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Abstract
The compression wave cochlear amplifier (CW-CA) model is
introduced for the first time. This is the first cochlear ampli-
fier model that is soundly based on the physiology of the inner
ear and neural centres. The CW-CA, which is assumed to be
driven by the basilar travelling wave (TW), includes outer hair
cell (OHC) motility and neural signal transmissions between the
hair cells and the central nervous system as key elements. The
OHC motility sets up a pressure wave in the cochlear fluids,
which is modulated by the neural feedback. The CW-CA is rep-
resented mathematically as a delay-differential equation (DDE).
Even the simplest model based on this concept is capable of
explaining a wide range of hearing phenomena, including var-
ious types of otoacoustic emissions, distortion products, two-
tone suppression, amplifier gain and compression, frequency
specificity, neural spontaneous rates and many other phenom-
ena including various pathological conditions.

1. Introduction
To understand how speech and audio are perceived by the ear, it
is pertinent to consider how the inner ear transduces sound to the
brain. Central to the current understanding of inner ear function
is the concept of the travelling wave on the basilar membrane:

”With the stapes set into sinusoidal vibration,
the phase relations, measured along the length of
the cochlear partition, show that a travelling wave
has been set up. The form of resonance which
appears does not correspond at all with that to be
found in a simple vibrating system.” [4]

It has been found that this simplistic model of the inner ear
only matches the behaviour of the cochleas of dead animals
[8, 7, 19]. Further, in accordance with an earlier prediction of
cochlear activity [21], emissions from the ear were finally cap-
tured [25]. For these and other reasons, more than a passive
travelling wave model is required to capture the nature of the
active live cochlea. These extended active models are known
by the generic term ’cochlear amplifier’.

It is not clear whether the active processes of hearing are
due to nonlinear mechanics [2] or the cochlear amplifier (CA)
[9]. This point is discussed with respect to both nonlinear me-
chanics and the CA in [3]. The present article and its companion
[17] attempt to lay the foundation for a physiologically based
model that embodies both nonlinear mechanics and the CA.

The most popular CA model currently available is the ac-
tive travelling wave (TW) model [7, 32, 18]. Other models also
exist, such as oscillator models [24, 42, 39, 38], the squirting
wave model [5], tuned hair cell models [6], the feedback am-
plifier model [43] and Hopf bifurcation models [15, 30, 13].
Oscillator models of the CA lack any close physiological cor-
respondence and are derived purely from a mathematical basis.

The squirting wave model is physiologically based, but requires
further alignment with known auditory phenomena such as two
tone suppression. The tuned hair cell model can only be valid
for mammals with hair cell tuning [26]. Finally the feedback
amplifier models (which include Hopf bifurcations) also have
a limited physiological basis, and the Hopf bifurcations have
static features that don’t correspond with known phenomena.

As for the other CA models, the active travelling wave
model also lacks a good physiological basis. For example, the
active pressure in one popular model [31, 32] is functionally de-
rived from the relative velocity between the tectorial and basilar
membranes, but this is not related to any known physiological
mechanism. Common to all active travelling wave CA mod-
els is the point of view that the CA generates an active pres-
sure difference between the scala vestibuli and scala tympani
[10]. Exactly how this pressure difference is generated is still a
mystery, and as these pressure difference models are at least 25
years old, the continuing lack of a physiological explanation is
troublesome.

Other factors also contradict the concept of an active pres-
sure difference across the basilar membrane (BM). For example,
CA emissions have been found in animals that don’t possess a
basilar membrane [20, 35, 40], but the active travelling wave
model requires a BM to explain most emissions [7].

This article will introduce for the first time the compres-
sion wave CA (CW-CA) model. Such a model has previ-
ously been hypothesised to exist due to experimental evidence
[41, 36, 33, 34, 22], but so far it has been nothing more than
a suggestion. Even before its definition (in this article) some
authors have argued against its existence [11, 37]. The CW-CA
comprises cochlear mechanics, hair cell activity and nonlinear-
ity, and neural feedback.

This article begins by introducing the CW-CA, then briefly
touches on what the CW-CA is capable of modelling, and con-
cludes by showing an example output from the model.

2. The compression wave CA
An auditory vibration which enters the outer ear is transduced
from air compression to a cochlear fluid compression wave by
the middle ear [7]. This fluid compression wave is filtered by
passive cochlear mechanics, most popularly modelled by the
travelling wave (TW) [7]. At cochleotopic points of reception
of the TW, the stereocilia are mechanically moved and the elec-
trical state of the hair cells is altered through transconductance
modulation. This foundation for transconductance modulation
is treated in the companion paper [17] by examining the electro-
physiology of the hair cell, which is the foundation for nonlinear
mechanics.

