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This paper presents a new model that describes the physical phenomena occurring in an individual
Outer Hair Cell (OHC) in the human hearing organ (Cochlea). The new model employs the concept of
parametric amplification and piezoelectricity. As a consequence, the proposed model may explain in a
natural way many as yet unresolved problems about the mechanisms of: 1) power amplification, 2) non-
linearity, 3) fine tuning, or 4) high sensitivity that take place in the human hearing organ. Mathematical
analysis of the model is performed. The equivalent electrical circuits of an individual OHC are established.
The high selectivity of the OHC parametric amplifier is analyzed by solving the resulting Mathieu and
Ince differential equations. An analytical formula for the power gain in the OHC’s parametric amplifier
has been developed. The proposed model has direct physical interpretation and all its elements have
their physical counterparts in the actual structure of the cochlea. The numerical values of the individual
elements of the electrical equivalent circuits are consistent with the experimental physiological data. It
is anticipated that the proposed new model may contribute in future improvements of human cochlear
implants as well as in development of new digital audio standards.
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1. Introduction

Understanding of the human hearing process is of
fundamental importance in speech and audio acoustics
as well as in medicine and biology. In fact, all mod-
ern MPEG digital audio codecs exploit heavily psycho-
physical properties of the human hearing organ, such
as tone masking, nonlinearity, etc. On the other hand,
cochlear implants are often only one alternative for
peoples with severely impaired hearing capabilities.

A very important role in the human auditory mech-
anism play electric and electromechanical phenomena
occurring in the cochlea. Electromechanical phenom-
ena taking place in the human hearing organ (the
cochlea) are still a fascinating and unsolved mystery
(L1AO et al., 2007; MAOILEIDIGH, JULICHER, 2010;
EL1OT, SHERA, 2012). In particular, the mechanism
of active power amplification and a mechanism that
sharpens the output amplitude frequency characteris-
tics, which provides selectivity, are not known.

For a long time it was believed that cochlea is a
passive structure. Gold was the first who concluded
the necessity of existence of an active process of power
amplification in the cochlea (GOLD, 1948). The pres-
ence of power gain can explain remarkable properties

of cochlea, such as its frequency selectivity, high sensi-
tivity and nonlinear behavior.

The most important processes determining the se-
lectivity and sensitivity of the human hearing organ
occur in the inner ear, namely in the organ of Corti.
A key role is played by the cochlear amplifier. It con-
sists of about 20,000 outer hair cells (OHC), located
between the basilar membrane (BM) and the tectorial
membrane (TM). The outer hair cells (OHCs) are the
electro-mechanosensory cells in the cochlea. They are
considered to be critically important and responsible
for the amplifying and sharp frequency sensitivity of
the human ear (DIMITRIADIS, 1999).

In the outer hair cells (OHCs) mechanical signals
are transformed into electrical signals, and conversely,
electrical signals are converted into mechanical ones
(simple and inverse piezoelectric effect).

Objective of the paper

The main scientific objective of the paper is devel-
opment of a new mathematical and electro-mechanical
model of the physical phenomena occurring in a sin-
gle OHC (Outer Hair Cell). The mechanism of phys-
ical phenomena that take place in a single OHC is
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still not fully understood and described, even though
it was, and is the subject of an intense research
in many renowned scientific institutions worldwide.
Among others, it is also not known as yet, the role
of individual components occurring in a single OHC,
such as e.g., the nonlinear capacitance.

The existing models describing the operation of a
single OHC are incomplete and do not exactly cor-
respond to physical phenomena occurring in a sin-
gle OHC (L1u, NEELY, 2009; COHEN, FURST, 2004;
MOUNTAIN, HUBBARD, 1994; DE BOER, 1995). In fact,
there are a few models describing the phenomenon of
power amplification . However, these models are phe-
nomenological in nature and to large extend specula-
tive (SHERA, 2007).

In this paper the author presents a new physical
model for outer hair cells (OHCs) in the cochlea, which
are represented by hollow piezoelectric cylinders with
nonlinear mechanical and electrical properties.

A key element of the proposed model is the para-
metric amplifier composed of a nonlinear capacitance
and other physical elements that are components of a
single OHC.

The author proposes a new theory of power ampli-
fication in the outer hair cells (OHCs) embedded in the
cochlea using (known in electronics and physics) con-
cept of parametric amplification (LOUISELL, 1960). In
fact, the nonlinear capacitance that occurs between the
inner and outer surfaces of the OHC constitutes a non-
linear reactive element of the proposed parametric am-
plifier. This nonlinear capacitance is a crucial element
of the proposed OHC’s parametric amplifier model.

