

n=0

We can represent the [A,. sin (co,t)+A2 . sin (002 )̂ ]" terms as a 
Maclaurin series. Expression 3.4 now becomes:

00 p=n
y(t) = 2 a„ . 2 "Cp. A/’. sinP(w,t)+A2"'P. sin"'P(co2t) (3.5)

n—0 p—0

00 00
y(t) = 2 a„. A,". sin"(o;,t) + 2 a„. A2". sin"((̂ 2t) +

n=0 n=0
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00 p=n-l
S a„ . S "C,,. A,’’, sin’’(cO|t)+A2"'’. sin"'P (co2t) (3.6)

n=2 p=l

Expression 3.6 consists of the sum of three terms. The first 
two terms are equal to the outputs of the nonlinear system 
when it is excited by either tone on its own. (ie. the first 
term of expression 3.6 is equal to expression 3.2.) The third 
term represents the difference between the output of the 
system when both tones are presented simultaneously and the 
sum of the outputs when each tone is presented alone.

In the frequency domain this third term consists of components 
at: the excitation frequencies; harmonics of the excitation 
frequencies; and sum and difference frequencies of both the 
fundamental and harmonic frequencies of the excitation tones 
(distortion components). The components in the third term of 
expression 3.6 at the excitation frequency w, are given by:

00 m
= S a,,„+, Z A , 2-2” (3.7)

m=l q=l

Where: (wj is the change of amplitude of the component at

frequency co, due to the presence of the second simultaneous 
excitation tone. If this term is negative then I shall call 
this the suppression of the tone at frequency co, by the tone 
at frequency CO2 .
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Note that only the odd numbered components of a„ are involved 

in generating the components at frequencies and CO2 .
Furthermore only components of a„ where n>3 are involved in 

suppression. Hence in a linear system where only ag and â  are 

not equal to zero no suppression will occur. Suppression is a 
feature of nonlinear systems.

We can define a compressive nonlinear system as one in which 
the following condition holds true:

I 1/x, .f ( X , )  I > I f ( X2) 1 V X i ( X 2 - X i ) > 0  (3.8)

Where: f(x) is a function representing the nonlinear system. 
In other words, f(x) is a function that increases at a smaller 
rate than a linear function as | x | increases.

In the terms of expression 3.1 a typical compressively
nonlinear system is defined by:

a„ < 0 V nE{3,5,7. . .} (3.9a)

a„ = 0 V nE{2,4,6. . .} (3.9b)

and

00
> -2 a„ (3.9c)
n=2
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Where: -1 < x(t) < 1, for all t. Note that any definition of 
compressive nonlinear system using expression 3.1 is only 
valid for a limited range of x(t) . This is because, in 
general, expression 3.1 always becomes expansive for large 
values of |x(t) | .

Expression 3.9a means that expression 3.7, the additional 
component at co,, must be negative. In other words this 

compressive nonlinearity leads to a reduction of output at 
frequency co, when a second tone is introduced to the system.
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3.2 SUPPRESSION IN THE COCHLEA

Mechanical measurements of the transverse velocity of the 
basilar membrane have shown that the cochlea exhibits a 
compressively nonlinear response to acoustic input; see, for 
instance, Johnstone et al (1986). We would therefore also 
expect to be able to measure suppression in the transverse 
velocity of the cochlea partition. In fact such measurements 
have been made, by for instance Rhode (1977) or Nuttal et al
(1993) .

Suppression can also be measured in phenomena which are 
consequences of the motion of the cochlea partition. These 
'derived phenomena' include: OAE measurements; neural
recordings made from the auditory nerve; and, psychophysical 
measurements of the perception of sound. Suppression has been 
measured in all of these phenomena.

In the next section I shall review previous measurements of 
SFOAE suppression. I shall also show how these measurements are 
consistent with neural and psychophysical measurement of 
suppression.
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3.3 PREVIOUS MEASUREMENT OF SFOAE SUPPRESSION

Kemp and Chum (1980) and Kemp, Brass and Souter (1991) showed 
results of the suppression of stimulus frequency otoacoustic 
emissions (SFOAEs), evoked by a stimulus tone, during the 
presence of a simultaneously presented tone-burst. 
Measurements of suppression of SFOAEs were made with the 
suppressor tone at various levels and frequencies, relative to 
the stimulus tone.

Their results showed an asymmetry between suppression by 
suppressor tones of higher and lower frequency than the 
stimulus tone. It was found that for low levels of suppressor 
tone, that suppressor tones of a higher frequency suppress the 
SFOAE more than lower frequency suppressors. At high levels of 
suppressor tone this situation is reversed, with lower 
frequency suppressor tones being more effective suppressors 
than high frequency ones.

3.3.1 Suppression measured in neural data

Asymmetric behaviour, with respect to frequency of suppressor, 
is found in measurements of suppression of the rate of firing 
in nerve fibres. Such measurements have been made, for 
instance, by Sachs and Kiang (1968) and Abbas and Sachs 
(1976). Abbas and Sachs (1976) measured the fractional change 
in discharge rate of a nerve-fibre, in response to a tone at
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the centre frequency (CF) of that nerve-fibre, in the presence 
of a suppressor tone of varying frequency and level.

These measurements are not exactly analogous to Kemp, Brass 
and Souter's (1990) measurements of suppression of SFOAEs 
because at frequencies close to CF the suppression tone 
increases the discharge rate because it excites firing of the 
fibre. The measurements made by Kemp, Brass and Souter (1990) 
measure only the SFOAE due to the stimulus tone, cancelling 
the SFOAE due to the suppressor tone by the use of a 
synchronous technique. Javel (1981) measured the neural 
suppression tuning curves using a discharge synchronisation 
technique. He showed that the 'suppression areas' measured by 
Abbas and Sachs (1976) always lay within the true suppression 
area, and that at suppressor frequencies not close to CF these 
'suppression areas' approximated to the true suppression 
areas.

Comparison of two tone suppression in nerve fibres to SFOAE 
suppression measurements is further complicated by the non
linear transfer function of the mechanico-electrical 
transduction. This results in two-tone suppression curves 

which alter their form radically with level. However, it is 
possible to find two tone suppression results showing the same 
asymmetries as SFOAE suppression curves.
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Some of Abbas and Sach's (197 6) results, shown in their figure 
8, are taken with a stimulus tone of 60dB SPL, the same level 
as the stimulus tone used by Kemp, Brass and Souter (1991). 
These results show that for small changes in discharge rate, 
some suppressor tones above CF are better suppressors than 
suppressor tones below CF. For instance, to suppress the 
discharge rate by IdB requires a lOKHz suppressor of 67dB SPL, 
and a 22KHz suppressor of only 63dB SPL. However, for large 
changes in discharge rate suppressor tones below CF are better 
suppressors than suppressor tones above CF. For instance, to 
suppress the discharge rate by 14dB requires a 22KHz 
suppressor of 85dB SPL, and a lOKHz suppressor of only 75dB 
SPL. These results show similar characteristics to Kemp, Brass 
& Souter's (1991) measurements of suppression of SFOAE. In 
particular the asymmetries between the high and low frequency 
suppressors and the change of this asymmetry with level are 
qualitatively similar.

3.3.2 Psychophysical measures of suppression

A psychophysical correlate of this phenomena has also been 
observed. Houtgast (197 2) and Shannon (197 6) both used forward 
masking techniques to demonstrate unmasking. Both these 
authors showed the masking effect on a signal presented 
shortly after a masking tone could be reduced by the addition 
of a further masking tone. This they called unmasking and 
attributed to the suppression of one masking tone by the
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other. In Shannon (1976), the first masking tone frequency was 
set at the same frequency as the signal to be detected and the 
second masker tone was varied in frequency. The level of 
unmasking was small, of around 3dB. It was shown that
frequencies of second masking tone of just above the signal
frequency suppressed more than those just below.

A modification of Houtgast's (1972) technique for the 
measurement of psychophysical suppression was used by Duifhuis 
(1980). In this paper the stimulus parameters were extended to 
allow the measurement of suppression by tones of both above 
and below the stimulus frequency. These results show a strong 
asymmetry between high and low frequency suppressors, with the 
relative strength of suppression changing with level. For
instance, for subject HvC with a stimulus tone of IKHz at a 
level of 56dB SPL: 3dB of suppression requires a suppressor of 
56dB SPL at 600Hz, but only of 50dB SPL at 1400Hz; whilst lOdB 
of suppression requires SOdB SPL at 1400Hz, but only 62dB SPL 

at 600Hz.
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3.4 A HEURISTIC MODEL OF SUPPRESSION IN THE COCHLEA

In order to explain their results, of the suppression of 
SFOAEs, Kemp, Brass and Souter (1991) presented a simple model 
of the interaction of travelling waves along the cochlea 
partition. In this model it was assumed that saturating non
linear elements all along the cochlea partition contribute to 
the amplitude of the travelling wave, and thus to the level of 
SFOAE generated. In the presence of a single frequency input 
(stimulus tone) to the model all the elements along the length 
of the travelling wave are excited and the peak of the 
travelling wave, and thus the SFOAE, is increased. A first 
approximation of the effect of a suppression tone was given as 
follows. When another frequency is introduced to the system 
the response of the elements to the stimulus tone are 
suppressed when the amplitude of the envelope of the 
travelling wave due to the suppressing tone is greater than 
the amplitude of the travelling wave due to the stimulus tone. 

It can be shown, using this model, that a low level higher 
frequency suppressor, which reaches maximum amplitude more 
basally, is a more effective suppressor than a lower frequency 
suppressor of a similar amplitude. It can also be shown that, 
at high levels of suppressor the situation is reversed with 
low frequency suppressors becoming more effective than high 
frequency suppressors. This is because the travelling wave due 
to the high frequency suppressor ends more basally than the 
travelling wave due to the stimulus tone and thus cannot
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suppress all of the generators exited by the stimulus tone. 
This process is shown, diagrammatically, in figure 3.1.
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Figure 3.1 Diagrammatic representation of the model of SFOAE 
suppression of Kemp, Brass and Souter (1991). The amplitude of 
the stimulus and suppression tones travelling waves are shown 
plotted against distance along the cochlea partition. Fstim and 
Fgupp are the frequencies of the stimulus and suppressor tones. 
Lgtù,! and L.̂pp are the levels of the stimulus and suppressor 

tones. In (a) and (b), the stimulus tone frequency is greater 
than the suppressor tone frequency, and thus the suppressor 
tone envelope extends beyond the stimulus tone envelope. In
(a), when the suppressor tone input amplitude is small, there 
is no region of suppression (where the suppression tone 
envelope amplitude is greater than the stimulus tone envelope 
amplitude) , thus the suppression of the SFOAE is small. In
(b) , when the suppressor tone input amplitude is large the 
stimulus tone is suppressed all along its length, and thus the 
suppression of the SFOAE is near maximum. In (c) and (d) the 
suppressor tone frequency is greater than the stimulus tone 
frequency, and thus the suppressor tone envelope does not 
extend as far as the stimulus tone envelope. In (c) when the 
suppressor tone input amplitude is small there is still a 
small region of suppression and thus the suppression of the 
SFOAE is greater than in (a) . In (d) , when the suppressor tone 
input amplitude is large, the region of suppression is smaller 
than in (b), and thus the suppression of the SFOAE is smaller 
than that in (b).

(Figure overleaf).
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Figure 3.1 (continued) Abbreviations used in figure: TW -
travelling wave; CP - cochlea partition; supp - suppressor ; 
stim - stimulus; L - level; F - frequency.
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3.5 WHAT CAN SFOAE SUPPRESSION TELL US ABOUT COCHLEA 
MECHANICS?

The results presented by Kemp, Brass and Souter (1991) provide 
a non-invasive method of obtaining information about the
spatial distribution and type of non-linearities responsible

1for the generation of SFOAEs and, hopefully, by inference, the 
type of non-linearities associated with cochlea mechanics.

Other methods of measurement of the non-linearities associated 
with the generation of OAEs are available, for instance 
distortion product (DPOAE) growth rates. One major problem 
with attempting to reconstruct non-linearities from 
measurements of DPOAEs is that the generation of DPOAEs can 
involve the emission of DPOAEs from more than one source. Kemp 
and Brown (1983) showed that DPOAEs are not just generated at 
the sites of the interaction of the two tones but certain 
DPOAEs, including 2fl-f2, propagate apically to their place 

where they can generate additional OAE. Another problem is, 
that unless simultaneous measurements of SFOAEs are made then 
a large part of the energy re-emitted as OAEs, and thus 
information about the generating mechanism, is lost. This is 
because, in general, when DPOAEs are generated SFOAEs must 
also be generated simultaneously. Indeed, SFOAEs can be 
thought of as zero order DPOAEs, and thus as part of the DPOAE 

series: see chapter 7.
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Measurements of the suppression of a SFOAE by another 
frequency lends itself to a far simpler analysis of the 
underlying non linear processes than do measurements of 
DPOAEs. This is because the SFOAEs can be thought of as being 
generated by the suppression of the excitation pattern from a 
single tone along the cochlea partition. A DPOAE, as commonly 
measured, can be thought of as the sum of three parts: the 
DPOAE generated by the action of f 1 upon f 2 ; the DPOAE 
generated by the action of f2 upon f 1 ; and the DPOAE generated 
from the amplification of DPOAEs which propagate to the DPOAEs 
place. The method of measuring SFOAEs described in chapters 4 
and 5 gives a residual determined only by the suppression of 
the stimulus tone by the suppressor tone. This is because all 
the other parts of the OAE response are cancelled in the 
summation utilised in this method.

Use of the technique described in chapters 4 and 5 allows the 
total SFOAE to be measured, and thus the level of suppression 
can be expressed as a parametric measure of the total OAE. 
This allows us to directly measure features of the non linear 
mechanisms of cochlea mechanics, from the ear canal, without 
making assumptions about the middle ear's transmission of 
energy.
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3.6 CONCLUSIONS

It can be seen that the technique, used by Kemp, Brass and 
Souter (1991), has potential for understanding the non-linear 
auditory processes in humans, where non invasive techniques 
must be used. However, Kemp, Brass and Souter (1991) have 
shown only a limited set of measurements.

The question arises - are these results a general feature of 
humans ears? In chapter 8 I shall demonstrate that several 
features of the results that they presented are quite general 
at different levels, at different frequencies and in different 
ears.

Firstly, however, I shall examine in detail the technique of 
measurement of SFOAEs used to produce the results in this 
thesis - the residual method. In the following two chapters I 
shall examine the equipment used for the SFOAE measurements 
and its theory of operation. In chapters 6 and 7 some 
measurements will be examined to confirm that they are SFOAE 
measurements as predicted by the theory in chapter 5. Only 
after this [confirmation shall I go on to make SFOAE 
suppression measurements.
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4. THE RESIDUAL METHOD:

EQUIPMENT

4.1 GENERAL

4.1.1 Principles of the residual method for the measurement of 
SFOAEs

All of the SFOAE measurements reported in this thesis have 
been made using the residual method, first described by Kemp 
and Souter (1988) and examined in detail by Brass and Kemp 
(1991) .