The transconductance and electrophysiological changes ex-
perienced by the hair cells generate two significant effects: neu-
rological signalling and active mechanical signalling.
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Figure 1: OHC actuation and mechanics. The image shows the
cochlea with apex on the right hand side. The force of the OHC
(F), which resides inside the Organ of Corti (OoC), shifts fluid,
which is bounded by the round (R) and oval (O) cochlear win-
dows. The force actuates through two scala window impedances
Zr and Zo. As there is no compliance apically (to the right),
their loads are simply assumed to be infinite and neglected in
the computation. Zr is the scala tympani and round window
impedance (transfer function HL,R) and Zo the scala vestibuli
and oval window impedance (transfer function HL,O).

The active mechanical signalling is generated by outer hair
cell (OHC) motility [28, 14, 7]. The compression of the OHCs
generates fluid-borne pressure waves which propagate through
the mechanical cochlea and are retained by the compliance of
the cochlear windows. In this first presentation of CW-CA me-
chanics, simple macromechanics are assumed, and the unbal-
anced nature of the cochlear windows, as well as the microme-
chanics of the Organ of Corti (OoC), are not modelled.

In contrast to the active TW models, the physiological basis
of the active compression wave is simple in this CW-CA model.
The OHC basolateral membrane experiences electrophysiologi-
cal changes, due to transconductance changes in the stereocilia,
which result in potential changes across the membrane. These
potential changes generate a force centred at a reference point
at the middle of the OHC. This force generates equal and op-
posite forces at the apex and base of the OHCs. The generated
forces act on the mechanical impedances of the cochlea scala
tubes and windows. The mechanical signals which are filtered
by the mechanical impedances again alter the stereocilia and the
hair cell basolateral membrane conditions. Due to the changes
in the basolateral membrane conditions, the inner hair cells ex-
cite the afferent neurons. These neural signals affect the central
nervous system and the resulting delayed signals are fed back
to the periphery through the efferent neurons. The efferent neu-
rons modulate both the type-I afferents and the OHC basolateral
membrane resulting in mechanical actuation and neural modu-
lation. The cycle is complete and the CW-CA loop is defined.

Two lumped mechanical impedances in the new model rep-
resent the fluid damping, fluid mass and window compliance
between the active OHC compression and the middle ear, as
shown in Figure 1. The two mechanical pathways are from the
apex and base of the OHC through the scala vestibuli and scala
tympani, represented by the mechanical impedances HL,O and
HL,R respectively (the subscripts O and R refer to the oval and
round windows). The windows (and stapes) are not attributed
mass, as their mass is more than one hundred times less than
that of the rest of the cochlea [29]. Hence the macromechan-
ical mass is assumed to model the lumped masses of the win-
dows and the OoC micromechanics as well as the fluid masses.
Similarly, the compliances of the windows are assumed to be
lumped with those of the micromechanics of the OoC into one
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Figure 2: An expanded view of the physiological CW-CA (taken
from [16]). The structure in the middle of the image repre-
sents the OoC with the IHC on the left and the three OHCs
on the right. The support cells are also shown, as well as
other OoC-related structures. Sound from the external world
is transformed into the inner ear through the ’passive mechan-
ics’ block, which includes the outer, middle and inner ear (the
passive travelling wave). The result is a signal which mechan-
ically actuates the hair cell stereocilia. The actuation of the
stereocilia generates both neural transduction and OHC pres-
sure. The neural transduction is channelled to the CNS through
the afferent neurons and fed back to the periphery through the
efferent neurons. The MOC efferents alter the OHC state and
this affects the generated pressure by expanding and contract-
ing the OHCs. The generated OHC pressure creates compres-
sion waves in the fluid and these affect the CW-CA mechanics
accordingly. The compression waves generate both stereocilia
actuation and otoacoustic emissions (on occasions) at the oval
window. A significant amount of overlap exists between the pas-
sive and active cochlear mechanics, as indicated by the dotted
line.

macromechanical element. This lumping is not unreasonable as
the windows are attributed a significant compliance in relation
to the rest of the cochlea [29]. These mechanical impedances
are taken to be second order in the simplest model.