In the present work the author provides the theory
of power gain and selectivity (sharpness of frequency
characteristics) that occur in a single OHC treated as
a parametric amplifier. A quantitative analysis of the
processes of power amplification and selectivity, which
occur in the parametric amplifier based on a single
OHC, was carried out. The proposed new model of
operation of an individual OHC, compared to so far
existing models, is entirely original.

Properties of the model

The proposed model has direct physical interpre-
tation and is not only a mathematical formalism. All
elements of the OHC’s model have their counterparts
in the real structure of the cochlea. Physical explana-
tion of the role that play the individual components of
a single OHC, including the role that plays nonlinear
capacitance, is given.

The developed parametric amplification model may
describe in a natural way the following effects and phe-
nomena occurring in the human cochlea:

1) how mechanical signals are transformed into electri-
cal signals and wvice versa (direct and inverse piezo-
electric effect),

2) how power amplification phenomenon occurs in an
input electromechanical amplifier, by the operation
of the input electromechanical transistor,

3) in which manner, sharpening of the output charac-
teristics and power amplification due to parametric
amplifier operation takes place,

4) how operates the input electroacoustic transducer
(electromechanical transistor or electromechanical
control element). Operation of the electromechani-
cal transistor will be the subject of the next publi-
cation.

State of the art

Cochlear modeling has a long tradition, beginning
with Helmholtz in 1863, who was the first to elabo-
rate an anatomically motivated cochlear model (the
so-called resonance tonotopic model) (HELMHOLTZ,
1954). The essentials of this model were confirmed by
von Bekesy’s physiological measurements performed
some half a century later (1928). He observed trav-
eling acoustic waves along the cochlear basilar mem-
brane (VON BEKESY, 1960). Von Bekesy’s discovery
gave rise to formulation of a passive hydrodynamic
model.

GoLD (1948) hypothesized that cochlear tun-
ing and selectivity is the result of a feedback sys-
tem consisting of a mechanical-to-electrical transduc-
tion process coupled to a piezoelectric-like electric-to-
mechanical one. A number of models of cochlear me-
chanics have been proposed, which incorporate some
form of the feedback enhancing sensitivity and fre-
quency selectivity. In these models the details of the
electromechanical properties of the OHC are not in-
cluded, but rather the OHC role is simulated via a
force acting on the basilar membrane. Gold further as-
sumed that an active process in the cochlea is sim-
ilar to that taking place in regenerative or super-
regenerative receivers that can provide power ampli-
fication.

Recently, in 2000 Eguiluz et al. introduced a Hopf
bifurcation concept to describe observed experimental
phenomena (EGUILUZ et al., 2000; CAMALET et al.,
2000). In this model an active amplifier is represented
by a set of mechanosensors, which are maintained at
the threshold of an oscillatory (Hopf) instability.

However, this concept is very complicated mathe-
matically and unphysical. In practice, this type of am-
plifiers (Hopf) can be unstable, generates large amount
of noise and is characterized by low fidelity of signal
reproduction.

The existing so far models (RAMAMOORTHY et al.,
2007; DEO, GROSH, 2005; RATTAY et al., 1998; MAG-
NASCO, 2003) of the hearing processes are often com-
plex and incomplete, without direct representation in
the human auditory organ.
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Assumptions

In the proposed model of an individual OHC it is
assumed that:

1) the energy for power amplification is taken from
the (DC) voltage source (the endolymphatic poten-
tials),

2) the input and output circuits of the OHC’s ampli-
fier are electro-mechanical circuits,

3) the input and output signals are mechanical (acous-
tic) signals,

4) signal processing, power amplification and tuning
take place on the electrical side. Input and output
mechanical (acoustic) signals are transformed into
electrical side and vice versa through the piezoelec-
tric effect,

5) each individual OHC along with surrounding struc-
tures of the TM and the BM can be regarded as
an active electromechanical OHC’s resonant cir-
cuit that has one characteristic frequency (CF), at
which it can perform resonance vibrations,

6) an individual OHC acts as a sensor (transforms an
input acoustic signal into an electrical signal), ac-
tuator (transforms an output electrical signal into
a mechanical displacement), piezoelectric electroa-
coustic transducer, power amplifier and the para-
metric amplifier,

7) each individual OHC together with adjacent regions
of the TM and the BM can be treated as an elec-
tromechanical OHC’s parametric receiver.