The residual method consists of presenting the auditory system 
with two tones, delivered by small loudspeakers coupled to the 
ear canal. The two tones are: a continuous or stimulus tone; 
and, an intermittent or suppressor tone. Figure 4.1 shows, 
diagrammatically, the sequence of tones. The tones are 
presented and the resultant sound field is recorded in four 
sections. These four sections are summed in such a way that 
any part of the sound field that is linearly related to the 
stimulus and suppressor tone cancels out. What is left is a 
residual which is equal to twice the part of the response to 
both tones that is not linearly related to the response to the
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stimulus tone alone. This residual can be interpreted as the 
part of the SFOAE generated by the stimulus tone that has been 
suppressed by the suppressor tone. See the next chapter for a 
fuller analysis of what the residual represents.

If the suppressor tone is very large and suppresses the SFOAE 
almost completely then the residual can be interpreted as 
representing the whole SFOAE generated by the stimulus tone. 
If the suppressor tone does not completely suppress the SFOAE 
then the residual can be used to measure the amount of 
suppression of the stimulus tone SFOAE by the suppressor tone. 
Hence the residual method can be used to explore suppression 
of SFOAEs by other tones.

4.1.2 Equipment requirements to implement the residual method

In order to implement the residual method, for measuring 
SFOAEs, the following equipment is required:

(i) An acoustic probe that can be inserted in the ear canal. 
The probe contains: two separate miniature loudspeakers to 
deliver two tones without intermodulation distortion; and a 
miniature microphone to measure the sound field.

(ii) Two sources of tonal stimulus that can be gated on and 
off sequentially. These signal sources drive the loudspeakers 
in the acoustic probe.
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(iii) A pre-amplifier and filter system to treat the signal 
from the microphone in the acoustic probe.

(iv) A signal averager synchronised to the sources of tonal 
signal. This averager both performs the summation necessary to 
reveal the SFOAE and averages this summed signal to increase 
the signal to noise ratio of the final measurement.

(v) A method of displaying and post processing (filtering 
FFTing etc) the averaged signal.
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Figure 4.1 How the stimulus and suppressor tones are presented 
and the measurements of the resultant sound field subaveraged 
to obtain the residual. The tones are presented in four 
consecutive time periods A,B,C and D. The stimulus tone is 
presented in periods A and C, and presented inverted in 
periods B and D, in such a way that the waveform is 
continuous. The suppressor tone is presented in two bursts in 
time periods C and D. The resultant sound field from these two 
tones is shown. The results of the subtractions of the sound 
field in time periods A-B and C-D and of the final calculation 
(A-B)-(C-D) which results in the required residual are shown.

Section A Section B Section C Section D

Stimulus tone

Suppressor tone

Sound Field 
In ear canal.

A A

A - B

A A

C - D

■A/WV

(A-B) - (C-D) 
= 4-A—B“C + D
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4.1.3 Stimulus formulation and signal processing

Figure 4.1 shows, schematically, how the stimuli are presented 
and a residual calculated. This residual is caused by non- 
linearities in the auditory system and can be viewed as a 
SFOAE. The relationship between the residual and SFOAEs is 
examined in the next chapter.

One loudspeaker, in the acoustic probe, produces the 
continuous (stimulus) tone and the other produces the 
intermittent (suppressor) tone. The stimulus tone in sections 
B & D is inverted relative to the stimulus tone in sections A 
& C. However the frequency of the tone is such that the 
stimulus tone is continuous. The suppressor tone is presented, 
with the same polarity, in sections C & D. The resultant 
sound field in the ear canal, during each of the four 
sections, is then 'sub-averaged'. This process involves 
summing together the four sections, A to D, as described 
below, to produce a result which is the length of one section. 
The final result, the residual, is calculated as follows:

Residual = + Section A - Section B - Section C + Section D

It can be seen that this sub-averaging cancels out both the 
stimulus and suppressor tones leaving a residual which is due 
to the non linear interactions between the stimulus and 
suppressor tones in the auditory system.
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This arrangement of stimulus and suppressor tones is presented 
repeatedly and the residuals themselves averaged to reduce 
noise contamination. This noise is mainly from the microphone, 
which produces the equivalent of approximately 3 0dBA SPL of 
random noise between OHz and 5KHz. Physiological noise from 
the subject and external noise from the environment also 
contributes to the overall noise level.

Two separately averaged residuals are collected, by adding 
alternate sub-averaged data to one of two averaging buffers. 
These two residuals can then be compared to check for the 
presence of a repeatable residual caused by an OAE, rather 
than a misleading artifact produced by noise.

Normally 256 sub-averages were summed in each buffer, 
resulting in an averaged noise level of 7dB SPL to 2dB SPL 
between OHz and 5KHz. When measurements were made in a 2 5Hz 
bandwidth (the frequency resolution of the FFT) the noise 
floor was between -15dB SPL and -20dB SPL.

4.1.4 Stimulus parameters

Each stimulus and suppressor tone complex consists of 4 
sections of 40mS duration, making a total of 160mS.
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Stimulus levels of between 20dB SPL and 60dB SPL were used in 
this study. The highest level of stimulus used was limited by 
non-linearities in the acoustic probe. These non-linearities 
produce a measurable residual (albeit with a very short 
latency) if stimulus levels of greater than 60dB were used. 
The lowest level of stimulus used was limited by the smallest 
residual that could be measured in a reasonable period of 
time. When the stimulus level is lower than 2 0dB the SFOAE 
generating mechanism becomes almost linear, probably due to 
the 'biasing effect' of thermal noise in the cochlea. This 
makes the residual very small and difficult to measure.

Stimulus frequencies were independently variable and were 
generally confined between IKHz and 4KHz, largely because of 
limitations of the loudspeakers and microphone used.

In the first part of the study both the stimulus and 
suppressor tone frequencies were identical. This gives rise to 
modulation of the waveform amplitude rather than the addition 
of another tone frequency, as would be the case if the 
stimulus and suppressor tone frequencies were different. 
Nevertheless, the same principle of generation of non linear 
residuals applies both when the stimulus and suppressor tone 
frequencies are identical and when they are not.
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Figure 4.2 Block diagram of the equipment used to measure 
SFOAEs in this study.
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4.2 HARDWARE

4.2.1 Hardware overview

Figure 4.2 shows a block diagram of the SFOAE measurement 
software. The stimulus generation and data collection is 
performed by modified Otodynamics IL088 cards. These are 
controlled from software by a IBM compatible host computer. 
The stimulus generation and data collection cards are 
connected to an acoustic probe, situated in the subjects ear, 
via analogue signal processing hardware.

4.2.2 The acoustic probe

The acoustic probe consisted of :

(i) Two Knowles BP1712 miniature loudspeakers coupled to the 
ear canal via a 2K2 MKS acoustic ohms resistance and 19mm of 
2mm ID tubing. The acoustic resistance damped the primary 
mechanical resonance of the loudspeaker. It is important to 
damp this resonance (at about 2KHz) in order to flatten the 
frequency response of the unit and to reduce 'ringing' when a 
tone is switched on and off. The tubing provides a quarter 
wavelength resonance at about 4KHz, extending the frequency 
response of the unit in this region. Figure 4.3 shows the 
frequency response of the loudspeaker unit into a Icc cavity.
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(ii) A Knowles EM3046 low noise miniature microphone coupled 
to the ear canal via 8mm of 1mm ID tubing. The tubing is 
necessary in order to set the microphone back from the probe 
tip. This prevents wax from the ear canal from damaging the 
microphone and allows the probe tip to be made a reasonable 
size. The tubing does, however, introduce a slight resonance 
at about 4KHz in the microphone unit response. Figure 4.4 
shows the free field frequency response of the microphone 
unit. Corrections were made to measurements made using the 
microphone unit in order to compensates for this resonance.

The two loudspeakers and the microphone were mounted in an 
otoscope tip using epoxy adhesive. This produced a 
mechanically robust acoustic probe. The transducers were 
connected to the rest of the equipment via miniature screened 
cables.
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Figure 4.3 Frequency response of the two loudspeaker units 
into a Icc cavity. The loudspeakers were driven from a 6000 
source. This source impedance is optimal for reducing a low 
frequency electrical resonance of the loudspeakers. The sound 
field in the centre of the cavity was measured using a Bruel 
and Kjaer 4134 measuring microphone adapted as a probe 
microphone using a Bruel and Kjaer UA0040 kit. The responses 
are expressed as the ratio of the output of the probe 
microphone (with a 12.5mV/Pa sensitivity) and the drive 
voltage to the loudspeaker.
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Figure 4.4 Free field frequency response of the microphone 
unit. The response was measured against that of a Bruel and 
Kjaer 4133 measuring microphone in a sound field. The response 
is expressed as the ratio of the output of the microphone unit 
and the measuring microphone (with a 12.5mV/Pa sensitivity).
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4.2.3 Analogue signal processing

The microphone output signal was amplified and filtered in the 
analogue domain before being digitised for further processing.

Great care had to be exercised in the design of the analogue 
signal processing in order to prevent the pick up of spurious 
signals. In particular, electromagnetic fields generated by 
the digital signal processing hardware need to be screened out 
since these can give rise to synchronous signals that average 
up in the same way as the residuals.

The analogue signal processing consisted of several stages:

(i) The microphone signal was pre-amplifled and buffered as 
close as possible to the probe. This buffering reduces the
electrostatic pick-up in the signal cables. The preamplifier 

was therefore mounted in a separate enclosure from the main 
analogue signal processing.

(ii) The pre-amplified signal was further amplified with a 
variable gain amplifier.

(iii) Four pole Butterworth high and low pass filters were 

used to restrict the signal to the frequency region of 
interest. The filters had manually variable cut off 
frequencies so that this frequency region could be varied.
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(iv) Eight pole Chebyshev low pass filters were used to 
prevent any possible aliasing of high frequencies in the 
digital domain.

The signals to the loudspeakers were also processed in the 
analogue domain. This processing consisted of:

(i) 8 pole Chebyshev low pass filters to prevent the high 
frequency aliased signals from the digital to analogue 
converters from reaching the loudspeakers.

(ii) Manually variable attenuators. These were used to set the 
signal levels from the loudspeakers.

4.2.4 Digital signal processing

The processed microphone signal was digitised and subaveraged 
and the loudspeaker signals were generated using modified 
Otodynamics IL088 boards. These boards were chosen since they 
provided a convenient way of communicating between the 
analogue domain of the signals and the digital domain of an 
IBM compatible computer. However, the IL088 boards required 
several modifications to make them suitable for measuring 
residuals. These were:

(i) The loudspeaker signals were required to be produced 
continuously. The IL088 boards stopped producing signals in
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order to off-load collected data. A bus switching card was 
added which allowed the data collection and signal generator 
cards to work independently. This allowed data to be off
loaded whilst the signals were still being generated.

(ii) A modified extra signal generator card was added. This 
allowed two signals to be generated simultaneously.

(iii) The data converters were taken off the cards and mounted 
in separate enclosures. This reduced the spurious noise in the 
system.

(iv) A sample and hold system was added to reduce sampling 
errors in data collection.

(v) The sub-averaging system was modified in order to perform 
the sub-averaging shown in figure 4.1.

Apart from the data conversion, sub-averaging, and data 
transfer the rest of the digital signal processing was 
performed in software on the host computer. This software is 
described in the next section.

4.2.5 The testing facility

In order to reduce spurious acousticjnoise,measurements were 
made in a sound treated room. The noisy parts of the
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measurement equipment (in particular the fan cooled computer 
base unit) were placed outside of the measurement room in 
order to further reduce the noise. With the equipment running 
the noise level in the test room was less than lOdB SPL.

Placing the computer unit outside the room also reduced the 
electromagnetic noise. With careful screening and earthing the 
system noise floor was reduced to the equivalent of <-30dB 
SPL, in a 25Hz bandwidth.
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4.3 SOFTWARE

In order to operate the hardware described above menu driven 
custom software was written in Borland Turbo Pascal. The 
software can perform the following tasks:

(i) Stimuli can be constructed with user defined tone 
frequencies, gating timing, and output sequence.

(ii) Stimuli can be saved and recalled from a user defined 
file system.

(iii) Stimuli can be loaded unto the stimulus generator cards. 
The stimulus can be outputted and the subaveraged response 
collected from the data collection card and averaged into two 
buckets. Monitoring of the Stimuli can performed by displaying 
the non-averaged signal. Monitoring of the response can be 
performed by displaying the averaged signals and calculating 
the cross correlation between the two signals.

(iv) The final measurement (of both the averaged and non
averaged responses) can be displayed and signal processed in 
a variety of ways. This includes: the display and measurement 
of components in both the time and frequency domains; 
filtering the measurements; and, windowing the measurements.
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(v) Measurements can be saved and recalled from a user defined 

filing system.
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5. THE RESIDUAL METHOD: THEORY

OF OPERATION

5.1 INTRODUCTION

The presentation of stimulation and mathematical manipulation 
shown in figure 4.1 produces a residual which is caused by 
non-linearities in the auditory system under measurement. 
However, it is not obvious how these non-linearities are 
related to SFOAES. In this chapter I shall:

(1) Examine the relationships between the SFOAEs and non- 
linearities of the auditory system.

(2) Show in detail how the measured residual is related to the 
non-linearities of the auditory system.

Hence, I shall show how the residual is related to SFOAEs in 
the auditory system under measurement.
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5.2 THE RELATIONSHIP OF SFOAES AND NON-LINEARITIES OF THE 
AUDITORY SYSTEM

5.2.1 The amplitude transfer function of the auditory system

If we stimulate the auditory system with a tone produced by 
loudspeaker coupled to the ear canal then a sound field will 
be generated in the ear canal. The amplitude of this sound 
field will depend upon the relationship between the input 
impedance presented by the auditory system and the output 
impedance of the loudspeaker. The input impedance of the 
auditory system is determined by many factors including the 
impedance of the middle ear and the impedance of the cochlea
which has a non-linear part caused by CAEs.

We can measure the sound field in the ear canal using a
microphone, also coupled to the ear canal. The relationship 
between the input amplitude to the loudspeaker and the output 
amplitude of the microphone 1 shall call the amplitude
transfer function of the auditory system. Strictly, this 
measure is the amplitude transfer function between the 
loudspeaker and microphone when the loudspeaker is loaded by 
the input impedance of the auditory system. However, it will 
be shown below that the effect of the SFOAE, which is the part 
of the input impedance that we are interested in, can indeed 
be thought of as a transfer function between the loudspeaker 
and microphone.
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The amplitude transfer function of the auditory system is 
represented by F(X) ; where: X is the amplitude of the input 
tone to the loudspeaker; and, F(X) is the amplitude of the 
output from the microphone. In general both X and F(X) are 
complex, since both represent the amplitude of sine waves of 
the input frequency w.

Thus: X represents | X | . (5.1)

and F(X) represents | F (X) | . (5.2)

Where: | X | and 6(X) are the amplitude and phase of X,
respectively.