The hair cell neurological signalling is best modelled by
the transient fluctuations in basolateral hair cell currents, whose
foundation is discussed in the companion paper [17]. The neu-
rological signals are conducted to the central nervous system
(CNS) through the afferent type-I and type-II neurons, which
innervate the inner hair cells (IHCs) and OHCs respectively [7].
The superior olivary complex (SOC) returns the neural signals
from the CNS to the cochlea through the efferent neurons [7].
The efferents innervate the type-I neurons and the OHC basolat-
eral membranes through the lateral and medial efferents, respec-
tively. These afferents and efferents represent a neural feedback
through the CNS, which was first hypothesised in [27], though
this reference did not attribute any significance to the neural sig-
nalling. Due to the delay in propagation, the two efferent sys-
tems are modelled by a lumped delay and system gain. The sig-
nals propagating in the neural system are treated as continuous
time signals in the model (neural smoothing and signal degra-
dation [23] and regeneration are not presently allowed for).

This neural feedback completes the olivocochlear feedback
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Figure 3: (a) Block system representing Figure 2. Block HL

represents the mechanical filter that actuates the stereocilia, fI
represents the nonlinear IHC transduction, HN the total nerve
gain and delay, and fO represents the nonlinear OHC trans-
duction, which generates the mechanical force. The different
afferent feeds are lumped into one pathway. The LOC neural
split is modelled as a gain in the HN block. (b) The lumped
CW-CA is further simplified by shifting the two nonlinearities
fI and fO into the same limiter (lim). The neural delay (T ) and
gain are linearly separated, with k the total system gain. The
forcing of the stereocilia by a travelling wave is denoted w′.

loop. The complete physiological CW-CA model is shown in
Figure 2. This physiological model can be simplified for anal-
ysis by lumping the various signal pathways. For example in
the simplest model the mechanical impedances can be lumped
into a single second order transfer function HL, which is a par-
allel combination of HL,R and HL,O. The neural subsystem
may be attributed a linear gain and delay denoted by HN . The
nonlinearities represented by the inner and outer hair cells are
attributed instantaneous nonlinearities fI(·) and fO(·) respec-
tively. This then generates a lumped signal loop shown in Figure
3(a). The lumped system can be simplified by merging the two
hair cell nonlinearities into one limiter as shown in Figure 3(b).
For convenience the entire system loop gain is also represented
by the gain block k and the system delay by the delay block T .

The system equation may now be written as the nonlinear
delay-differential equation (DDE)

k

„
b0

d2

dt2
+ b1

d

dt
+ b2

«
u(t) =

„
a0

d2

dt2
+ a1

d

dt
+ a2

«
v(t)

(1)
where the coefficients {a0, a1, a2} and {b0, b1, b2} represent
the numerator and denominator of the mechanical impedance
HL in the second order case (the simplest possible case). For
simplicity we assume a tanh function for the limiter, so that we
can eliminate u(t) from this equation using u(t) = tanh(v(t−
T ))+w′. The equation can then be solved for v(t). An infinite
number of Hopf bifurcations are possible in this system, and it
is capable of an infinity of different limit cycles, depending on
the value of the system gain k.

3. Successes of the model
The lumped and simplified model (Figures 3(a) and (b) and
Equation 1) of the physiological system shown in Figure 2 is
capable of modelling a very large number of observed physio-
logical phenomena [16]. These include an active gain of 30 dB
SPL for forcing signals below 60 dB SPL, saturation and limit-
ing for signals above 60 dB SPL, the sharpening of the passive
cochlear response by at least 10 times, otoacoustic emissions
such as SOAEs and DPOAEs, two-tone suppression and distor-
tion products (including DPOAEs) and many other phenomena
not listed here.
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Figure 4: Result of ramping the level of the input signal to a sta-
ble CW-CA. A constant gain of roughly 30 dB SPL is apparent
for small to mid-range input signal levels. At a forcing signal
level of around 60 dB SPL, a compressive nonlinearity emerges,
which becomes a limiter at around 90 dB SPL.

The model presented in this article represents only one
cochleotopic segment. For this reason, certain phenomena
aren’t explained by the single segment CW-CA. These phenom-
ena include TEOAEs [25] and the Allen-Fahey results [1, 12].
Expansion of the CW-CA model to account for the many neural
pathways as well as the modelling of many cochleotopic seg-
ments is expected to account for these missing phenomena.

As an example, the output from the CW-CA model in the
stable case (gain k small enough) is shown in Figure 4. The sys-
tem demonstrates a constant 30 dB SPL gain for forcing signals
below 60 dB SPL. When the forcing level is between 60 and
90 dB SPL, the response begins to saturate. For forcing levels
above 90 dB SPL, the response is limited.

If the gain k is increased so that the system becomes un-
stable, it may enter a limit cycle, which is hypothesised here to
correspond to an SOAE. (The system signals remain finite in
the unstable case because of the limiter.) Other phenomena can
also be explained by an unstable system [16].