OHC'’s parametric amplifier

Electromechanical parametric amplifier established
on the basis of a single OHC performs the following
functions:

1) amplifies the power of the input acoustical (electri-
cal) signal,

2) increases the amplitude of the input acoustical
(electrical) signal,

3) enhances the selectivity of the OHC’s receiver
(larger Q-factor),

4) improves the sensitivity of the OHC’s receiver.

In this article, a physical model of a single OHC
and electrical equivalent circuits (series and parallel)
of a single OHC, operating as a parametric amplifier,
are presented.

The selectivity of the OHC’s parametric amplifier is
analyzed by solving differential equations of the Math-
ieu and Ince type.

Analytical formula for power gain that occurs in
the OHC’s parametric amplifier has also been derived.

Elements of the developed model are uniquely
linked to the physical elements that are present in
a single OHC and in the whole cochlea, and to the

physical phenomena occurring in a single OHC and
in the inner ear (electromotility, the flow of ionic
currents, piezoelectricity, nonlinear capacitance, stere-
ocilia movements, movements of the basilar and tecto-
rial membrane, nonlinear effects, metabolic processes
in the stria vascularis, etc.).

The proposed model is a physical model, not a phe-
nomenological model. Phenomenological models are
constructed so as to match the input and output char-
acteristics. By contrast, in the proposed model, the
numerical values of the individual elements of the elec-
trical equivalent circuit are consistent with the physi-
ological data.

The development of mathematical and electronic
base of physical model of a single OHC will enable
designing of a new generation of hearing aids and
cochlear implants, more functional and efficient than
those used today. The results obtained in this paper
can be used to design various types of electro-acoustic
devices, musical instruments and audio coding sys-
tems, new in relation to currently existing codecs of
the MP-3 type.

The outline of this paper is as follows. Section 2
presents a new electromechanical model for an indi-
vidual outer hair cell. Section 3 shows electrical equiv-
alent circuits of an OHC’s electromechanical resonator
operating as a parametric amplifier. Analysis of the se-
lectivity of an OHC’s parametric amplifier is included
in Sec. 4. Section 5 describes parametric mechanism
of power amplification in the cochlea. Conclusions and
directions for future research are given in Sec. 6.

2. Proposed electromechanical (physical) model
of an individual OHC

An individual OHC is a complex electromechanical
system. To describe physical phenomena occurring in
the cochlea the following concepts are used:

1) piezoelectricity,
) the ionic currents,
) the transistor effect,
4) nonlinear capacitance,
) parametric amplifier.

Electrical and mechanical phenomena that occur in
a single OHC are mutually coupled via the piezoelec-
tric effect (WEITZEL et al., 2003). An individual OHC
can be represented by a hollow piezoelectric cylinder
with a nonlinear capacitance between inner and outer
surface of the OHC, located between the BM and TM
in the cochlea, see Fig. 1. OHCs have a diameter of
9 microns and a length that ranges from 20 microns to
90 microns depending of their location in the cochlea.

The OHC’s capacitance consists of the linear and
nonlinear component (Iwasa, 1994). The nonlinear
component is due to movement of localized charges and
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Fig. 1. Hypothetical simplified electro-mechanical diagram
of a single OHC operating as a parametric amplifier. F(¢) —
represents the input acoustic signal, Z1, represents the elec-
trical load impedance, C'(u) — is a nonlinear capacitance.

is a prominent feature of the OHC (SPECTOR, 2005).
The magnitude of the nonlinear component is com-
parable to that of the linear component. Non-linear
(voltage-dependent) capacitance measured across the
inner and outer cylindrical surfaces of the OHC is one
of the major features of the electrical behavior of the
OHC. From the circuit theory point of view this ca-
pacitance is a nonlinear reactive element. The capaci-
tance varies like a bell-shaped function with respect to
changes in transmembrane voltage.

Here, the sequence of the physical phenomena that
occurs in an individual OHC is presented:

1. The incoming acoustic signal sets in motion the BM
and TM.

2. The movement of BM acts on a considered OHC
and causes its motion in relation to the TM. Conse-
quently deflection of OHC’ stereocilia occurs, what
triggers the operation of electro-mechanical input
transistor.

3. Subsequently, charging of nonlinear capacitance oc-
curs. Electrical signal which pumps a nonlinear ca-
pacitance is represented by an AC current source
(I(t) ~coswt). This source is produced by an input
electromechanical amplifier, which is based on the
electromechanical transistor. This transistor trans-
forms changes in the mechanical deflection of stere-
ocilia (see right side of Fig. 1) to the channel con-
ductance variations and consequently to changes in
the ion channel current (K ions) (OSPECK et al.,
2003). Here there is a power gain on a principle
similar to the operation of the electronic (unipo-
lar) field effect transistor with a modulated chan-
nel conductance. A thorough analysis of an electro-
mechanical transistor will be the subject of future
work.