X and F(X) can be represented as vectors on the complex plane. 
An example of an amplitude transfer function is shown in 
figure 5.1. In this example the input amplitude is restricted 
to values which are totally real. This allows us to examine 
the effect of inputs of any amplitude with phases of 0 and n  
radians. An input with phase tt radians represents an 

inversion of an input of the same amplitude with phase 0, 
where the phase of an input or output is measured with respect 
to the time frame of the section being analyzed. As these are 
the only input conditions which are used in the method I am 
examining, it is possible to discard the dimension 
representing the imaginary part of the input amplitude. Thus 
we can analyze the method using this three dimensional 
representation of the amplitude transfer function.
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When the loudspeaker is stimulated the output amplitude from 
the microphone can be thought of as the sum of two parts: (1)
the sound field produced by driving the impedance presented by 
the ear canal, middle ear and linear structures in the 
cochlea; and (2) the OAE that is transmitted back through the 
middle ear.

The amplitude transfer function of the direct sound produced 
by the loudspeaker is linear, and the amplitude transfer 
function of the OAE shows a saturating non-linearity. 
Generally the amplitude of the direct sound is much larger 
than the amplitude of the OAE. The sum of these amplitude 
transfer functions, representing the total system amplitude 
transfer function, exhibits a small non-linearity. Figure 5.2 
shows, diagrammatically, how this total system amplitude 
transfer function arises.
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Figure 5.1 An example of an amplitude transfer function.
In this representation the input amplitude is restricted to 
values which are totally real. The output amplitude has both 
real and imaginary parts. In the system represented by this 
amplitude transfer function F(X) , the input amplitude X, gives 
rise to a complex output amplitude F(X,) , and the input 

amplitude Xj gives rise to a complex output amplitude F (X2 ) .
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Figure 5.2 Showing how the presence of non-linear otoacoustic 
emissions causes small non-linearities in the transfer 
function of the hearing system.
The response measured by the microphone is the sum of the 
direct sound field from the loudspeaker and the small 
otoacoustic emission transmitted back through the middle ear 
from the cochlea. For simplicity figure 5.2(b) shows the 
amplitude transfer function of only the real part of the 
output amplitude, as the inclusion of phase information would 
require a further dimension.
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5.3 THE RELATIONSHIP OF THE RESIDUAL AND AUDITORY SYSTEM NON- 
LINEARITIES

5.3.1 Measurement of the amplitude transfer function non- 
linearities

Theoretically the amplitude transfer function of the ear could 
be found directly, by measuring the output of a microphone in 
response to the input to a single loudspeaker coupled to the 
ear canal. However, this method would be impractical because, 
in general, the non-linearities inherent in the loudspeaker 
transduction are larger than those due to OAEs. The method 
shown in figure 4.1, however, cancels the loudspeaker non- 
linearities to produce a residual, which gives a measure of 
the of the change of gradient of the amplitude transfer 
function of the rest of the system. This method is examined in 
detail below.

The stimulus and suppressor tones are presented and the 

response sub-averaged as shown in figure 4.1. The amplitude of 
the stimulus tone is represented by S or -S (where -S 
represents an inversion of S) , and the amplitude of the 
suppressor tone is represented by P. The amplitude of the 
output of the system for each of the four sections of stimulus 
is as follows; %

Output during section A , Aout = F(S) (5.3)
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Output during section B , Bout = F(-S)
Output during section C , Gout = F(P+S)
Output during section D , Dout = F(P-S)

The final output of the sub-averaged block is:

Final output = + Aout - Bout - Gout + Dout (5.4)
= F(S) - F(-S) - F(P+S) + F(P-S)
= (F(S)-F(-S)) - (F(P+S)-F(P-S))

The vector quantities S, -S, and P have phases of 0 or tt 
radians, relative to the start of each section, and thus only 
have real components. In general Aout, Bout, Gout & Dout are 
phase shifted and thus have both real and imaginary 
components.

F(S)-F(-S) and F (P+S)-F(P-S) are shown, diagrammatically, in 
figure 5.3 (a), (b) & (c). Figure 5.3 (a) shows the outputs
for a linear amplitude transfer function where (F(S)-F(-S)) = 

(F(P+S)-F(P-S)) and the final, residual, output will be zero. 
Figure 5.3 (b) and 5.3 (c) show non-linear amplitude transfer 
functions, of 'compression' and 'expansion' types 
respectively, in which cases (F(S)-F(-S) <> (F(P+S)-F(P-S))
and a residual output will be produced. Thus it can be seen 
that the residual is a measure of the change in gradient of 
the amplitude transfer function due to non-linearities in the 
system being measured.
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The function F(X) does not only produce real output 
amplitudes, but because in general an amplitude transfer 
function will produce a phase shift, it also produces an 
imaginary output amplitude. A residual, measured using the 
above method, can occur due to phase changes in the amplitude 
transfer function without the gradient of the modulus of the 
amplitude transfer function changing. These phase variations 
can be detected by looking for changes in the phase of the 
residual when the size of P is increased.

Figure 5.4 shows the output amplitudes generated by each 
section of the stimulus and suppressor tones (F(S), F(-S),
F(P+S) and F(P-S)) plotted as vectors on the complex plane. 
If the amplitude transfer function is close to linear as it is 
in this case - for it is the sum of the linear transfer 
function of the direct pressure and the much smaller non
linear transfer function of the otoacoustic emissions - then:

F(S) % -F(-S) and F(P+S)-F(P) « -(F(P-S)-F(P)) (5.5)

Thus the measured residual :

F(S)-F(-S)-F(P+S)+F(P-S) « F(S)+F(S)-F(P+S)+2*F(P)-F(P+S)
~ 2 * ( (F(S)) - (F(P+S)-F(P)) )

(5.6)
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Thus the residual is, approximately, twice the difference 
between the change of sound pressure caused by a change of 
input of S at 0, and the change of sound pressure caused by a 
change of input of S at P. If the addition of saturating OAEs 
gives rise to a compressive type amplitude transfer function, 
then at large values of P the magnitude and phase of the OAE 
will be invariant with small variations in simulating sound 
pressure. Thus for large values of P it can be shown that the 
magnitude and phase of the residual is equal to the magnitude 
and the phase of the SFOAE.

5.3.2 Measurement of the form of the amplitude transfer 
function non-linearity

Because of possible level-related phase variations it is not 
possible to derive the sense of the variation of gradient of 
the amplitude transfer function, only the absolute magnitude 
can be measured. In other words, it is impossible to identify 
the difference between the two types of non-linearity shown in 
figure 5.3 (b) and 5.3 (c) simply from measuring the non
linear residual as described above. This is because both 
cases give rise to the same form of the growth of the residual 
against growth in P. In order to ascertain the form of the 
non-linearity it is necessary to look directly at the gradient 
of the transfer function. An approximation to the magnitude of 
the gradient at P is given by:
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|Gradient[F(X),J I « |[F(P+S) - F(P-S)]| / 2*|s|
if |S|«|P| (5.7)

Thus if S remains constant then an arbitrarily scaled measure 
of magnitude of gradient of F(X) can be found by measuring 
|F(P+S) - F(P-S) I . Referring back to the structure of the
subaveraged data in figure 4.1 this is simply |section C - 
section D | . By taking measurements of this quantity at P=0, 
and when P is large, the direction of the change of gradient 
can be determined, and from this information, and information 
given by the change in the residual with P, the nature of the 
non-linearity can be determined.

It is clear from the above analysis that experiments can be 
performed, from the results of which the nature of the non- 
linearity giving rise to the residual can be determined. Other 
workers (eg. Harris and Probst (1990), Grandori and Ravazzani 
(1990)) have shown measurements of the input-output amplitude 
characteristics of both TEOAEs and DPOAEs. These measurements 
show a gradually saturating amplitude transfer function, at 
levels of input stimuli between 25 and 95 dB SPL, with the 
saturation increasing at higher levels of input amplitude. If 
it can be shown that the amplitude transfer function non- 
linearity giving rise to the residual is of this form then 
this will provide further evidence that the residual is caused 
by an OAE.
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Figure 5.3 How the residual detects non-linearities in the 
amplitude transfer function.
(a), (b) & (c) Showing how the sub-averaging described in the 
text and in shown figure 4.1 detects the change in gradient of 
the transfer function caused by non-linearities. In (a) the 
linear transfer function makes F (P+S)-F(P-S) = F(S)-F(-S) and 
thus the residual, (F(P+S)-F(P-S))-(F(S)-F(-S))=0. In (b) and 
(c) , showing compressive and expansive non-linearities 
respectively, F (P+S)-F(P-S) <> F(S)-F(-S) and thus a residual 
will result from the sub-averaging described. For simplicity 
all three diagrams show just the real parts of the output 
amplitudes. The imaginary part of the output amplitudes is 
zero, ie. the amplitude transfer function causes no phase 
shift in the output amplitude.
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Figure 5.4 The outputs from each time period of the 
subaveraged group shown as vectors on the complex plane with 
axes representing the real and imaginary parts of the pressure 
in the ear canal.
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6. CHARACTERISTICS OF RESIDUALS

I: D E M O N S T R A T I N G  T H E

CONNECTION BETWEEN RESIDUALS

AND SFOAES

6.1 DEMONSTRATION OF THE PHYSIOLOGICAL SOURCE OF THE RESIDUALS

Before exploring the properties of the SFOAEs measured using 
the technique described in chapters 4 and 5, it is first 
necessary to confirm that the residual I measure is due to a 
SFOAE. Evidence that the residual is due to an SFOAE is 
presented below.

6.1.1 Comparison of residual measured in the human ear and in 
a cavity

Figure 6.1 shows the residual, measured using the system with 
the acoustic probe inserted in a human ear 6.1 (a), and in a 
Icc cavity 6.1 (b).

The human ear produces a well defined residual which 
correlates well with a separately averaged response. The
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cavity produces no repeatable residual, only a small amount of 
noise. This shows that the residual is due to some 
characteristic of the auditory system and is not simply an 
artifact caused by faults in the measurement system.

The correlation coefficient between two repeated measurements 
is a measure of how similar those measurements are. The 
correlation coefficient will be close to 1 if the two 
measurements are dominated by a repeatable measurement, and 
will be close to zero if the measurements are dominated by 
noise. The correlation coefficient of two measurements a and 
b is defined as:

Cnb = CT(a.b) / (a(b) .a(a) ) (6.1)

Where: C.,,, is the correlation coefficient between the two
measurements; a(a.b) is the rms level (or standard deviation) 
of the product of the two measurements; and, a(a) and u(b) are 
the rms levels of the measurements a and b, respectively.

The correlation coefficient of the two measurements made in 
the human ear is 0.97, and that of the measurements made in 
the cavity is 0.

The residual, measured in the human ear, is of similar 
duration to the suppressor tone, but there is a latency from 
the start of the suppressor tone to the start of the residual.
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The residual also shows onset and offset durations which 
differ from those of the suppressor tone. This latency and 
slow onset and offset durations, together with the implicit 
non-linearity of the residual, suggests the residual is 
otoacoustic in origin.
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Figure 6.1 Results of the tone evoked residual test performed 
(a) in a human ear, and (b) in a Icc cavity. In both cases the 
upper waveform is a display of a measurement of the sound 
field in the last section of data (time period D) and shows 
the position of the suppressor tone in the time frame. The
lower waveforms are two separately collected and averaged
displays of measurements of the sound field, subaveraged as 
described above to show the non-linear residual. The figure 
below 'Corr' on the left hand side of the diagrams is the
correlation, ranging between 0 and 1, of the two measurements
of residual. Both tests were performed using suppressor and 
stimulus tones of frequency 1599Hz with levels of 66dB and 
60dB SPL respectively.

A. Residual recorded In human ear

Nunber collected 512 + 512
Correlat ion 0.97
Resfile = db1602l7
St infile = (dbl 1G> GnS GnS....... 2GnS 31■ ‘ ‘ I ■ ■ ■ ■ ‘ ■ IGnS 4GnS■ ■ ■ ■ ‘ ■ I

B. Residual recorded In 1cc cavity

Nunber collected

Corr^lat ion G.GG
Resfile dbl8061
St infile = (dbl 1G> GnS GnS
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6.1.2 Conditions under which residuals could be measured

I found that detectable residuals could be evoked in a human 
ear using stimulus and suppressor tones with frequencies 
between IKHz and 4KHz and using stimulus tones with 
intensities between 20dB and 60dB SPL. Residuals with 
amplitudes between -15dB SPL and +20dB SPL, dependent upon the 
subject and stimuli, can be reliably detected using the 
method. Furthermore, these results where found to be 
repeatable, to an accuracy of +-ldB, even if the probe is 
removed from the ear and measurements are taken days apart.
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6.2 CONNECTION BETWEEN THE RESIDUAL AND SFOAEs

It is assumed that the stimulus tone generates an SFOAE and 
that the suppressor tone suppresses this SFOAE. Both the 
suppressor tone and the SFOAE due to the suppressor tone are 
completely cancelled during the sub-averaging process. By 
finding the difference between the time periods when the 
suppressor tone is present (and the SFOAE is suppressed), and 
the time periods when the suppressor tone is absent (and the 
SFOAE is not suppressed) , we get a residual equal to the 
amount of suppression, by the suppressor tone, of the SFOAE 
due to the stimulus tone. However, it is not a trivial matter 
to show, exactly, how the residual is related to the OAE.

In order to clarify this relationship it is necessary to 
examine the technique in detail. This analysis was performed 
in chapter 5. It was shown that the measured residual results 
from non-linearities in the acoustic amplitude transfer 
function measured in the ear canal. These non-linearities are 
due to either amplitude or phase variations of the SFOAE 
evoked by the stimulus tone, in the presence of the suppressor 
tone. It was further shown that if the suppressor tone 
amplitude is much larger than the stimulus tone amplitude then 
the amplitude and phase of the residual are equal to the phase 
and amplitude of the SFOAE evoked by the stimulus tone in the 
absence of the suppressor.
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Thus, it has been shown that the technique cancels out the 
stimulus and suppressor tones and that the residual represents 
a non linear response from the ear. The residual, recorded in 
the human ear, has the appropriate properties of, and is 
clearly due to, an OAE. I agree with the conclusion drawn by 
Kemp and Souter (1980) that this residual represents part of 
the OAE evoked by, and at the frequency of, the stimulus.

A single OAE residual measurement cannot be used to delineate 
the form of the non linearity causing the residual. In chapter 
5 a method was described for measuring the magnitude of the 
gradient of the acoustic amplitude transfer function directly. 
This method can be used to show that the acoustic amplitude 
transfer function has the compressive type of non-linearity 
that has been associated with OAEs [Harris and Probst (1990)].
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Figure 6.2 The levels and phases of residual measured when the 
suppressor tone level was varied from -9 to +15 relative to 
the stimulus tone level. The results for stimulus levels of 
40, 50 and 60 dB SPL are shown. The stimulus and suppressor 
tone frequencies were both 1599Hz.
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Figure 6.3 The ratio of the magnitude of the gradient of 
transfer function at the level of a suppressor tone, to the 
magnitude of the gradient of the transfer function with no 
suppressor tone (see chapter 5 for a fuller explanation). This 
quantity was measured for levels of suppressor tone between 57 
and 72dB SPL. The level of stimulus tone was 60dB SPL, and the 
stimulus and suppressor tone frequencies were both 1599Hz. The 
error bars show the extremes of four different measurements.
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6.2.1 The effect of suppressor tone gating

In the above example the suppressor tone was presented as a 
gated tone with onset and offset amplitudes determined by a 
cosine envelope of length ImS. This relatively rapid onset and 
offset time will cause a 'splattering' of energy to 
frequencies other than that of the suppressor tone frequency.