4. Conclusion
For the first time, an active CA model is presented that is based
on the firm foundation of the electrophysiology of the hair cells.
This is the first model to postulate a physiological feedback
mechanism of the CA without making any unfounded assump-
tions or simply adopting ’mathematical conveniences’.

This article proposes that the OHCs generate equal pres-
sures at their apexes and bases due to OHC motility, and this
pressure is the active force of the CW-CA. This force propagates
through the scala tubes and the macromechanical model from
the OHC apex and base to the middle ear (through the cochlear
windows) and thus leads to emissions. The complete CW-CA
model is a combination of the three major systems present in the
cochlea: the cochlear mechanics, the hair cell physiology and
the neural feedback. The complete physiological system can be
simplified to give a mathematically tractable model, which is
best described by a delay differential equation.

The behaviour of the CW-CA varies, depending on the val-
ues of the system parameters. The system could be either sta-
ble or unstable (but still with finite-valued signals). The sta-
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ble system exhibits gain for low signal levels, and compres-
sion and ultimately limiting at higher signal levels, just like the
real ear. The unstable system can have many different possible
states, and these are capable of explaining a large majority of
the known hearing phenomena, including spontaneous and dis-
tortion product emissions, more complex multi-tonal responses,
pathological conditions and emissions of various types [16].

5. References
[1] J.B. Allen and P.F. Fahey. Using acoustic distortion products to

measure the cochlear amplifier gain on the basilar membrane. The
Journal of the Acoustical Society of America, 92:178, 1992.

[2] J.B. Allen and P.P. Fahey. Outer hair cell mechanics reformulated
with acoustic variables. Auditory Mechanisms, 2006.

[3] J.B. Allen and S. Neely. Micromechanical models of the cochlea.
Physics Today, 45(7):40–47, 1992.

[4] G.V. Békésy. Variations of phase along the basilar membrane with
sinusoidal vibrations. Journal of the Acoustical Society of Amer-
ica, 19(3):452–460, May 1947.

[5] A. Bell and N.H. Fletcher. The cochlear amplifier as a standing
wave: "Squirting" waves between rows of outer hair cells? The
Journal of the Acoustical Society of America, 116:1016, 2004.

[6] M. Braun. Tuned hair cells for hearing, but tuned basilar mem-
brane for overload protection: evidence from dolphins, bats, and
desert rodents. Hearing research, 78(1):98–114, 1994.

[7] P. Dallos, A.N. Popper, and R.R. Fay, editors. The Cochlea.
Springer Verlag, 1996.

[8] H. Davis. The second filter is real, but how does it work ? Journal
of Otolaryngology, 2(2):153–158, May 1981.

[9] H. Davis. An active process in cochlear mechanics. Hearing Re-
search, pages 79–90, 1983.

[10] E. de Boer. On equivalence of locally active models of the
cochlea. Journal of the Acoustical Society of America, 98:1400–
1409, 1995.

[11] E. de Boer and A.L. Nuttall. Amplification via "Compression
Waves" in the Cochlea - A Parable. Association for Research in
Otolaryngology, 2006.

[12] E. de Boer, A.L. Nuttall, N. Hu, Y. Zou, and J. Zheng. The Allen-
Fahey experiment extended. The Journal of the Acoustical Society
of America, 117:1260, 2005.

[13] T. Duke and F. Jülicher. Active Traveling Wave in the Cochlea.
Physical Review Letters, 90(15):158101, 2003.

[14] R.A. Eatock and A.N. Fay, R.R.and Popper, editors. Vertebrate
Hair Cells, volume 27 of Springer Handbook of Auditory Re-
search. Springer, 2006.

[15] V.M. Eguíluz, M. Ospeck, Y. Choe, A.J. Hudspeth, and M.O.
Magnasco. Essential Nonlinearities in Hearing. Physical Review
Letters, 84(22):5232–5235, 2000.

[16] M.R. Flax. The active compression wave cochlear amplifier. PhD
thesis, Electrical Engineering & Telecommunications, UNSW,
2008. Submitted Feb. 2008.

[17] M.R. Flax and W.H. Holmes. Goldman-Hodgkin-Katz Cochlear
Hair Cell Models - a Foundation for Nonlinear Cochlear Mechan-
ics. In Conference proceedings: Interspeech 2008, 2008.

[18] C.D. Geisler. A model of the effect of outer hair cell motility on
cochlear vibrations. Hearing Research, 24(2):125–31, 1986.

[19] C.D. Geisler. From Sound to Synapse: Physiology of the Mam-
malian Ear. Oxford University Press, New York, 1998.

[20] C.D. Geisler, W.A. van Bergeijk, and L.S. Frishkopf. The inner
ear of the bullfrog. Journal of Morphology, 114(1):43–57, 1964.