4. The input driving signal is an acoustic (mechanical)
signal (represented by the force F'(t) ~ coswt or ve-
locity v(t)) acting on the piezoelectric tube from
the basilar membrane (BM) side, (see left side of
Fig. 1). Through the direct piezoelectric effect this
input (acoustic) mechanical signal is transferred to

the electrical side as a voltage source E(t) and sub-
sequently is amplified in the parametric amplifier
based on a nonlinear capacitance C(u). Power to
the nonlinear capacitance is supplied by AC elec-
tric pump signal represented by a variable current
source I(t).

5. Electric signal amplified in a parametric amplifier,
as an output electrical signal is dissipated (performs
useful work) at the electrical load impedance Z,.
The output useful electrical signal is then trans-
ferred to the mechanical side by the inverse piezo-
electric effect.

6. The resulting useful output signal is therefore the
mechanical signal (force velocity or displacement).
The power of this output mechanical signal can sur-
pass many times the power of an input acoustic
signal. Subsequently, this output mechanical signal
acts on the Basilar Membrane (BM) and Tectorial
Membrane (TM), and consequently also on the In-
ner Hair Cells (IHC). IHCs are sensors which trans-
form mechanical signals into electrical signals (elec-
tric pulse trains).

Since the parametric amplifier is a highly selective
system, so this amplifier can get a very narrow output
characteristics (sharp tuning).

Summing up, the proposed OHC’s model implies
the following sequence of the physical phenomena oc-
curring in an individual OHC:

1) incoming acoustical signal =,
2) basilar membrane movement =,
3) mechanical stimulation (deflection) of stereocilia
=
4a) small “ac” voltage signal generation in the OHC
due to the direct piezoelectric effect (at the BM
side) =,
4b) ion channels activation and inactivation (at the
TM side) =,

5) operation of the input electromechanical transis-
tor,

5a) “ac” current source generation =,
6) pumping of the nonlinear capacitance =,

7) parametric amplification of the power of the small
“ac” input voltage signal =,

8) inverse piezoelectric effect =,

9) large axial mechanical displacement of the OHC
=,

10) augmentation of the basilar and tectorial mem-
brane mechanical displacement (output useful me-
chanical signal) =,

11) THCs (inner hair cells) movement =,

12) generation of sequences of electrical impulses in
neurons.
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3. Electrical equivalent circuits
of an individual OHC

3.1. Non-linear equivalent circuit
of an electromechanical OHC’s resonator

Analyzing an electromechanical system from Fig. 1,
one can specify the following nonlinear electrical equiv-
alent circuit (series) of a single OHC, see Fig. 2.

2

Cu=C, +C,e

SN

E(t)=E,cos ot It

Fig. 2. Hypothetical simplified Thevenin electrical equiva-

lent circuit of the OHC’s parametric amplifier treated as a

nonlinear oscillator. Circuit represents the operation of a
single OHC.

In Fig. 2, E(t) represents an input electrical sig-
nal, C(u) is the sum of linear capacitance and non-
linear capacitance with a Gaussian bell shape voltage
dependence, I(t) represents the pumping (AC) signal,
L represents the loading mass of a single OHC along
with the surrounding TM and BM areas, R, is the re-
sistance of the input electrical (source), R represents
losses of a nonlinear oscillator circuit, and Ry, is the
load resistance.

Using the electrical equivalent circuit of Fig. 2, one
can analyze the variations of the electrical variables
such as voltage, current and charge flowing in the cir-
cuit, and as a consequence the course of the physi-
cal phenomena occurring in the individual OHC’s res-
onators.

Elements of the resonant circuit (inductance L, lin-
ear and nonlinear capacitance, load resistance Ry, loss
resistance R, along with an input signal represented
by the voltage source E(t), and resistance R,, and
pumping signal I(¢)), constitute the electrical equiva-
lent circuit of an electromechanical parametric ampli-
fier formed from an individual OHC. In this parametric
amplifier, the energy flows from a strong pump signal
I(t) to weak useful signal wave represented by E(t).

By analyzing the circuit from Fig. 2, one can inves-
tigate the linear and nonlinear behavior of the OHC’s
parametric amplifier.

In this work a quantitative analysis of physical phe-
nomena occurring in an individual OHC is performed,
using the linearized model of the parametric amplifier
based on a single OHC. Analysis of nonlinear effects
occurring in a single OHC will be the subject of future
work.