In order to investigate whether or not these other frequencies 
were important in determining the time and amplitude 
characteristics of the residual, the residual was measured 
with a suppressor tone with various lengths of onset and 
offset duration. Increasing the onset and offset duration
beyond ImS made no difference to the shape of the residual
until the onset and offset durations were greater than the 
onset and offset durations of the residual. This indicates 
that the spread of frequencies in the suppressor tone, due to 
onset and offset durations of ImS, does not affect the
amplitude or time characteristics of the residual.

6.2.2 Experimental measurement of the form of the non- 
linearity causing the residual

In order to find the form of the non-linearity which gives
rise to the residual the following experiment was performed. 
Several measurements were taken in which the stimulus level 
was held constant and the suppressor tone varied in level. If
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the residual response seen was due to an OAE, exhibiting 
compressive non- linearity, then the level of the observed 
residual should increase with increasing suppressor tone level 
until the system response to the net stimulus 'saturates'. 
Above this level of suppressor tone the residual level should 

remain almost constant with increasing suppressor tone level.

The results of this experiment are shown in figure 6.2, 
showing this effect for three different levels of stimulus 
tone. These results are compatible with either compressive or 
expansive type non-linearities. Figure 6.2 also shows the 
variation of phase of the residual under these conditions. 
Although there is a small phase change in the residual with 
increasing level of suppressor tone, about 40 degrees at 
maximum, this is not sufficient to account for more than a 
small fraction of the change in the level of the residual.

It is impossible to determine from the results shown on figure
6.2 whether the non linearity causing the residual is of a 
compressive or expansive type. Therefore, measurements of the 
magnitude of the gradient were measured directly using the 
method described in chapter 5. Figure 6.3 shows the magnitude 
of the gradient of the transfer function plotted against level 
of suppressor tone. This was measured using a stimulus tone 
level of 60dB SPL. The magnitude of the gradient, shown 
relative to the magnitude of the gradient at P=0, can clearly 
be seen to be decreasing with increasing amplitude of the
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suppressor tone. This confirms that the non-linearities 
responsible for the residual are of the compressive type as 
would be expected if the residual was due to OAEs.
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6.3 SUMMARY

In this chapter I have shown that:

(i) That the residual can be measured in a human ear but not 
in a cavity. This confirms that the residual is not an 
artifact due to non-linearities in the measuring equipment.

(ii) The residual observed has latencies and a time course 
like that of an OAE.

(iii) The residual is not effected by the extra frequencies 
due to the gating of the suppressor tone, providing that the 
switch on and switch off of the suppressor tone took greater 
than ImS.

(iv) The type of non-linearity in the amplitude transfer 
function responsible for the residual is of a compressive form 
like that of an OAE. Furthermore, it can be seen that this 
non-linearity is present at levels of stimulus tone of 40 to 
60 dB SPL. The magnitude of the gradient of the amplitude 
transfer function becomes smaller with increasing levels of 
input amplitude throughout this range.

(v) My interpretation, that the residual is due to an SFOAE, 
means that if the suppressor tone has a much larger amplitude 
than the stimulus tone, then the residual measured is equal to
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the SFOAE evoked by the stimulus tone. Under these conditions 
the phase and amplitude of the residual are equal to the phase 
and amplitude of the SFOAE evoked by the stimulus tone. 
Therefore, at smaller levels of suppressor tone amplitude the 
residual represents only part of the OAE evoked by the 
stimulus tone.
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7.  C H A R A C T E R I S T I C S  OF

RESIDUALS II; INTRODUCTION TO

THE GENERAL PROPERTIES OF

RESIDUALS

7.1 INTRODUCTION

In the last chapter I showed that the residuals, measured 
using the technique described in chapters 4 and 5, were due to 
SFOAEs. In chapter 8 I shall be making detailed measurements 
of SFOAE suppression. Before doing this I would like to 
explore some of the general characteristics of residuals. In 
particular I shall:

(1) Compare some characteristics of SFOAEs with the 
characteristics of transient evoked OAEs from the same ears;

(2) Examine the effect of using a suppressor tone of a 
different frequency to the stimulus tone; and

(3) Examine frequency components of the residual that are not 
at the SFOAE frequency - the distortion products.
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The results described in this chapter are not intended to be 
a comprehensive study of the properties of residuals, only 
some properties are explored. Neither are they presented as 
definitive results of the properties that are explored, most 
of the results are from just one subject. Rather these results 
are presented to illustrate some of the interesting properties 
of residuals that were noticed during measurements but were 
not thoroughly explored owing to considerations of time.
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7.2 COMPARISON OF STIMULUS FREQUENCY OAES AND TRANSIENT EVOKED 
OAES

In order to explore the properties of SFOAEs some of their 
characteristics were compared with those of transient evoked 
OAEs (TEOAEs) from the same ears. To this end, SFOAEs observed 
by the residual method were compared with TEOAEs observed 
using the method described by Kemp (1978). The characteristics 
of the OAEs that were compared were:

(i) The variations of the amplitude of the TEOAEs and SFOAEs 
with frequency.

(ii) The variations of the latencies of the TEOAEs and SFOAEs 
with frequency.

7.2.1 Amplitude variations of the TEOAEs and SFOAEs

Measurements of the TEOAEs of both ears of a subject where 
made using a 1L088 machine. These results are shown on figure 
7.1. In the frequency spectrum of the TEOAE there are a series 
of maxima and minima of emissions at different frequencies. 
For the left ear the maxima are at 1184Hz, 1599Hz, 2014Hz and 
2649Hz and the minima are at 1428Hz, 1868Hz and 2283Hz. For
the right ear the maxima are at 1038Hz, 1501Hz, 2014Hz and
2649Hz and the minima are at 1233Hz, 1770Hz and 2380Hz.
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It can be seen from the spectra of the TEOAEs that OAEs were 
measured at all frequencies between 1 and 3 KHz. SFOAEs could 
also be measured at any frequency between these limits. In 
particular, SFOAEs were measured in all cases at 50Hz steps 
between 1.9 and 2.5 KHz. From these data it would be 
reasonable to assume, at least with the subject tested, that 
SFOAEs can be detected at all frequencies at which TEOAEs can 
be measured.

It was decided to make measurements of SFOAEs with the 
stimulus and suppressor tones both at all the TEOAE maxima and 
minima frequencies. The results are shown on figure 7.2. The 
measurements in the left ear taken at three different levels 
and those in the right ear at only one level.

It can be seen, in all cases, that when the SFOAEs are evoked 
at the maxima frequencies of the TEOAEs that the levels of the 
SFOAEs are higher than the SFOAEs evoked at adjoining minima 
frequencies.
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Figure 7.1 The results of TEOAE measurements on both ears of 
a subject.
(a) shows the test results for the right ear and (b) shows 
test results for the left ear. The box titled 'cochlea 
response' shows the waveform of the evoked emission and the 
box marked 'Response' shows the frequency spectrum of the 
evoked emission. The filled spectrum donates the level of 
noise and the empty spectrum denotes the level of the 
correlated response.
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Figure 7.2 The level of the SFOAE at the maxima and minima 
frequencies of level of TEOAE for both ears of the subject, 
(a) shows the test results for the right ear and (b) shows 
test results for the left ear. In (a) the SFOAEs were measured 
at a stimulus and suppressor tone levels of 60 & 66 dB SPL, 
respectively. In (b) the SFOAEs were measured at stimulus and 
suppressor tone levels of 40 & 46 dB, 50 & 56 dB and 60 & 66 
dB SPL.
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7.2.2 Time course of the SFOAEs

Figure 7.3 shows the typical shape of the SFOAEs from both 
maxima and minima frequencies. It can be seen that, in 
addition to the reduction of amplitude in the SFOAE at a 
minima frequency, the time course of the two SFOAEs are 
different. The SFOAE recorded at a maxima frequency shows a 
level sustain period (between onset and offset of the 
residual). In comparison, the SFOAE recorded at a minima 
frequency shows a sustain period that varies in amplitude.
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Figure 7.3 The typical shapes of the SFOAEs at (a )  a frequency 
maxima and (b )  a frequency minima of the levels of TEOAE. The 
various waveforms are as described in figure 6.1.

A. ResidudJ at frequency maxima

Nunber collected 512 ♦ 512
Corralat ion 0.99
Resflie = dbl60221
S t inf ile = (dbl 14)

B. ResldUdLat frequency minima

Nunber collected 512 + 512
Corralat ion 0.87
Resfile = d b 160220
St infile = (dbl 15) OnS 1' 20nS 3(

PhD thesis submitted February 1995 page 144



D.N.Brass SFOAEs and cochlea function

7.2.3 Latency of the TEOAEs and SEOAEs

Measurements of latency from both TEOAEs and SFOAEs were made 
and compared.

Measurement of latency for TEOAEs is difficult because of the 
width of the frequency range of the stimulation and the large 
change of the level of the stimulus during the measurement 
which causes multiple emissions, probably due to multiple 
reflections of the OAE in the cochlea. This causes a very 
confused picture of emissions with no definite single emission 
against which to measure latency. However by averaging the 
linear part of the emission and stimulating at very low levels 
using tone bursts it is possible to obtain one definite single 
emission.

By finding the maximum of the cross-correlation of the 
envelope of this emission with the envelope of the stimulus 
used it is possible to obtain a figure for the latency of the 
tone burst evoked OAE.

The latencies at the frequencies of the maxima of TEOAE level 
evoked using a tone burst of 3 6 dB SPL peak level are shown in 
figure 7.4 (c) .

Finding the latencies of the SFOAEs at the maxima frequencies 
where the residuals have a shape similar to that of the 
suppressor tone is a similar, but easier, procedure. By
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finding the maxima of the cross-correlation of the envelope of 
the suppressor tone and the envelope of the SFOAE a measure of 
latency can be found.

The latencies of the SFOAEs at the maxima frequencies are 
shown on figure 7.4 (a) & (b). It can be seen that these are 
of about the same magnitude as the latencies of the tone burst 
evoked OAEs. Furthermore both sets of latencies decrease with 
increasing frequency. From the SFOAE latencies it can be seen 
that latency decreases with level, this is consistent with 
other measurements of OAEs [eg Neely et al (1988)].
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Figure 7.4 The latencies of SFOAEs and tone burst evoked OAEs.
(a) & (b) The latencies of SFOAEs measured at frequency maxima 
of levels of TEOAE in both ears of the subject, (a) shows the
test results for the right ear and (b) shows test results for
the left ear. In (a) the measurements were made at stimulus 
and suppressor tone levels of 60 & 66 dB SPL. In (b) the 
measurements were made at stimulus and suppressor tone levels
of 40 & 46 dB, 50 & 56 dB and 60 & 66 dB SPL.
(c) The latencies of tone burst evoked OAEs measured at 
frequency maxima of levels of emission in the left ear of the 
subject. The measurements were made with a 3mS long tone burst 
at a peak level of 36dB SPL.
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7.3 THE EFFECT ON THE RESIDUAL OF A SUPPRESSOR TONE OF A 
DIFFERENT FREQUENCY TO THE STIMULUS TONE

It was decided to investigate the effect on the residual when 
^ suppressor tone of a different frequency than the stimulus 
tone was used. This was the method employed by Kemp and Souter 
(1988) to evoke SFOAEs.

Figure 7.5 shows the effect of varying the frequency of the 
suppressor tone whilst the stimulus tone frequency remains 
constant, at three different levels of stimulus and suppressor 
tone. The results show that the greater the difference between 
the two frequencies the less the residual that is produced, 
with this effect becoming more marked at lower levels of 
stimulation. However, at suppressor frequencies close to the 
stimulus frequency a similar amount of residual was produced 
as when the stimulus and suppressor tone were both of the same 
frequency.

The phase of the residual is also shown on figure 7.5. It can 
be seen that there is a total variation of phase, when the 
frequency of the suppressor tone is varied, of about 60 
degrees with a rapid transition of about 30 degrees when the 
suppressor tone frequency is just below the stimulus tone 
frequency.

PhD thesis submitted February 1995 page 148



D.N.Brass SFOAEs and cochlea function

Figure 7.5 The levels and phases of residual measured when the 
suppressor frequency was varied above and below the stimulus 
frequency. Residuals were measured at stimulus and suppressor 
tone levels of 40 & 46dB, 50 & 56dB and 60 & 66dB SPL. The 
stimulus frequency was 1599Hz and the suppressor tone 
frequency was varied between 1066 and 2399Hz, stimulus tone 
frequency to suppressor tone frequency ratios of 1.5:1 to 
1:1.5.
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7.4 SIMULTANEOUS MEASUREMENT OF DISTORTION PRODUCTS AND SFOAES

If we look at the spectrum of residual generated using a 
suppressor tone of lower frequency than the stimulus tone it 
can be seen that not all the power of the residual is at the 
stimulus frequency. Some of the power is at distortion product 
frequencies, including 2fl-f2.

However, some of the distortion product CAEs (DPOAEs), 
including 2f2-fl, are not present in the residual because they 
are cancelled in the sub-averaging process. If we use a 
suppressor tone of higher frequency than the stimulus tone 
then the DPOAEs which are cancelled in the first measurement, 
including 2f2-fl, can be measured. However the distortion 
products that could be measured in the first case, when the 
suppressor tone is of lower frequency than the stimulus tone 
(eg 2fl-f2 and 3fl-2f2) are cancelled.

In fact the residual measured at the stimulus frequency can be 
thought of as a zero order distortion product, in other words 
distortion products at the same frequency as the stimulus 
tone. We chose two frequencies f1 and f2, where fl<f2. If fl 
is the suppressor tone and f2 is the stimulus tone we get a 
series of DPOAEs at frequencies 2nf1-(2n-l)f2, where n is any 
integer (including 0). If f2 is the suppressor tone and fl is 
the stimulus tone we get a series of DPOAEs at frequencies 
!(2n+l)fl-2nf2, where n is any integer.
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Thus, we can make two measurements of residuals one with the 
suppressor tone at fl and the stimulus tone at f 2, and the 
other with the stimulus tone at fl and the suppressor tone at 
f2. By producing a composite picture of both sets of DPOAEs a 
complete measurement of all the DPOAEs, including zero order 
DPOAEs at fl and f2, evoked by the stimuli fl and f2 can be 
found. Figure 7.6 shows an example of such a composite 
measurement made in a human ear.