[21] T. Gold. Hearing. ii. the physical basis of the action of the cochlea.
Proceedings of the Royal Society of London. Series B, Biological
Sciences, 135(881):492–498, December 1948.

[22] W. He, A. Fridberger, E. Porsov, K. Grosh, and T. Ren. Reverse
wave propagation in the cochlea. Proceedings of the National
Academy of Sciences, 105(2729–2733):2918–2922, 2008.

[23] P.I.M. Johannesma. The pre-response stimulus ensemble of neu-
rons in the cochlear nucleus. In Symposium on Hearing Theory,
pages 58–69. IPO, Eindhoven, Holland, 1972.

[24] P.I.M. Johannesma. Narrow band filters and active resonators. In
G. van der Brink and F.A. Bilsen, editors, Psychophysical, phys-
iological and behavioural studies in hearing, pages 62–63. Delft
University Press: Delft, 1980.

[25] D.T. Kemp. Stimulated acoustic emissions from within the human
auditory system. Journal of the Acoustical Society of America,
64(5):1386–1391, November 1978.

[26] C.J. Kros and M.G. Evans. Tuning in to cochlear hair cells. The
Journal of Physiology, 576(1):7, 2006.

[27] M.C. Liberman. Physiology of cochlear efferent and afferent neu-
rons: direct comparisons in the same animal. Hearing Research,
34(2):179–91, 1988.

[28] M.C. Liberman, J. Zuo, and J.J. Guinan Jr. Otoacoustic emis-
sions without somatic motility: Can stereocilia mechanics drive
the mammalian cochlea? The Journal of the Acoustical Society of
America, 116:1649–1645, 2004.

[29] T.J. Lynch, V. Nedzelnitsky, and W.T. Peake. Input impedance
of the cochlea in cat. The Journal of the Acoustical Society of
America, 72:108, 1982.

[30] M.O. Magnasco. A Wave Traveling over a Hopf Instability
Shapes the Cochlear Tuning Curve. Physical Review Letters,
90(5):58101, 2003.

[31] S.T. Neely and D.O. Kim. An active cochlear model showing
sharp tuning and high sensitivity. Hearing Research, 9(2):123–
30, 1983.

[32] S.T. Neely and D.O. Kim. A model for active elements in cochlear
biomechanics. The Journal of the Acoustical Society of America,
79:1472, 1986.

[33] T. Ren. Reverse propagation of sound in the gerbil cochlea. Na-
ture Neuroscience, 7(4):333–334, 2004.

[34] T. Ren, W. He, M. Scott, and A.L. Nuttall. Group Delay of Acous-
tic Emissions in the Ear. Journal of Neurophysiology, 96(5):2785,
2006.

[35] L. Robles, M.A. Ruggero, and N.C. Rich. Two-Tone Distortion
on the Basilar Membrane of the Chinchilla Cochlea. Journal of
Neurophysiology, 77(5):2385–2399, 1997.

[36] M.A. Ruggero. Comparison of group delays of 2f- f distortion
product otoacoustic emissions and cochlear travel times. Acous-
tics Research Letters Online, 5:143, 2004.

[37] C.A. Shera, A. Tubis, C.L. Talmadge, E. de Boer, P.F. Fahey, and
J.J. Guinan Jr. Allen–Fahey and related experiments support the
predominance of cochlear slow-wave otoacoustic emissions. The
Journal of the Acoustical Society of America, 121:1564, 2007.

[38] R. Sisto and A. Moleti. Modeling otoacoustic emissions by active
nonlinear oscillators. The Journal of the Acoustical Society of
America, 106:1893, 1999.

[39] C.L. Talmadge, A. Tubis, G.R. Long, and P. Piskorski. Modeling
otoacoustic emission and hearing threshold fine structures. The
Journal of the Acoustical Society of America, 104:1517, 1998.

[40] P. van Dijk and G.A. Manley. Distortion product otoacoustic emis-
sions in the tree frog Hyla cinerea. Hearing Research, 153(1-
2):14–22, 2001.

[41] J.P. Wilson. Model for cochlear echoes and tinnitus based on an
observed electrical correlate. Hearing Research, 2(3-4):527–32,
1980.

[42] H.P. Wit. A third-order nonlinear oscillator model for sponta-
neous otoacoustic emissions. In Advances in the Biosciences, vol-
ume 83, pages 125–132. Permgamon Press plc., Great Britain,
1992.

[43] E. Zwicker. A hardware cochlear nonlinear preprocessing model
with active feedback. Journal of the Acoustical Society of Amer-
ica, 80(1):146–153, July 1986.

682