8.2. Linearized equivalent circuits of an OHC’s
resonator

3.2.1. Series (Thevenin) equivalent circuit

For moderate level of input driving signal, assum-
ing that the pumping signal (represented by the cur-
rent source I(t)) is much larger than the input signal
(represented by the voltage source F(t)), the system
from Fig. 2 can be linearized.

Consequently, one arrives at the equivalent circuit
such as in Fig. 3. In this circuit, C) = CLin, + Cp is
the static component of an overall capacitance of the
OHC’s resonator. C'(t) is a time varying transmem-
brane capacitance resulting from the pumping of the
nonlinear capacitance by the electrical current I(t), see
Fig. 2. Inductance L represents the inertial effects in
the OHC’s resonator. Resistance R, represents losses
in the OHC’s resonator. E(t) is the driving voltage
generated by an input force F'(t) and transformed into
the electrical side through the direct piezoelectric ef-
fect. Ry, is the load resistance, and R, is the resistance
of an input voltage source.

C(t)=C,+2C, cos 2ot

10

E(t)=E,cos ot

\

U
vzl L |
C(t) R=R.+R,

Fig. 3. Linearized (lumped-element) Thevenin electrical
equivalent circuit of an individual OHC operating as an
electromechanical resonator.

Differential equation that describes the flow of
charge in the circuit of Figure 3 is a linear differen-
tial equation with variable coefficients:

d?q wo dg
dt? Qpass dt

+ wg(l - 251 cos 2wt> q= %E(t), (1)
0

where ¢ is the electric charge flowing in the circuit,
wo is the angular resonant frequency (w32 = 1/LCY),
and Qpass is the quality factor of the passive resonant
circuit (Qpass = wolL/(R + Ry)).

Equation (1) is an inhomogeneous differential equa-
tion of the Mathieu type. This equation describes the
operation of the parametric OHC’s amplifier for mod-
erate levels of driving input signals.

By solving Eq. (1) one can determine the electric
charge, current and voltage distribution in the circuit
and describe the electrical and electromechanical prop-
erties of the OHC’s resonator (e.g., obtain the output



88 Archives of Acoustics —

Volume 38, Number 1, 2013

frequency amplitude characteristics, power amplifica-
tion ete.).

3.2.2. Parallel (Norton) equivalent circuit

A parallel (Norton) equivalent circuit of an individ-
ual OHC (see Fig. 4), similar to the series equivalent
circuit from Fig. 3, can also be specified.

C(t)=C o 2C,cos2mt

\ a
= C(t)
10 = [Ju]#
6 |6 [, [c. [& !

Fig. 4. Norton linear equivalent circuit of a degenerate
OHC’s parametric amplifier.

1, is the source current, G, is the source conduc-
tance, G, is the load conductance, G is the loss con-
ductance , L is the inductance of the OHC’s resonator,
C(t) is a time varying capacitance.

As shown in Fig. 4, the input electric signal rep-
resented by the current source I, of admittance G|
is amplified in the parametric amplifier (formed with
a time-variable capacitance). After amplification, this
signal is dissipated as the useful signal at the output
load conductance G,. The useful output power is then
transformed (through the inverse piezoelectric effect)
to the mechanical side, where it performs useful work
on the TM and BM, which in turn will stimulate fur-
ther THCs.

Applying Kirchhoff’s laws to the circuit from Fig. 4,
the following differential equation that describes volt-
age (u1) changes in the circuit is obtained:

2C d?u
2 1 1
l/wo (]. + 76 C082wt> W

+ L (Gy — 4C w sin 2wt) @ +uy = LS%, (2)
dt dt
where G, = G4+ G + G, C) = Crin + Co, wi =
1/L,Cy.

Equation (2) is a nonhomogeneous differential
equation of the Ince type. Solving this differential equa-
tion Eq. (2), one can also determine the time course
of the voltage u; on the load conductance, output fre-
quency characteristics, and power gain.

4. Selectivity (sharpening of frequency
characteristics)

Single OHC with adjacent areas of the BM and
the TM acts as a selective parametric power amplifier
of an input acoustic signal. In addition to power, the

amplitude of the input signal (deflection, velocity or
voltage) is also amplified. Consequently, amplification
of the input signal amplitude is also accompanied by
an increase in the quality factor of the OHC’s reso-
nance vibrating circuit. This makes it also narrower
resonance curve of the oscillating OHC’s resonant cir-
cuit.
The result of the input signal power gain is:

1) increasing the level of the input signal (displace-
ment, velocity, amplitude or current),

2) enhancing the sensitivity of the OHC’s receiver,

3) improving the selectivity of the OHC’s receiver
(higher quality factor).