7.4.1 Observation of distortion products in the time domain

Figure 7.7 shows the waveforms of components of the residual 
at 2fl-f2, fl and f2. These waveforms were produced by band 
pass filtering the residuals at each frequency using a zero 
time lag digital filter. It can be seen that each component 
has an amplitude envelope similar to the complete residual. 
Each component has its own measurable latency. These latencies 
may convey information about the distortion product generation 
process in the cochlea.
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Figure 7.6 Spectrum of all distortion products evoked by two 
tones including zero order distortion products at frequencies 
fl and f 2. The fl frequency was 2710Hz and the f 2 frequency 
was 3180Hz. The levels of both fl and f2 were 60 dB SPL. (a) 
Shows the spectrum of the stimuli used to evoke the emissions,
(b) shows the spectrum of the OAEs evoked. This figure is in 
fact a composite picture made from two sets of measurements as 
described in the text.
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Figure 7.7 Waveforms of three of the DPOAEs shown in figure 
7.6. These waveforms were produced by bandpass filtering the 
residuals at the relevant frequencies. The top waveform (a )  is 
that of the last section of the stimulus, showing the timing 
of the suppressor tone. The lower waveforms show the residual 
bandpass filtered at a centre frequency of (b )  2fl-f2 = 
2240Hz, (c) fl = 2710Hz and (d )  f2 = 3180Hz.
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7.5 CONCLUSIONS

(i) A comparison of SFOAEs and TEOAEs measured in the same ear 
was undertaken. The variation of level and latency of both 
types of OAE with frequency was measured. It was seen that 
both variations of level with frequency and latencies were 
similar for both types of OAE.

(ii) A modification of the technique is implemented, where the 
stimulus and suppressor tone frequencies are different. This 
allows us to examine how the presence of a tone of one 
frequency can suppress the SFOAE at another frequency. A 
residual could be evoked by suppressor tones of a wide range 
of frequencies, up to half an octave higher or lower than the 
stimulus tone frequency. For suppressor tones close in 
frequency to the stimulus tone the level and phase of the 
residual produced was close to that produced by suppressor and 
stimulus tones of the same frequency.

(iii) If a stimulus and suppressor tone of differing 
frequencies are used then as well as generating a residual at 
the stimulus frequency certain distortion product OAEs 
(DPOAEs) are generated. This technique allows us to look at 
all of OAE energy generated by two tones - both SFOAEs and 
DPOAEs. The time course of each frequency component, including 
its latency, can also be examined by this technique.
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8. RESULTS: THE SUPPRESSION OF

SFOAES

8.1 INTRODUCTION

In the last two chapters we have shown that residual are due 
to SFOAEs and explored some of their general properties. In 
this chapter I shall use the residual method to explore the 
central topic of this thesis - the suppression of SFOAEs by 
another tone. In particular I shall show that the 
characteristics of SFOAE suppression discussed in chapter 3 
are quite general at different levels and frequencies of 
stimulus and in different ears.
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8.2 TEST CONDITIONS

All of the SFOAE suppression measurements were made using the 
technique outlined in chapters 4 and 5. Details specific to 
the measurement made in this chapter are outlined below:

8.2.1 Subjects

All subjects used in this study were adult humans, 1 male (DB) 
and 2 female, aged 22-31. All had audiometric thresholds, in 
both ears, better than 15, dB HL at 500Hz, IkHz, 2kHz, 3kHz, 
4kHz & 6kHz. All subjects were assessed as having normal click 
evoked OAEs in both ears. A normal click evoked OAE was 
defined as: having a measurable response from 500Hz to 4KHz, 
with no gaps greater than 500Hz, to a standard test on an 
Otodynamics Ltd. IL088 OAE analyzer.

8.2.2 Stimuli conditions

In order to measure the suppression of SFOAEs by another tone 
the following procedure was adopted: first, the stimulus tone 
is set at a predetermined level and frequency; then averaged 
residuals are measured with the suppressor tone at various 
frequencies and levels.

Frequencies of the suppressor tone are varied from:

PhD thesis submitted February 1995 page 155



D.N.Brass SFOAEs and cochlea function

(stimulus frequency / 1.5) to (stimulus frequency X 1.5)

Levels of the suppressor tone are varied from:

(stimulus level - 12dB) to (stimulus level + 12dB)

The suppressor tone is presented as a 20ms tone-burst, in a
40ms time frame. The onset and offset of the envelope of the o
tone burst was windowed using a 5ms /cosine window. TheA
remainder of the tone burst envelope, other than the onset and 
offset periods, was flat.
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8.3 TYPICAL RESULTS

8.3.1 SFOAE amplitude change due to suppression

A set of measurements, performed on subject DB's left ear with 
a stimulus tone of frequency 1599Hz at a level of 40 dB SPL, 
is shown in figure 8.1. Each curve shows the level of residual 
at various levels of suppressor tone at a given frequency 
(iso-frequency curves). The results can be thought of as 
suppression curves because the residual measured is the 
difference between the SFOAE due to the stimulus tone in 
the case when the suppressor tone is present and the case when 
it is not. Thus when the residual level equals zero, the 
suppressor tone has not suppressed the SFOAE due to the 
stimulus tone at all. When the residual level equals the level 
of the SFOAE due to the stimulus tone (its maximum level) the 
SFOAE due to the stimulus tone has been suppressed completely.
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Figure 8.1 Iso-frequency suppression curves for subject DB's 
left ear with a stimulus tone of frequency 1599Hz at 40dB SPL. 
In this and all following diagrams fl is the stimulus tone and 
f2 is the suppressor tone, (a) shows the amplitude and phase 
of the residual when the suppressor tone was of a lower or 
equal frequency than the stimulus tone. (b) shows the 
amplitude and phase of the residual when the suppressor tone 
was of a higher or equal frequency than the stimulus tone.
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8.3.2 SFOAE phase change due to suppression

Also shown on figure 8.1 is the phase of the residual. This 
information is important because it can indicate if the 
residual is due to a change in amplitude of the SFOAE or due 
to cancellation caused by a phase change of the SFOAE. The 
phase change of the SFOAE can be recovered from the phase and 
magnitude of the residuals.

In Figure 8.2 SFOAEs are represented as-vectors. The amplitude 
and phase of the SFOAE are represented as the magnitude and 
phase angle of the vector. The unsuppressed SFOAE is denoted 
as OAEy, and the suppressed SFOAE is denoted as OAEp. In 
general the suppression causes a change in both the phase and 
magnitude of the SFOAE. In chapter 5 it was shown that the 
residual is approximately the difference between the 
unsuppressed and suppressed SFOAE. The residual is denoted RES 
in the figure 8.2.

In chapter 5 it was also shown that -OAEq is approximately 
equal to the maximally suppressed residual. If we measure this 
quantity in addition to the residual in which we are 
interested, then we know the magnitude of the unsuppressed 
SFOAE, I OAEq I , the magnitude of the residual, | RES | , and the 

phase change between RES and the maximally suppressed residual 
By simple trigonometry it is possible to derive the phase 

change between the unsuppressed and suppressed SFOAEs,
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= tan ' [ ( I RES I . Sin ) / ( | OAE„| - | RES | . Cos (Ad^J ) ]

(8.1)

We can also find the magnitude of the suppressed SFOAE,
I OAEp I .

I OAEp I = [(|r Es | .Sin(A0,„))2+(|oAEo|-|REs| .Cos(A9,„))2]‘'2

(8 .2)

Using this method we can calculate the phase change in the 
SFOAEs shown in figure 8.1. The maximum phase change of SFOAE 
was 22°. This phase change alone is not enough to account for 
more than a small part of the residual.
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Figure 8.2 Vector representation of the SFOAEs, in the 
suppressed and unsuppressed states.
The amplitude of the SFOAE is shown as the magnitude of the 
vector and its phase is shown as the angle from the real axis. 
O A E q represents the unsuppressed SFOAE, and OAEp represents the 
suppressed SFOAE. RES is a vector representing the measured 
residual. Â qae is the change of phase of SFOAE due to 
suppression, is the phase change between the residual and
the residual measured at maximum suppression.
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A 8  OAE
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8.3.3 The relationship between residuals measured with equal 
and unequal stimulus and suppressor frequencies

At first sight there would appear to be a fundamental 
difference between residuals measured with the stimulus and 
suppressor tones of the same frequency (F1:F2 = 1:1) and the 
other sets of measurements. The measurements made with 
suppressor and stimulus tones of different frequencies can be 
considered analogous to 'classical' two-tone suppression 
measurements. The measurements made with suppressor and 
stimulus tones of equal frequency are most easily interpreted 
in terms of non-linearities in the amplitude transfer function 
(see chapter 5).

However, these interpretations do not preclude a more unified 
approach. If we consider the 'vector' interpretation of the 
SFOAE presented by Kemp and Chum (1980) then it matters little 
if the suppressor tone is of the same or different frequency, 
the analysis is the same. In this analysis any suppressor 
tone, of whatever frequency, alters the region of the 
amplitude transfer function where the stimulus tone acts, 

causing a residual.

The summation utilised in our method cancels both the stimulus 
and suppression tones, and the suppression of the suppressor 
tone by the stimulus tone. This leaves a residual equivalent 
to the amount of suppression of the stimulus tone by the
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suppressor tone, irrespective of the frequency of the 
suppressor tone.

This continuity between the cases of suppressor and stimulus 
tones of the same frequency and when they are not is born out 
by our results. Figure 8.1 clearly shows a continuum between 
all of the ratios of suppressor to stimulus frequency, 
including 1:1. All of our other results show the same smooth 
transition between the two cases.

8.3.4 General observations

I noted some important features of the suppression curves in 
figure 8.1:

(i) A measurement of the phase of the residual was made by 
measuring the phase relative to the time frame in which the 
measurements were made. The maximum phase change in the 
residual, over the measured range of suppression, is 45 
degrees or less. For this result I calculated a change in the 
phase of the SFOAE of 22 degrees or less.

(ii) The largest residual was measured at a suppressor tone 
level of 52dB SPL when the suppressor and stimulus frequencies 
where equal. This residual represents the greatest suppression 
of the SFOAE. At smaller values of intensity of suppressor 
tone the suppression of the SFOAE is less.
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(iii) The residual 'saturates' at high levels of suppressor 
tone. , ie. the gradient of the suppression curves becomes less 
at high levels of suppressor tone.

(iv) Suppressor tones of lower frequency than the stimulus 
tone cause less suppression than when the suppressor and
stimulus tone frequencies are equal, at all levels of
suppressor tone. The suppression curves, for suppressor tone 
frequencies of less than the stimulus tone frequency, are
virtually identical to the suppression curve when the two 
frequencies are equal but are shifted to the right. It is as 
though a low frequency suppressor tone has the same effect as 
an equal frequency suppressor tone attenuated by a given 
factor.

(v) Suppressor tones of higher frequency than the stimulus 
tone cause less suppression than when the suppressor and
stimulus frequencies are equal, at high levels of suppressor 
tone. However, at low levels of suppressor tone they cause 
more suppression. In general the gradient of the suppression 
curves becomes less as the frequency of the suppressor tone 
increases above that of the stimulus tone. This causes the 
suppression curves to 'cross over' each other. See figure 8.1.

8.3.5 How general are the results in figure 8.1?
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All of the features listed above are present in the data 
presented by Kemp, Brass and Souter (1991). The question 
arises: how general are these features at different levels and 
frequencies and in different human ears?

Firstly I made measurements of these suppression curves at 
various levels.
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8.4 THE EFFECT OF VARYING THE LEVEL OF THE STIMULUS TONE

8.4.1 Results at different levels

SFOAE suppression curves were measured at levels of stimulus 
tone of 20, 30, 40, 50 & 60 dB SPL at a frequency of 1599Hz in 
the left ear of subject DB, 2 0dB SPL was the lowest level of 
stimulus at which the residual could be easily measured. Below 
this level it becomes immeasurable due to noise in the 
measurement system used in these experiments. 60 dB SPL is the 
highest level of stimulus that can be measured on the system 
used in these experiments. Above this level microphone 
distortion causes artefactual results.

Measurements were made at all these levels of stimulus tone 
with stimulus to suppressor tone frequency ratios (F1:F2) of 
1.5:1, 1.3:1, 1.1:1, 1:1, 1:1.1, 1:1.3, 1:1.5. These ratios
are given when the suppressor tone frequencies are 1062Hz, 
1233Hz, 1453Hz, 1599Hz, 1746Hz, 2047Hz and 2454Hz,
respectively. Levels of suppressor tone are used which give 
[level of suppressor tone - level of stimulus tone], (level 
F2-F1), of +12dB, +6dB, OdB, -6dB, -12dB. For example, if the 
level of stimulus tone is 30 dB SPL then levels of suppressor 
tone of 42, 36, 30, 24 & 18 dB SPL are used.
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Figure 8.3 shows the results of these measurements. The 
results, for each level of stimulus tone, are presented in 
three forms:

(i) Iso-frequency suppression curves, which are as described 
above and are useful for showing the effect of variation of 
level of suppressor tone at a given frequency.

(ii) Iso-stimulus-level suppression curves, which show the 
variation of residual level with suppressor tone frequency at 
a given level of suppressor tone. These curves are useful for 
showing the relative effects of different frequencies of 
suppressor tone.

(iii) Iso-residual suppression curves, which show the level of 
suppressor tone necessary to evoke a given level of residual 
at various frequencies of suppressor tone. If the level of 
residual represents the amount of suppression then this type 
of presentation is analogous to the usual form of presentation 
for two tone suppression of nerve-fibre responses.

8.4.2 The variation of results at various levels of stimulus

Although all the general features of the suppression curves, 
noted above, were present at all levels of stimulus tone, 
there were minor variations. These are detailed below:
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It can be seen from the iso-stimulus-level curves in figure 
8.3 that the level of suppression is more dependent upon the 
frequency of the suppressor tone at lower levels of stimulus 
tone. This effect can be seen in the gradients of the iso
stimulus curves becoming steeper as the stimulus tone level 
decreases from 60dB SPL to 20dB SPL.

This increased dependence of suppression upon the suppressor 
tone frequency is particularly marked when the suppressor tone 
frequency is less than the stimulus tone frequency. At 
stimulus tone levels of less than 30dB SPL the residual level 
is so low as not to be measurable at suppressor to stimulus 
frequency ratios of 1:1.5.

When the suppressor tone frequency is greater than the 
stimulus tone frequency the increase of dependence of the 
suppression on the frequency of the suppressor tone is less 
marked. However, at stimulus tone levels of 60dB SPL the 
suppression is hardly frequency dependent at all compared to 
the measurements made with stimulus tone levels of 50dB SPL or 
less.
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Figure 8.3 Iso-frequency, iso-stimulus and iso-residual 
suppression curves for a stimulus tone of frequency 1599Hz at 
levels of 20, 30, 40, 50 & 60 dB SPL. The measurements were
made in the subject DB's left ear.
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Figure 8.3 (continued)
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8.5 THE EFFECT OF VARYING THE FREQUENCY OF THE STIMULUS TONE

The features of the suppression curves shown in figure 8.3 are 
specific to the stimulus frequency chosen in the ear tested. 
In order to show if the results were general at other
frequencies measurements of suppression curves were made in 
the same ear at different frequencies.

If the level of SFOAEs at various frequencies is measured it
is found that the level is greater at some frequencies than 
others (see chapter 7) . For ease of measurement the
measurements shown in figure 8.3 were made at a frequency at 
which maximum SFOAE was produced - a maxima frequency. Kemp 
(1979) and Zwicker and Schloth (1983) showed that the 
separation of neighbouring maxima, and by implication of 
minima and maxima, was a function of frequency. It is possible 
that suppression of an SFOAE is mediated by the relationship 
of the frequencies of the stimulus and suppressor tones and 
these minima and maxima frequencies. Thus, the features of 
the suppression curves shown on figure 8.3 could be the result 
of special features of suppression of a SFOAE at a maxima 
frequency.