Damped Mathieu differential equation Eq. (1) de-
scribes the behavior of the resonant OHC’s parametric
amplifier. By solving this equation one can determine
the selectivity of the resonant circuit from Fig. 3. For
this purpose, Eq. (1) was solved numerically (for var-
ious values of frequency about the resonant frequency
fo) using Mathcad software package. In this way, the
resonant curve of Fig. 5 was obtained. Also one gets
a similar curve by solving the differential equation of
the Ince type Eq. (2).

100 —

8.0 — 2\

6.0 —

4.0 —

Normalized charge

20—

[
0o e

0.9980 0.9980 1.0000 1.0010 1.0020
ff_

Fig. 5. Sharpening of the resonant curve of the OHC’s elec-

tromechanical resonator due to the parametric amplifica-

tion. Curve 1 — passive vibrations, curve 2 — active vibra-
tions. fo is a resonant frequency.

The following parameters of the damped vibrating
parametric system from Fig. 3 were assumed in the
numerical calculations:

fo = UJQ/27T = 1000 I’IZ7 Qpass = 12,
C1/C} = 0.075.

The above data were chosen according to the physio-
logical data given in (WEITZEL et al., 2003; OSPECK
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et al., 2003; LU et al., 2006; REINCHENBACH et al.,
2010).

Consequently, the resonant curves representing the
vibrating OHC’s structure were derived in two cases
a) passive vibrations of the OHC’s structure without
parametric effect (curve 1), and b) active vibrations of
the OHC’s resonator with the parametric amplification
(curve 2), see Fig. 5.

It can be seen in Fig. 5, that the resonant curve
of the circuit with the variable capacitance and para-
metric amplification (curve 2) has a higher selectivity
(bandwidth is about 10 times narrower), and higher
quality factor (Qact = 10 - Qpass) compared to the
resonance curve without the parametric amplification
(curve 1).

The amplitude of the amplified signal (active vi-
bration) at the resonant frequency fy is 10 times larger
than the amplitude of the signal that is not subject to
parametric amplification (passive vibration).

Numerical calculations show that the level of the
amplitude near the resonant frequency and the quality
factor augment with the increase in capacitance mod-
ulation ratio C1/C}.

5. Power gain in the OHC’s parametric amplifier

The physical mechanism of power amplification in
the cochlea is not yet known. As a result, there is no
a satisfactory quantitative theory of the power gain
occurring in the cochlea. The existing attempts to ex-
plain this phenomenon are rather qualitative, descrip-
tive and nonphysical.

In the model presented in this paper the phe-
nomenon of power amplification in an individual OHC
resonator is explained using the concept of the para-
metric amplification. In order to calculate the power
gain of the OHC’s parametric amplifier, a parallel Nor-
ton equivalent circuit from Fig. 4 is used.

The input power amplification in the electrome-
chanical OHC’s amplifier occurs in two stages 1 and 2,
described below.

The incoming input acoustic signal acts on an in-
dividual OHC from the BM side and TM side simulta-
neously. As a results, the following sequence of events
will take place in the OHC:

1. BM movement sets in motion a considered OHC.
The movement of an OHC in relation to the TM
causes deflection of its stereocilia. The movement
of the stereocilia initializes the influx of KT ions
into the OHC and consequently triggers the opera-
tion of an electromechanical input transistor. This
transistor in turn amplifies the power of the input
signal, and as a consequence loads the nonlinear
OHC’s capacitance [C'(u) from Figs. 1, 2, and also
C(t) from Figs. 3, 4]. The amplifier formed from the
electromechanical transistor is of aperiodic (nonse-
lective) type. The electrical signal, amplified in the

electromechanical transistor amplifier, powers the
nonlinear OHC’s capacitance. In this way, the mod-
ulation of the nonlinear capacitance is produced.
For moderate levels of input signals, the nonlin-
ear capacitance can be approximated by the time-
variable capacitance C(t) = Cp+2C1 -cos(2wst), see
Figs. 3 and 4. Frequency of the capacitance mod-
ulation 2wy is equal to exactly twice the frequency
of the input signal, ws.