In order to test if this were true, measurements of 
suppression curves were made with the frequency of the 
stimulus tone at the next minima frequency (1868Hz) above the 
maxima frequency used in the results shown in figure 8.4
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(1599Hz). Figure 8.5 shows iso-frequency and iso-stimulus 
curves for stimulus frequencies of 1868Hz and 2014Hz at a 
level of 50dB SPL measured in the left ear of subject DB.

These suppression curves show the same general characteristics 
as the other suppression curves presented earlier in this 
paper. However, as noted in chapter 7, the 'saturated' level 
of residual at the minima frequency is smaller than that 
generated at a maxima frequency for the same level of 
stimulus. This is because the saturated level of residual is 
equal to the level of SFOAE generated by the stimulus tone, 
which is smaller at a minima frequency.
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Figure 8.4 Iso-frequency and iso-stimulus suppression curves 
for a stimulus tone of level 50 dB SPL at frequencies 1868Hz 
and 2014Hz. These measurements were made in the subject DB's 
left ear, for which 1868Hz is a minima frequency and 2014Hz is 
a maxima frequency.
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8.6 CONFIRMATION OF THE RESULTS IN DIFFERENT EARS

In order to provide evidence for the generality of the 
observations in humans, several human ears were measured. 
Figure 8.5 shows iso-frequency and iso-stimulus suppression 
curves measured with a stimulus tone at a maxima frequency at 
50dB SPL in 5 different ears.

The subjects PS and CH were not as well 'trained' in having 
SFGAE measurements made as DB, the author. This meant that 
they were less aware of slight changes of fit of the acoustic 
probe and less used to controlling their own levels of 
movement and physiological noise. The method of measurement of 
suppression of SFOAEs used in this study is based upon 
cancellation of large stimuli to reveal a much smaller 
residual and thus is quite sensitive to any of the above 
factors which may disturb this cancellation process. The tests 
on the subjects other than the author produced less smooth 
suppression curves with less defined characteristics than the 
tests on the authors own ears. However, the authors first 
attempts to measure these suppression curves showed similar 
variations. Later measurements, made when the author had more 
experience of controlling movement, physiological noise etc., 
showed less of these variations. It is reasonable to assume 
that measurements made on the other subjects would show 
similar changes if the subjects were as well 'trained'.
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However, as this 'training' took approximately 6 months it 
would be impractical to do so.

It is impossible, therefore, to draw any conclusions from 
small variations in the suppression curves from different 
subjects. However, all the subjects data show the four general 
characteristics outlined above.
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Figure 8,5 Iso-frequency and iso-stimulus suppression curves 
measured in various ears from various subjects. Measurements 
were made using a stimulus tone at 50 dB SPL at a maxima 
frequency, as marked, for each ear.
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8.7 CONCLUSIONS

I have made measurements of suppression of the SFOAE evoked by 
a stimulus tone by a second, [suppressor tone. The interesting 
characteristics of the suppression curves reported by Kemp, 
Brass and Souter (1991) and discussed in chapter 3 were 
confirmed. In particular I observed the asymmetry between the 
effects of suppressors of higher and lower frequency than the 
stimulus tone. The generality of these characteristics was 
demonstrated at a range of levels and different frequencies of 
stimulus tones, evoking the SFOAE. Similar characteristics of 
suppression of SFOAE were found in 6 different ears.
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9 .  A N A L Y S I S  OF  S F O A E

SUPPRESSION RESULTS

9.1 GENERAL CHARACTERISTICS OF SFOAE SUPPRESSION

The characteristics of the suppression curves noted above were 
present in all the measurements made in the last chapter, at 
different levels, at different frequencies and in different 
ears. These characteristics were:

(i) The change of phase of the residual was given in the 
results shown in figure 8.1. It was small - less than plus or 
minus 45 degrees in all cases. Although the phase of the 
residual was not shown in figures 8.3, 8.4 & 8.5, it was
measured and found to lie within this small range. This
indicates that the suppression measured is mainly due to 
amplitude variations of the SFOAE.

(ii) Highest levels of suppression always occurred when the
stimulus and suppressor tones were of the same frequency and
the suppressor tone was at its highest level.

(iii) At suppressor tone frequencies less than the stimulus 
tone frequency the suppression was less than that when the
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suppressor and stimulus tone frequencies were equal, at all 
levels of suppressor tone.

(iv) At suppressor tone frequencies greater than the stimulus 
tone frequency the suppression was greater than that when the 
suppressor and stimulus tone frequencies were equal, at low 
levels of suppressor tone. When the suppression curves are 
presented in iso-stimulus form this results in the peak of 
residual level moving to higher frequencies at low levels of 
suppressor tone.
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9.2 A PHENOMENOLOGICAL MODEL OF SFOAE SUPPRESSION

In order to quantify the above statements concerning the 
amplitude of suppression of the SFOAE it was decided to fit 
the above data to a phenomenological model. The data in figure
8.1 was chosen to be fitted to the model because it has more 
data points and its generality has been shown in the previous 
chapter.

In order to fit a mathematically defined function to the iso
frequency curves shown in figure 8.1 the function f(x) should 
have the following characteristics:

(i) For large positive values of x (Level of F2-F1) the 
function should be asymptotic to a saturating value - ie. the 
gradient of the function should approach 0.

(ii) For large negative values of x the gradient of the 
function should be asymptotic to some limiting positive value.

(iii) The function should be smoothly matched between these 
limiting conditions.

An equation for the gradient of a function fulfilling the 
above conditions is given by:

f'(x) = 1/2.A - 1/2.A.tanh(A.x) (9.1)
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The integral of this yields an equation for the function;

f(x) = 1/2.(A.x-ln[2.cosh(A.x)]) + P (9.2)

Parameters can be added which allow the function to be fitted 
to the data:

f(x) = (1/[2.M]).(A.M.[C-x]+ln[2.cosh{A.M.(C-x)}]) + P
(9.3)

So that:

P - is the limiting saturation value of the function for large 
positive values of x.

A - is the limiting gradient of the function for large 
negative values of x.

C - is the position, in the x direction, of the 'corner' where 
the two asymptotes meet.

M - is the 'sharpness' of the corner where the two asymptotes 
meet.

These parameters are marked on an example of the function in 
figure 9.1 (a).

PhD thesis submitted February 1995 page 182



D.N.Brass SFOAEs and cochlea function

This function was fitted to each of the iso-frequency curves 
in figure 8.1. The best fit was achieved by varying the 
parameters, using an iterative process, to find the minimum of 
the sum of the squares of the differences. It was found that 
the parameters A and M were approximately constant, the values 
varying by less than +-25%. This implies that all of the 
curves can be matched by shifting a similar iso-frequency 
suppression curve in both horizontal and vertical directions. 
Thus the differences between curves can be defined by varying 
the parameters C and P only. These parameters define the 
position of the curve, P being the level of final suppression 
and C being the level of f2-fl at the 'corner' of the curve.

Figure 9.1 (b) shows the values of P and C that achieved the 
best fit to the iso-frequency curves when M = 0.07 and A = 
1.8. These values, of M and A, were the average of the values 
necessary to achieve best fits when all four parameters were 
varied. All the information about the amplitude of the iso
frequency residual curves in figure 8.1 is summarised in the 
two curves of figure 9.1 (b).
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Figure 9.1 The phenomenological model of SFOAE suppression.
(a) How the parameters P, C, M, & A define the shape of the 
curve chosen as a phenomenological model of the iso-frequency 
suppression curves. The curve is defined by the function:

f(x) = (1/[2.M]).(A.M.[C-x]+ln[2.cosh{A.M.(C-x)}]) + P

(b) The variation, with frequency of suppressor, of the 
parameters P and C to obtain the best least squares fit to the 
iso-frequency suppression amplitude curves presented in figure 
8 . 1 .
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9.2.1 Interpretation of the model parameters

The parameters P and C can be interpreted in terms of 
suppression of the SFOAE. P is the level of the maximum 
residual which can be obtained with a given frequency of 
suppressor tone. Thus P can be interpreted as the maximum 
level of suppression of the SFOAE with this suppressor tone. 
C gives the position of the iso-frequency curve 'corner'. This 
can be interpreted in terms of the ease of suppression of the 
SFOAE. The larger the value of C the higher level of 
suppressor tone is necessary in order to suppress the SFOAE a 
given proportion of the maximum residual level. Thus a large 
value of C implies that a given frequency of suppressor tone 
is less effective in suppressing an SFOAE than a smaller value 
of C.

The results shown in figure 9.1 (b) can now be examined using 
this interpretation of the parameters P and C. From the graph 
of P it can be seen that the maximum level of suppression of 
SFOAE is approximately constant for suppressor tones lower 
than the stimulus frequency. For suppressor tones higher than 
the stimulus frequency the maximum level of suppression falls. 

With a suppressor tone at or close to the stimulus frequency 
the curve is no longer smooth, with a peak when the 
frequencies are equal and a notch either side of this. From 
the graph of C it can be seen that the 'effectiveness' (as 
defined above) of the suppressor tone increases with
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frequency. At very low and very high frequencies of suppressor 
tone the change in the level of 'effectiveness' levels off. 
There is no pronounced lack off smoothness, around the point 
where the stimulus and suppressor frequencies are equal in the 
graph of C.

All of these observations, except for the lack of smoothness 
in the curve of P where the stimulus and suppressor tones are 
approximately equal, can be accounted for in the simple model 
of Kemp, Brass and Souter (1991). However, the lack of 
smoothness in the curve of P is defined by only three points, 
two of which (f1 :f2=1:1.05 and f1 :f2 = 1.05 :1) have not been 
proven to be general in this paper. However, further evidence 
for this feature in the suppression of SFOAEs is provided by 
the data shown in Kemp, Brass and Souter (1991). The iso
suppression curves shown in this paper clearly show small, but 
distinct, deviations from the trend at suppressor frequencies 
close to the stimulus frequency. If this is proven to be 
general, then this region is probably very important because 
it does contradict the results predicted by the simple model. 
More detailed examination of this region could lead to a 
greater understanding of the interaction of two travelling 
waves and thus the form of non-linearity in the inner ear 
mechanics.
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9.3 AN ESTIMATION OF THE TRAVELLING WAVE ENVELOPE SHAPE IN THE 
HUMAN COCHLEA

9.3.1 A method of predicting travelling wave envelope shape 
from SFOAE suppression data

In the simple model of Kemp, Brass and Souter (1991) it is 
evident that the maximum level of residual (P) for frequencies 
of suppressor tone at or lower than the stimulus tone 
frequency is both constant and equal to the level of SFOAE 
generated by stimulus tone. In other words the SFOAE can be 
completely suppressed by these frequencies of suppressor.

We can, further, make an assumption that most of the 
interaction, and thus suppression, occurs at the peak of the 
stimulus frequency travelling wave. This is because it is here 
that both travelling waves reach their maximum amplitude, 
within the region where suppression is possible. No 

interaction, and thus suppression, can occur when then 
stimulus travelling wave amplitude goes to zero, past its 
place.

If this is so then, for the same amount of suppression, a 
lower frequency suppressor needs to be N dB larger in 
amplitude than a suppressor tone equal in frequency to the 
stimulus. Assuming scaling symmetry and an approximately 
constant shape of the travelling wave over the range of
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suppressor tones used; then this N dB is approximately the 
difference between the level of the peak of the travelling 
wave of the suppressor tone and its level at the place of the 
stimulus tone. This is shown diagrammatically in figure 9.2 

(a) and (b).

This value of N equals the change in dB of the parameter C in 
our phenomenological model when a best fit is obtained to the 
iso-frequency suppressor curves whilst holding P constant at 
its largest value. Thus N is equal to Cq-C, where Cq is C when 

the suppressor and stimulus tone frequencies are equal, and C 
is measured with the suppressor tone at some lower frequency. 
By plotting N against the frequency of the suppressor tone we 
obtain an approximation to the amplitude of the travelling 
wave envelope of the suppressor tone at various frequencies at 
a fixed point on the cochlea partition (the stimulus tone 
place). Such a curve, from the data from figure 8.1, is 
plotted on figure 9.3 (a).

9.3.2 A travelling wave envelope shape estimated from the data 
shown in figure 8.1

Figure 9.3 (a) shows the frequency of the suppressor tone
plotted in units of octaves below the stimulus tone. This 
allows us to access the slopes of the curve in dB/octave. The 
slope of the travelling wave envelope away from the peak, 
where the travelling wave can be modelled as a non-dispersive
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wave, approaches 6dB/octave (Lighthill, 1990) . A line of this 
slope is drawn on the diagram. The estimated travelling wave 
envelope shape, from our data, is steeper than this even at 
its furthest from the peak, but as this is only 0.6 octaves 
below the peak this is reasonable. However, the travelling 
wave envelope is clearly becoming less steep as the frequency 

decreases. At the peak of the measured travelling wave 
envelope the slope is approaching 40dB/octave. However, as we 
have already seen the simple model of Kemp, Brass and Souter 
(1991) probably does not fully predict the behaviour of the 
suppression process when the stimulus and suppressor 
frequencies are very close. Thus the assumptions on which the 
process of estimating the amplitude of the travelling wave 
envelope, and hence the measurements themselves, are suspect 
in the area very close to the peak. In spite of this 
limitation the method remains interesting as a non-invasive 
method for estimating the shape of a travelling wave envelope.

9.3.3 Travelling wave envelope shape at different levels

Figure 9.3 (b) shows the estimates of the travelling wave
envelopes calculated from the data presented in figure 8.4, at 
levels from 20-60 dB SPL. All the shapes are shown normalised 
with the peak at OdB because the method does not allow the 
measurement of the absolute amplitude of the travelling wave 
envelope, just the shape. The curves show fewer data points 
than the curve shown in figure 9.3 (a),
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because the suppression curves were not measured to the same 
precision. Nevertheless, non-linearity, with the peak of the 
travelling wave envelope becoming much sharper at lower 
levels, is clearly shown.
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Figure 9.2 How measurements of the suppression of a stimulus 
tone can be used to calculate the shape of the travelling wave 
envelope. In (a) the stimulus and suppressor tones have the 
same frequency. The suppressor tone suppresses the stimulus 
tone by a given amount approximately determined by the 

amplitude of the suppressor tone travelling wave at the 
stimulus tone place. In (b) the stimulus is suppressed by a 
lower frequency suppressor tone, with a lower frequency 
suppressor tone. In order to obtain the same amplitude of 
suppressor, and thus the same amount of suppression, at the 
stimulus tone place the suppressor tone is required to be 

increased by N dB, from its level in the situation shown in
(a). N is the difference between the peak level of the 
suppressor tone travelling wave envelope and its value at the 
stimulus tone place. By finding N all along the suppressor 
travelling wave envelope its shape can be determined.
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Figure 9.3 Travelling wave envelope shapes estimated from 

SFOAE suppression data.
(a) The estimated relative amplitude of the travelling wave 
envelope, plotted against frequency in octaves, at the 
stimulus tone place at 1599Hz, in the ear DB left. The 
measurements of N, the travelling wave amplitude, were made 
using the method described in the text from the data shown in 
figure 8.1. The stimulus tone level was 40dB SPL.
(b) The relative amplitude of the travelling wave envelope 
measured at the 1599Hz place in ear DB. left with stimulus 
tone levels of 20 - 50 dB SPL. These curves were calculated 
from the data shown in figure 8.3.
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9.4 CONCLUSIONS

(i) A phenomenological model of SFOAE suppression was devised. 
This model allows the suppression data to be described as two 
meaningful parameters, plotted against suppressor tone 
frequency. One of the parameters describes the maximum level 
of suppression and the other the 'effectiveness' of 
suppression by a particular frequency of suppressor tone.