2. Input acoustic signal (acting from the BM side) is
transformed to the electrical signal through a di-
rect piezoelectric effect. The mass, compliance and
mechanical losses of the adjacent areas of the TM
and BM are also transformed on the electrical side
through a direct piezoelectric effect. These elec-
trical elements, including existing linear and non-
linear (time varying) capacitance, form the elec-
trical equivalent circuit of the parametric ampli-
fier constructed from a single OHC, see Figs. 2, 3
and 4. Due to the parametric amplifier operation,
the power gain of the electrical (AC) input signal
occurs. Subsequently, by an inverse piezoelectric ef-
fect this amplified input electrical signal is trans-
formed into the mechanical side, where it performs
a useful work on the BM and TM.

At the same time, due to the parametric amplifier
operation, the output frequency characteristics of the
OHC are also sharpened, what results in a higher fre-
quency selectivity.

5.1. Analytical formula for power amplification

The effective resonant power gain k, of the para-
metric amplifier, represented in Fig. 4, is defined as

the ratio of the output power (|US|2 . GL> in the load

G, to the available input power (|Ig|2/4Gg) from the
source, and can be expressed as follows:

U,|* G1 4G, G
P = 2 - 2 (3)
lI,|°/4Gy  (Gg+ Gr+ Gs + G.s)
where G,s = —w, C7 is the negative conductance in-

troduced to the circuit by the parametric effect, see
Eq. (17). This negative conductance is due to the de-
livery of the additional energy to the circuit by ionic
currents K, triggered by stereocilia movement.

The derivation of the analytical expression for the
conductance G is given in the Appendix.

Formula (3) can be rewritten in the form:

1G, Gy

“@u W

4
where G, = Gy + G + G, and v = ——— =

wSC’l
GngGSJrGL

is the un-damping coefficient.
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The maximum power amplification is achieved
when the load conductance G is matched to the
source conductance, i.e.,

Gropt = Gy + G . (5)
Substituting Eq. (5) into Eq. (4) one has:

Gy 1
Gg+Gs (1-7)*
If Gs < G, then Eq. (6) reduces to

1
k max — 75 9 )
P = T

(6)

kp max —

(7)

Ws Cl

where v = is the resulting un-damping coeffi-

. g
cient.

Equation (7) shows that the power gain k;, max de-
pends, among others, on the capacitance coefficient C1,
which characterizes the level of the pumping signal.
Formula (7) was used in the sequel in calculations of
the power gain occurring in the OHC’s parametric am-
plifier.

The power gain was calculated for the following
set of electrical parameters for the vibrating OHC’s
parametric resonator (from Fig. 4):

P= 10714 VV7 Cé =30 pr Qpass =12,

where P is the available power of an input electrical
signal, C{ is the static component of an overall capac-
itance of the OHC’s resonator, and Qpass is the qual-
ity factor of the passive resonant circuit (without the
parametric amplification).

The estimated value of the input power (P =
10~ W) corresponds to a moderate level of acous-
tic driving signal i.e., 50 dB. The results of calcula-
tions of the power gain and other electrical parameters
characterizing the operation of the OHC’s parametric
amplifier from Fig. 4 are presented in Table 1.

Table 1. Coefficient of power amplification kpmax, source
conductance Gy, negative un-damping conductance G, in-
troduced to the resonant circuit, input source current I,
capacitance modulation ratio Ci/Cj, and quality factor
Qact of the active resonant circuit with the parametric am-

plification.
Resonant
frequency |p. 2G, Gs I G Q
p max C, act
Jo mS] | [msS] | [pA] | Co
[Hz]
1000 100 | 15.70 | —14.12| 17.72 [0.075| 120
18 15.70 | —11.93| 17.72 |0.063 | 50.9
3000 100 | 47.10 | —42.39| 30.69 [0.075| 120
18 47.10 | —35.80| 30.69 [0.063 |50.9

Values of the parameters used in the numerical cal-
culations are in accordance with the experimental data

obtained for mammalian cochleas (WEITZEL et al.,
2003; OSPECK et al., 2003; L1U et al., 2006; REINCHEN-
BACH, HUDSPETH, 2010).

As it is seen from the Table 1, the OHC’s paramet-
ric amplifier can effectively provide power gain of the
useful acoustic input signal. Table 1 shows also that the
negative conductance G, introduced to the resonant
circuit by the parametric amplification, un-damps the
circuit, and enhances the effective quality factor, Qqc.

For low levels of input signals the governing equa-
tion for the OHC element is a nonlinear differential
equation. The solution of this equation provides an
augmented value of the quality factor and therefore
higher value of amplification of the signal amplitude.
Numerical solutions of this nonlinear differential equa-
tion will be performed in future works.