(ii) The SFOAE suppression results presented in chapter 8 were 
interpreted in terms of the simple concept of SFOAE 
suppression presented by Kemp, Brass and Souter (1991). I used 
this concept in order to determine a shape for the rising part 
of the travelling wave within the human cochlea, from the 
results of the suppression measurements. I presented estimates 
of the shape of the peak of the travelling wave at various 
levels. These analyses demonstrated that the shape of the peak 
of the travelling wave demonstrates non-linearity, becoming 
much sharper at lower levels.
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10. TOWARDS AN IMPROVED MODEL

O F S F O A E  S U P P R E S S I O N

BEHAVIOUR

10.1 THE NEED FOR A IMPROVED MODEL

In chapter 3 a simple, heuristic model of SFOAE suppression, 
first proposed by Kemp, Brass and Souter (1991), was 
discussed. The model illustrates how the spatial distribution 
of the suppression of non-linear active generators along the 
cochlea partition can give rise to some of the features of the 
suppression of SFOAEs that was measured in human ears. In 
particular it illustrates why the suppression is asymmetrical 
with respect to suppressor frequency to stimulus frequency 
ratio.

However, this simple model makes too many assumptions to be 
considered as a convincing explanation for all of the features 
of SFOAE suppression. For instance:

(i) The model assumes that the largest signal at a point along 
the cochlea duct completely suppresses the output of the non
linear element in response to a smaller signal. This is not
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true of any realistic non-linearity. For instance, for a 
generalised instantaneous non-linearity, the smaller signal 
will always be present in the output no matter how large the 
larger signal or how severe the non-linearity.

(ii) The level of the output of each non-linear element is 
determined only by the presence or absence of an input signal. 
In other words the non-linearity is assumed to be a zero 
crossing detector the output of which is either completely 
'switched off, or else 'switched on' at a constant level of 
output irrespective of the level of input signal.

(iii) The contribution of the output of a non-linear generator 
makes an equal contribution to the level of the SFOAE 
independent of its position along the cochlea duct.

(iv) The envelope shapes of the stimulus and suppression tones 
along the cochlea duct are the same whether or not the tones 
are presented alone or simultaneously. In a real distributed 
non-linear system, when the two tones are presented together 
they will mutually suppress one ,another resulting in different 
envelope shapes.
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10.2 A SINGLE FREQUENCY ENERGY FLOW MODEL

In order to further develop our model of the suppression 
process a more realistic formulation is presented below which 
avoids the above assumptions. The formulation of the improved 
model 1 present here does not attempt to describe the exact 
mechanical processes by which vibration patterns arise along 
the cochlea duct but instead simply describes the pattern of 
energy flow along the duct.

10.2.1 Undamped case

To illustrate this approach, let us consider the case of a 
travelling wave propagating through an undamped, passive 
cochlea duct. The dimension x gives the distance along the 
cochlea duct. In such a system the power flowing through any 
cross section, defined as a plane perpendicular and passing 
through x, is constant with changing x. The energy per unit 
length at x is given by:

Ex = W/U, (10.1)

Where, W is the power at the input, where x=0, or indeed at 
any other value of x, and is the group velocity at x.

Thus, W is the energy per unit time and E is the energy per 
unit length. The two are related by the group velocity. Group
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velocity is the speed at which energy travels in a travelling 
wave system and is given by:

Ux =  6 w / # k %  ( 1 0 . 2 )

Where, w is the angular frequency equal to 27rf, where f is 
input frequency, is the wave-number at x, defined as -dB/d'n,
9 is the phase of the response.

The transverse cochlea partition velocity amplitude is then 
given by:

V; = w.(E,/S,)'̂  (10.3)

Where is the stiffness/unit length of the cochlea partition 
at X.  Thus, it can be seen that the transverse cochlea 
partition velocity amplitude at any point along the cochlea 
duct can be derived from knowledge of the input power, the 
variation of group velocity with x, and the variation of 
partition stiffness with x.

For computational purposes the cochlea duct is divided into 

many small elements of length dx. Ê +dx/ the energy per unit 
length in an element can be approximately found from the 
following expression, involving the preceding element E%:

•'x +  dx (U«/U,+dJ .E, (10.4)
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Thus, the energy per unit length, and hence the amplitude of 
transverse cochlea partition velocity, can be found by 
stepping along the x direction and applying expressions 10.3 
and 10.4 repeatedly.

10.2.2 Introducing damping to the model

We can introduce damping to such a model in the following way.
A damping constant D is defined as the proportional loss of 
energy per unit time, ie:

AE/E = D.dx/U (10.5)

Where AE is the loss of energy per unit length in distance dx.
Including this damping factor expression 10.4 becomes:

Ex+dx - (Ux/U,+,J .EXl-D.dx/UJ (10.6)

10.2.3 Introducing active elements to the model

As well as damping, we can place non-linear power generators 
along the cochlea partition in order to simulate the active 
energy generated by the outer hair cells. These generators are 
assumed to add power per unit length into the vibrational 
system as a non-linear function of the transverse cochlea 
partition velocity amplitude, V. The additional energy per 
unit length added by such an active generator is given below:

PhD thesis submitted February 1995 page 198



D.N.Brass SFOAEs and cochlea function

E a c i i v c  = W,(VJ .dx/u, (10.7)

Where W„(V) is the non-linear function giving the amount of 

power generated in response to a given cochlea transverse 
velocity amplitude.

It can be seen that expression 10.7 is not consistent with 
simplification (iii) above, made in formulating the simple, 
heuristic model. If group velocity varies along the cochlea 
duct then the contribution of the active generators to the 
total energy will also vary. In particular, the group velocity 
falls dramatically as the in vacuo resonance place, for any 
particular frequency, is reached. The in vacuo resonance 
place, for a given input frequency f, is the place when then 
stiffness per unit length (SJ and the mass per unit length 
(MJ , are such that:

f = (1/27T) . (10.8)

In most cochlea models this is the place just after the 
characteristic place, at which the phase of the cochlea 
partition transverse velocity response stops decreasing 
dramatically and becomes a plateau. [See, for instance, the 
model of Steele and Taber (1979)]. This means that even if the 
active generators produced equal amounts of power per unit 
length all along the cochlea duct, that those closest to the
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in vacuo resonance would contribute much more energy to the 
travelling wave than those much more basal.

This can be visualised in terms of the travelling wave slowing 
down as the in vacuo resonance is approached. This means that 
a 'packet' of travelling wave spends more time passing an 
active element close to the in vacuo resonance than one more 
basal. Thus, if both add equal power (or energy per unit time) 
the element close to the in vacuo resonance will add more 
energy to the 'packet' of travelling wave.

Taking into account the active power generators expression 
10.6 now becomes:

Ex+dx - .E,(l-D.dx/UJ +W,(VJ.dx/U, (10.9)

10.2.4 Choice of parameters

A problem remains: what form should the functions Û , and 

Wa(Vx) be, in order that the model provides a reasonable 

approximation to the energy flow in a real cochlea?

I have elected to use the value of predicted by the WKB 

approximation to the 2D model of Steele and Taber (1979). I 
used their parameters of partition impedance, excepting 
damping which was set to zero, in order to find the group 
velocity as a function of distance for one frequency. We can
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then find group velocity for any other frequency by simply 
scaling these values. Inspecting the curves of transverse 
cochlea partition velocity amplitude against distance along 
the cochlea duct which they present, it can be seen that the 
curve for any frequency is approximately a copy of any curve 
at another frequency shifted along the distance axis. This 
allows us to approximately express group velocity in terms of 
only one variable T given by:

T = f/fe(x) (10.10)

Where: f is the frequency under consideration; and, f̂ fx) is 

the characteristic, or peak amplitude frequency, of x. Thus, 
we can use group velocity expressed in terms of T to find 

at any frequency.

I also use the value of used by Steele and Taber (1979), 

because this was the value used to derive Û . This gives a 

logarithmic frequency/place map with a scale of 6.93 
mm/octave. The cochlea duct is 35mm in length giving in vacuo 
resonances from 12995Hz at the basal end to 392 .4Hz at the 
apical end.

10.2.5 The active elements

The results of Johnstone, Putuzzi and Yates (1986) suggest 
that the non linear active generator transfer function, W(V),
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should have a saturating form. I chose to use an approximation 
to an instantaneous transfer function of a linear/saturating 
form given below:

W(V) = Amp(%S,. (F(d) )̂ ) (10.11)

Where: Amp(f(x)) is the amplitude of the function f(x); d is 
the instantaneous transverse cochlea partition displacement, 
which for simple harmonic motion is of amplitude V/w with a 
77-/2 phase shift relative to v; and, v is the instantaneous 
cochlea partition transverse velocity.

F(d) is a function given by:

F(d) = (F^yd^).d if < d < d̂ , (10.12)
F(d) = F,,i if d > d,,i

F(d) = -F,,, if d < -d,.

It is shown below that this is equivalent to saying that the
active element causes an extra displacement of the cochlea
partition, Ad oc F(d)-/d, in response to displacements of the 

cochlea partition. This extra displacement is linearly related 
to the displacement between -d,,„ and d,,„ but is inversely 

related to the displacement beyond these displacements. Thus:

Ad oc (F,,;/d,,j\d if -d,„ < d < d,,, (10.13)

Ad oc F,„-/d if d > d̂ ,
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Ad oc F j / d  if d < d,,.

We can write the total energy, E, stored in the spring of 
stiffness Ŝ , subject to displacement d and additional 

displacement Ad:

E = %S.(d+Ad)2 (10.14)

Neglecting the Ad^ terms:

E = %S.d2 + S.Ad.d (10.15)
= E + AE

Where :

E = î̂ S.d- and, (10.16)
AE = S.Ad.d

Ad is as defined in the expression 10.13, above. The 
additional energy AE, given by the extra displacement Ad, 
saturates when d > d̂ t̂ or d < d̂ t̂.

Figure 10.1 shows the amplitude of the output of the function 
F(d) in response to a simple harmonic input at the frequency 

of the input. This is the amplitude transfer function at the 
fundamental frequency for a simple harmonic input to F(d).
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Obviously, any input with peak amplitude above will give 

rise to outputs at other harmonically related frequencies. As 
a simplification of the model I am choosing to ignore the 
effect of these harmonic components. The justification of this 
is as follows: Most of the energy contributed by the active 
elements is produced close to the characteristic place. Thus 
for a given frequency all significant energy at the harmonic 
frequencies is produced past their characteristic places. 
Hence, these frequencies cannot efficiently propagate and are 
rapidly attenuated. On this basis I shall discount their 
contribution to the energy flow in the cochlea duct.

If we make this assumption then the curve of figure 10.1 
completely describes the effect of F(d) in frequency space. I 
shall further simplify the transfer function by making a 
piece-wise linear approximation to this amplitude transfer 
function. This is also shown superimposed upon the curve in 
figure 10.1. By making these two approximations we can obtain 
an approximation to (V) in frequency space, which much 

simplifies the implementation of the model.
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Figure 10.1 Characteristics of the non-linear active elements. 
The amplitude of the fundamental output from a saturating non- 
linearity (as described in the text) in response to a single 
tone input of varying level. The saturation level of the input 
tone (dsni) is equal to the peak amplitude of a tone with an 

amplitude of OdB. The level of the output is expressed in dB 
relative to Both the actual output, calculated from the

non-linearity, and the piece-wise linear approximation used in 
our model of SFOAE suppression are shown.
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10.2.6 The filtering of the active elements

As discussed earlier the contribution of the active elements 
increases as the group velocity falls rapidly, when the in 
vacuo resonance is approached. If we used our approximation to 
the simple instantaneous form of W^V) given in expression 

10.10 in the model we find that the amplitude does not fall to 
zero at the in vacuo resonance but instead tends towards some 
finite value. If we examine expression 10.9, as falls 
towards zero: although the travelling energy wave is being
dissipated at an increasing rate by the damping, the energy is 
also being added to at an increasing rate by the active 
elements.

In the real cochlea the cochlea partition transverse velocity 
amplitude and hence the travelling wave energy is reduced 
dramatically just before the in vacuo resonance. In order to 
better model the cochlea some method of either reducing the 
travelling wave energy or reducing the contribution of the 
active elements must be introduced in this region.

In the real cochlea this could take the form of some sort of 
filter governing the contribution of the active elements (as 
proposed in the model of Neely (1983)) or a time delay between 
input and output of the elements (as proposed by Geisler & 
Shan (1991)) . Other possible processes include the transfer of 
energy to another mode by, for instance, the resonance of the
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tectorial membrane or some form of wave length dependant non
linear damping along the cochlea partition.

It is outside the scope of this simple model to explore these 
possible mechanisms so a purely arbitrary attenuation of the 
contribution of the active elements was used. In our model we 
reduce the contribution by the active elements to the energy 
per unit length beyond a certain distance from the in vacuo 
resonance by a power function. If W.,"(V) is the active power 

given by expression 10.9 then the output of the active 
elements W.,(V) is given by:

W„(VJ = W.»(VJ if X < X.-X. (10.16)
W,(VJ = W,“(VJ . [(X,-x)/XJ^ if X.-X. < X < X,

W,(VJ = 0  if X > X,

Where is the distance, before the characteristic place X^, 
over which the contribution of the active elements is 
attenuated.

10.2.7 Demonstration of the model

We can now use this model, as it stands, to produce realistic 
cochlea response envelopes. Figure 10.2 shows transverse 
cochlea partition velocity amplitudes along the cochlea duct 
at various levels produced using the model. Bearing in mind 
the simple frequency to place transformation implied by
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equation 10.10 these curves compare favourably with the real 
data presented by Johnstone et al. (1986) .

Figure 10.2 shows the active responses derived using 
expression 10.9 together with the passive, damped, linear 
response derived using expression 10.6. The active generators 
were set to saturate at a level of 7OdB on the y scale. The 
passive, linear responses to the various levels of inputs are 
simply copies of one another scaled in amplitude. The addition 
of saturating active generators, however, makes the response 
envelopes different from one another.