6. Conclusions

The theory developed in this study, explains quan-
titatively in a natural way the physical phenomena
occurring in an individual OHC. It was shown that
the phenomena of power gain and sharpening of the
output amplitude frequency characteristics are partic-
ularly important. The developed theory also may ex-
plain the phenomenon of otoacoustic emission.

It was demonstrated that an individual OHC can
operate as an electromechanical parametric amplifier,
that can amplify the power of an input acoustic signal
and improve selectivity.

Series and parallel electrical equivalent circuits of
a single OHC that operates as a parametric amplifier
have been established.

Physical and mathematical models describing the
course of electrical signals in the developed series and
parallel electric equivalent circuits have been formu-
lated.

The derived inhomogeneous Mathieu and Ince dif-
ferential equations that describe the operation of a sin-
gle OHC as a parametric amplifier, have been solved
numerically. Output amplitude frequency characteris-
tics of a single OHC working as a parametric amplifier
are evaluated.

Sharpening of frequency response amplitude (en-
hancement in quality factor and selectivity), as a re-
sult of operation of the parametric amplifier based on
a variable in time capacitance, was stated.

Analytical formula for the input signal power gain
occurring in the OHC’s parametric amplifier was also
derived. Depending on the assumed values of the pa-
rameters of equivalent circuits and driving level, the
opportunity to amplify the input signal power in a wide
range (from several to several hundred times) has been
stated.

The developed electromechanical model of a sin-
gle OHC is a physical model, not a phenomenologi-
cal model. Each element of the model has its physical
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counterpart in the actual structure of the cochlea. The
proposed in this work a new parametric-piezoelectric
model of a single OHC, along with its mathematical
and electronic description, is an original contribution
to the state-of-the-art in modeling of the human hear-
ing organ.

The presence of the parametric amplification pro-
vides a sharp resonant curve of the oscillating circuit
(representing a vibrating OHC), and large output sig-
nal to noise ratio.

The material presented in this paper is the first
stage of the research. In the next step the author aims
to develop a complete electromechanical model of the
cochlea and description of the physical phenomena oc-
curring in the whole cochlea’s structure. Future analy-
sis will be conducted on nonlinear effects occurring in
the considered OHC’s parametric amplifier.

The developed model conforms qualitatively to the
existing experimental data. New refined theory of the
hearing processes based on the piezoelectricity and
parametric amplification can open new horizons for re-
search, e.g., deeper understanding of the physical phe-
nomena underlying auditory processes, new phenom-
ena in musical and speech acoustics. This will allow the
design of new musical instruments and audio codecs,
that will be new in relation to the existing MP3 codecs.

Appendix

The nonlinear OHC’s capacitance has a bell shape
voltage dependence (IWASA, 1994), therefore it can be
approximated by the following Gaussian function:

C(u) = Cp - exp(—u?), (8)

where u is a normalized voltage.
Expanding the above formula into the Taylor series
gives rise to:

C(u):CO<1—u2+;u4—...>. (9)

The incoming pumping signal, that is applied across
the nonlinear capacitance, can be expressed as:

v = v1 cos(wt). (10)

The voltage given by formula (10) is next substituted
into formula (9). As a consequence, the resulting time
variable (time-dependent) capacitance is produced:

C =C(t) = Cy+ 2C; cos(2wst)
+ 205 cos(dwst) + ...+ (11)

For the useful input electrical signal us of frequency wg,
the electric charge §Q resulting from the parametric
effect equals (GOLDE, 1976):

5Q = C(H)U, . (12)

For a time-harmonic input signal:
Us = Ugp, cos(wst + ps), (13)

where @, is a phase shift between the pump and use-
ful input signal, the current flowing through the time
varying capacitance is given by:

iy = 4COV:),

Inserting Egs. (11)—(13) into Eq. (14) and neglecting
in Eq. (14) all components of frequency other than w;
one obtains:

(14)

i(wst) = —CoUgmws sin(wst + ¢s)
— C1Uspmws sin(wst — @s). (15)

The second term in Eq. (15) is due to the parametric ef-
fect and can be represented by the effective admittance
Y.s introduced across the a — a terminals in Fig. 4.

According to Eq. (13) and Eq. (15) the admittance
Y., equals:

Y.s = jwsCyexp(—2j¢ps) = —wsCy sin(2¢p5)
+ jwsC1cos(2ps) = G5 + jB.s . (16)
For ¢4 = —7/4 one has:
Y, =G,s = —w,C; <O0. (17)

Therefore, the presence of a time varying capacitance
(', gives rise to a negative conductance G, in the cir-
cuit from Fig. 4. This negative conductance can be re-
sponsible for the power gain in the OHC’s parametric
amplifier.
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