The response to the 80 dB input is very close to the passive 
response for that level of input. As the input level decreases 
the response peak becomes sharper tuned, of a higher relative 
level and moves forward towards the in vacuo resonance. This 
is because, although the absolute level of addition energy 
from the active generators is higher with an input level of 
80dB, the ratio of additional energy to input energy is higher 
as the input level decreases. Thus, when the model outputs are 
expressed on a dB scale, the 'gain' between the active and 
passive responses is less at higher input levels.
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Figure 10.2 The transverse cochlea partition velocity 
amplitude predicted by our model. The cochlea partition 
transverse velocity amplitude is plotted, against the length 
along the cochlea partition, for a single tone input of 
various levels. The figure shows both the passive, linear 
response of the model without active generators and the 
active, non-linear response of the model with the addition of 
active generators along the cochlea partition.
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10.2.8 The active elements as negative damping

In fact, the contribution of the active generators can be 
thought of as non-linear negative damping. Examination of 
expression 10.9 reveals that the damping and the contribution 
from the active generators can be treated equivalently. The 
function (V) can be expressed as a function of energy per 
unit length W/(E), because transverse cochlea partition 
velocity amplitude is related to energy per unit length by 
equation 10.3. Expression 10.9 can then be written:

Ex+dx « (Ux/U,+,J .E, + [W/(EJ - (U,/U,+dx) .D.EJ.dx/U, (10.17)

The damping and the undamping, due to the active generators, 
are both functions of energy per unit length. If dx is small 
and U varies smoothly with x, expression 10.17 can be written:

Ex+dx ^ (Ux/U,+,J .E, + [W;(EJ - D^(EJ].dx/U, (10.18)

So that D^(EJ is the damping term and W^(E%) is the undamping 
term.

Figure 10.2 also shows that, as was suggested before, most of 
the contribution to the vibrational energy of the travelling 
wave by the active elements occurs just before the peak of the 
cochlea partition transverse velocity amplitude. In this case
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the active and passive envelopes only start to markedly differ 
from one another in about the last 6mm before the peak.

10.2.9 An approximation to the level of SFOAEs generated by 
the model

So far I have only considered the apical travel of energy 
along the cochlea partition. In order to model the production 
of SFOAEs the energy travelling in the basalward direction 
must be considered. This is the energy which will travel out 
of the basal end of the cochlea and can be detected as an CAE 
via the middle ear. The source of this basalward travelling 
energy will be mostly from the active generators which will, 
by default, provide a source of energy travelling in both the 
apical and basal directions. The basalward travelling waves 
will partly cancel one another due to their different phases 
with respect to one another and to the apically travelling 
wave itself with which they will tend to produce standing wave 
patterns.

It is beyond the scope of this simple unidirectional model to 
predict the exact proportion of the generated energy which 
will be re-emitted at the basal end of the cochlea. I shall 
just assume that the size of the SFOAE is proportional to 
total power generated by all the active elements that are 
'stimulated' by the input.
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This assumption will certainly give the required saturating 
SFOAE output with increasing stimulus intensity noted by Brass 
and Kemp (1991), among others. This is because as input level 
is increased more and more generators will saturate so that 
after a certain level no more SFOAE can be generated. Below a 
certain level of input the SFOAE will be linear because no 
generators are saturating and all are thus producing a linear 
output. This fits with the measurements of Zwicker and Schloth 
(1984) who measured such a linear growth in human subjects at 
low levels of stimulus (<20dB SPL).

A 'SFOAE' growth curve derived from the model envelopes of 
figure 10.2 is shown in figure 10.3. The level of 'SFOAE' 
shown in this figure is simply the total level of power added 
by the active elements along the travelling wave. It can be 
seen that the response is linear at low levels of response and 
becomes saturated at high levels.
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Figure 10.3 The level of SFOAE predicted by the model with 
various levels of input stimuli. SFOAE levels are shown on an 
arbitrary scale. Stimulus levels are the same as those shown 
on figure 10.2.
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10.2.10 Modelling SFOAE suppression

In this model, suppression of the SFOAE would be analogous to 
reducing the power output of some, or all, of the non-linear 
active generators at the frequency of the stimulus. It was 
shown in chapter 3 than the introduction of a second tone to 
a compressive non-linearity will tend to reduce, or suppress, 
the output from the non-linearity at the frequency of a first 
tone.

The active generators in our model have such a compressive 
non-linearity. Thus, the presence of a second travelling wave 
on the cochlea partition will reduce the output of the active 
generators at the stimulus frequency, and thus the level of 
SFOAE predicted. By finding the difference between the level 
of SFOAE predicted by the model in the presence of a second 
tone and, the level predicted in the absence of a second tone, 
a quantitative measure of SFOAE suppression can be found.
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10.3 A MULTIPLE FREQUENCY ENERGY FLOW MODEL

The model, characterised by expression 10.9 is, because of the 
simplifications made concerning the non linearity, a single 
frequency model. In order to find the suppressive effect of a 
second tone a multiple frequency model is required.

10.3.1 Extension of the model to multiple single frequency 
inputs

Expression 10.9 gives the energy per unit length at a single 
frequency. Because only the P(V) term is non-linear this is 
the only term in which energy can be exchanged between 
frequencies if we extend the model to many frequencies. Thus 
the N frequency model can be written as N equations:

E'.+dx « (U\/U\+^).E\(1-D.dx/U\) + W/(V,).dx/U\ (10.19)
“ (Û /U\+dx) .E\(l-D.dx/U\) + W/(VJ .dx/U\

E\+dx = (U"x/U\+dx) .E"x(l-D.dx/U"J + W„"(V,) .dx/U\ 

etc...

Where: E.,‘\ U" and W,,” are the energy per unit length, group 

velocity and, power per unit length generated by the active 
elements at frequency n; and, is the sum of all the

velocities from all the frequency components at distance x.
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In general, with two single frequency inputs, an instantaneous 
non-linearity will generate an infinite series of sidebands, 
or distortion products, of frequencies of the form 
(N.F1+M.F2), where FI and F2 are the input frequencies and, N 
and M are integers. Recombination of these components through 
successive non-linearities will in general result in a series 
of components at further different frequencies.

For instance, for two tones with frequencies fl=31Hz and 
f2=41Hz will result in many combination tones, including a 
3fl-2f2 tone at llHz and a f2-fl tone at lOHz. Passing these 
two combination tones through a further non-linearity will 
potentially give combination tones at each and every IHz 
interval. Thus, in order to model the situation resulting from 
the input of two frequencies, in general the propagation of 
energy at all frequencies must be considered.

In order to simplify the implementation of our model 1 shall 
consider only the flow of energy at the two fundamental 
frequencies, discounting the effect of side band energy. Our 

justification, for this rather gross assumption, is that 
measurements of CAEs indicate that the power of the distortion 
components is considerably less than that of the SFOAEs (Brass 
and Kemp (1991)) . This implies that the suppression effects of 
distortion components will be less than that of the 
fundamental frequencies.
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10.3.2 The active elements with two different frequency inputs

This simplification allows us to consider the suppression of, 
say, fl only in terms of the levels of fl and f2. This allows 
us to produce a measure of the output of the non-linearity 
purely in the frequency domain, as before with the single 
frequency case. As our active generator non-linearity I shall 
use an instantaneous non linearity of the form given in 
expression 10.11.

Figure 10.4 (a) shows the variation of the level of the fl
component at the output of the function F(d) with varying 
levels of input at the fl frequency, in the presence of 
various levels of input of the f2 frequency. It can be seen 
that increasing the levels of the f2 component have the effect 
of attenuating the output at the fl frequency.

I shall further simplify this amplitude transfer function by 
making another piece-wise linear approximation. The effect of 
the second component, F2, is characterised as follows: If F°(V) 

is the amplitude transfer function of the Fl component in the 
absence of the F2 component, then the level of the Fl 
component in the presence of the F2 component is given by:

F(F1,F2) = F“{F1) if F2 < (10.20)
F(F1,F2) = F"(F1) .d,„/F2 if F2 > d,„
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Where Fl and F2 are the levels of the Fl and F2 components, 
respectively. The output of this piece-wise linear 
approximation is shown in figure 10.4 (b), in the same form as 
the real amplitude transfer function is shown in figure 10.4
(a) .

PhD thesis submitted February 1995 page 218



D.N.Brass SFOAEs and cochlea function

Figure 10.4 The response of the non-linear elements to two 
tone stimulation.
(a) The amplitude of one fundamental from a saturating non- 
linearity with two single tone inputs. The form of the non- 
linearity is exactly as for figure 10.1. The output of the 
first fundamental is shown, against the input level of the 
first tone, for various levels of input of the second tone.
(b) A piece-wise linear approximation of the response of the 
saturating non-linearity to two tones shown in (a). This 
approximation was used in our model, as the active generator, 
in order to produce the SFOAE suppression results shown in 
figure 10.5.
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10.3.3 The SFOAE suppression curves predicted by the model

Our model has now been sufficiently developed to allow us to 
predict the levels of suppression of the SFOAE with various 
levels of input and frequency ratio of the stimulus and 

suppressor tones.

Figure 10.5 (a) & (b) show iso-frequency and iso-stimulus
SFOAE suppression curves derived from the results of the 
model. It can be seen that all the features of the real SFOAE 
suppression curves noted above are present in the SFOAE 
suppression curves predicted by the model.

Figure 10.5 (c) & (d) show the values of C and P, parameters 
of the phenomenological model, detailed in chapter 9, derived 
from the predictions of the model. Comparing these results 
with those derived from a real human ear, shown in figure 9.1
(b) , it can be seen that the form of variation of these 
parameters is similar in both the model and the real ear. 
Comparing the form of variation of parameter P, the maximum 
level of suppression: in both cases it shows a fairly constant 
level at frequency ratios below 1:1 and falls off above this 
ratio. Comparing the form of variation of c, a measure of ease 
of suppression: in both cases the value of c falls with
increasing frequency ratio, the steepest fall being around the 
ratio 1:1.
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Figure 10.5 SFOAE suppression predicted by the model.
(a) & (b) show iso-frequency and iso-stimulus suppression
curves for the suppression of SFOAEs predicted by the model. 
The residual level is shown, in dB, relative to its maximum. 
Otherwise, the suppression curves are presented in the same 
form as those in figures 8.3, 8.4 & 8.5.
(c) & (d) show the results shown in (a) & (b) expressed as the 
parameters 'P' and ' C  of the phenomenological model described 
in chapter 9. The results may be directly compared with those 
shown in figure 9.1 (b).
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10.3.4 Validation of the travelling wave envelope shape 
estimation technique using the model

In chapter 9 I used a simplification of the suppression 
process in order to derive a technique for estimating the peak 
of the travelling wave envelope shape in the human cochlea 
from the SFOAE suppression data. Applying this technique to 
our model will allow us check the validity of this 
simplification.

Figure 10.6 shows the shape of the peak of the travelling wave 
envelope shape predicted using this technique on our model, 
together with the actual travelling wave envelope shape 
predicted by the model. The predicted envelope shape is 
similar to the actual envelope shape, the two differing by no 
more than 2 dB.
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Figure 10.6 The shape of estimated transverse cochlea 
partition velocity amplitude envelope, obtained from the SFOAE 
suppression results from the model, compared with actual 
envelope of the travelling wave, in the model. The curve was 
predicted from the SFOAE suppression results using the method 
employed to obtain the results shown in figure 9.3 (a) & (b) .
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10.4 SUMMARY AND DISCUSSION OF THE MODEL

A quantitative model was produced in order to overcome some of 
the shortcomings of the simple, heuristic model illustrated in 
figure 3.1. The model utilised a two dimensional model of the 
energy flow in the travelling wave along the cochlea, with 
additional energy being added from active generators along the 
length of the partition.

From the results presented above it , can be seen that the 
quantitative model presented above predicts SFOAE suppression 
results having a similar form to those produced in a real ear. 
This is in spite of several, rather gross, assumptions made 
during its formulation. These were:

(i) The active generator non-linearity was arbitrarily assumed 
to be a piecewise approximation to a simple saturating system.

(ii) The necessary mechanism to 'turn off' the active 
generators, close to the characteristic place, was arbitrarily 
assumed to be an inverse power function.

(iii) The energy generated by the active generators in the 
form of harmonics and sidebands was ignored in the model.
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(iv) Energy was not allowed to propagate backwards in the 
model. Thus no SFOAE was produced. Instead, a measure of SFOAE 
was taken as the total energy produced by the active 
generators in response to the stimuli.

Of these assumptions, (i) and (ii) were arbitrarily chosen 
because of the lack of information as to the real form of 
these functions. Assumptions (iii) and (iv) were made in order 
to simplify the mathematical formulation of the model and 
preserve the intuitive aspects lent to the model by the use of 
the concepts of energy flow in its formulation.

However, the author feels that this quantitative model, even 
in its present simplified form, confirms the validity of the 
mechanisms of suppression illustrated by the simple, heuristic 
model illustrated in figure 3.1.
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11. SUMMARY AND CONCLUSIONS

11.1 SUMMARY OF THIS THESIS

(i) Stimulus frequency otoacoustic emissions were studied 
because the stimulus necessary to evoke an SFOAE is a steady 
state single frequency tone. This is the stimulus condition 
that has most often been used in both direct mechanical 
measurements and semi-analytic models of the cochlea. Hence, 
SFOAEs can be more easily related to the present knowledge and 
insights of cochlea mechanics than can other types of OAEs.

(ii) A method of measurement of SFOAEs was examined in detail. 
The equipment necessary to implement this method was 
described.

(iii) The results of the measurements were demonstrated to be 
SFOAEs by measuring the form of their non-linearities, their 
latencies and frequency dependence. These parameters were 
shown to be similar to those of TEOAE measurements made in the 
same ears.

(iv) It was shown that the suppression of an SFOAE by another 
tone could be measured by a modification of the measurement 
technique. This suppressed part of the SFOAE can be considered 
to be a zero order distortion product. Other distortion
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products can also be measured using this technique. It was 
shown how all of the OAE energy, of zero order and other 
distortion products, that is evoked by two tones can be 
measured.

(v) The variation of SFOAE suppression with the frequency and 
level of the suppressing tone were measured. It was shown that 
the suppression was asymmetrical with respect to suppressor 
frequency. Low level high frequency suppressors suppressed the 
SFOAE more than low level low frequency suppressors. This 
effect was measured at a range of levels and frequencies and 
in different ears.

(vi) A phenomenological model of the SFOAE suppression was 
devised. In this model the variation of two meaningful 
parameters with frequency of suppressor described the 
suppression of a SFOAE. It was shown how one of these 
parameters could be used to predict the shape of the envelope 
of the stimulus frequency tone.

(vii) A simple cochlea model based upon energy flow with 
saturating active elements was devised. It was shown that this 
model predicted SFOAE suppression with all of the 
characteristics of SFOAE suppression measured in real ears.
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11.2 CONCLUDING REMARKS

This thesis represents a first stage in relating together the 
results of OAE measurements with the present body of knowledge 
concerning cochlea mechanics. This work is important since, at 
present, OAEs are the only mechanical measurements that can be 
made in human cochleas in vivo.

The simple model presented in chapter 10 is based upon a 
generalised view of the mechanics of the cochlea. Parameters 
of the model were chosen arbitrarily in order to make the 
model exhibit the measured characteristics of SFOAE 
suppression. The possibility exists of a 'reverse modelling' 
process being used to measure the actual values of these 
parameters in the human cochlea. By reverse modelling I mean 
the transformation of SFOAE measurements to give the values of 
some of the parameters in a generalised model. In particular 
it may be possible to measure some of the characteristics of 
the active elements by the use of SFOAE measurements.
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