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Chapter 1

Introduction

Noninvasive means to correct hearing loss and digsaare proposed for which a
new ear type system is developed with a realizatibits circuit. This leads to an
investigation of a new type of assistive devicetfeg hearing impaired that helps to
cancel and correct the effects from hearing disoedel potentially improves the
hearing ability. In this introductory chapter, weremarize

1. overview and motivation of the research
2. main contributions

3. organization of the dissertation

1.1 Overview and Motivation

With its complex and inaccessible structure, iaiglifficult task to study the
internal mechanisms of the human auditory systethtegmt any hearing loss and
disorder. Various measurements have been utiladdarn more about the function
of hearing organs and the sound interpretationga®dnside the brain for accurate
diagnosis and proper treatment. Although, direichwdation of the specific location
inside the auditory system can be done on expetahanimals, noninvasive ways
are much more preferable especially for humans.ilfVasive means to correct an

unwanted effect from auditory damage and disorsiénvestigated and implemented



in this research which paves a way for a possileecidpment of a new type of
hearing aid that should be a much more effectivé la@neficial assistive device
improving the hearing abilities of the aid usersilike conventional hearing aids,
whose amplifying gains are adjusted over some dichgets of frequency bands or all
frequency bands according to the frequency speatfdiometric thresholds measured
with the standard pure tone audiograms, we take aucount the physical and
behavioral characteristics of an individual's hegrifunction and hearing loss
configuration and incorporate them into the heaardydesign. The idea initiated in
[1]-[2] is that we create a mathematically repréatve ear type system descriptive
of the human auditory system, particularly the #arglisensitivity and characteristics
for which another ear type system inverse to thisgdesn can also be developed. As
such, cascading the inverse system with the olligystem yields the identity output.
The hearing aid, as shown in Fig. 1.1, is then cmswg of the connection of the ear
type system with normal characteristics and théesysnverse to the aid user’'s ear

type system so that damaged parts and undesirethdnéass effects are potentially

Figure 1.1. Block diagram of the proposed hearing aid teaaiq



cancelled and corrected. To some extent, the agsvices such as eyeglasses and
contact lens exemplify the proposed correct tealmio which a pair of corrective
lens is used to correct defective eyesight. Thedsrrorrect the focus of the eyes as a

result people wearing eyeglasses can see as ihdeypormal visions.

In [2], modeling of the ear type system was madssiimbe by using the
stimulated acoustical emission signal that candieaied noninvasively in the human
ears. The emitted signals are known as transiesthked otoacoustic emission
(TEOAE), also known as Kemp echoes after the firstovery by D.T. Kemp [3].
With its noninvasive property, inexpensive equipteerand fast testing time, the
TEOAE is widely used as a tool to make a diagn@sid gain access into the
functioning of the human auditory system from theeeal ear to the outer hair cells
level inside the inner ear [4]. It is also effeeli accepted as a reliable method for
hearing loss diagnosis, hearing sensitivity evadmaand screening for both children

and adults clinically used in hospitals today [9]-[

Here we extend the study of human auditory systemtioning beyond that, for
which the use of the auditory brainstem respon®R)As investigated. The ABR is
an electrical signal measured on the scalp in respto the acoustical stimulation in
the ear [10]-[17]. It reflects the synchronous \atti of neurons within the human
auditory system and tests the functions of the leacrauditory nerve and brainstem
auditory nervous pathways. Its waveform, Fig. 1a2fs about ten milliseconds and

consists of five major peaks which are believetdeaenerated from the cochlea, and
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Figure 1.2. An example of the auditory brainstem responseRpBieasured
from an adult with normal hearing. Latency, meadunems, is a time

occurrence of the peak of ABR waves labeled witmBo numbers | to V

along the auditory nervous pathways to the loweellef the central auditory nervous
system almost at midbrain [10]. The characterisscgh as major wave latencies (I,
Il and V), inter-wave latencies (I-lll, 11I-V andV), inter-aural wave V latencies,
their amplitudes, and overall waveform morpholagg clinically used since they are
generally consistent among people at adult agels mormal hearing and healthy
auditory organs such that the norms can be edgtablior hearing diagnostic and
evaluation [18]-[21]. Also, these characteristics highly affected by cochlear and
retrocochlear (beyond the cochlea) pathologies ki clinically compared with
the established normative criteria to identify fi@aring loss and threshold and also to
diagnose the disorders and tumors of the auditgsyes [14]-[17], [22]-[23]. The
ABR is a useful tool for testing the integrity dfet auditory nerve and brainstem in

addition to that of the cochlea. Its special adagatover others is that the test is



objective and the measured response is also relisdgardless of the patient’s
awareness. This is great for newborns or anyonenfyav difficulty responding to a
conventional pure tone audiogram. The ABR togethih the Kemp echoes are
therefore also acceptably used worldwide as theeusal newborn hearing screening
and evaluation programs [5]-[9]. The measured $&grexre compared against
standardized response patterns to make a diaghosisurther treatment. The
worldwide success of these programs allows they @atervention of any disorder so
the patients can get appropriate hearing assistigeices and other hearing

rehabilitation steps for better speech learningdklopment.

The ABR is certainly a useful tool to assess tharing function and diagnose
the hearing loss and disorder of the ear, auditerye and brainstem pathways. As a
result, these properties are made use of in owarel to develop the ear type
systems that can capture the characteristics awvithal auditory function via
measured ABRs both from normal and impaired edns. foninvasive technique is
designed to correct the impaired ear by using éweldped ear type systems from
which a hearing aid type device can be implemerftedm clinical applications on
the use of ABR as diagnosis tools for auditory pssing of normal and impaired
functions [8]-[9], [12]-[17] and as monitoring ingitors in the operating room [24]-
[26] and from past research findings on the us@&BR with conventional hearing
aids [27]-[30], changes of the characteristics &RAfrom abnormal to normal and
near normative criteria are shown to be associatddimproved hearing ability. The

method in this dissertation can hypothetically b#ficient condition for correcting



the unwanted effects from the auditory impairmert dysfunction resulting in better
hearing and improved speech understanding. Thergsalts will be very helpful for

providing a novel alternate improved means of atioae of the hearing impairment.

1.2 Main Contributions

The main contributions of the dissertation are samred as follows.
The new mathematically representative ear typeesysof the auditory
brainstem response is developed by using the neoddiynamical nonlinear
neural network architecture, as shown in equatidBsl)-(3.3), for
characterizing the hearing function and charadtesisof the individual
auditory system (see Section 3.2). Possible agpitaf the ear type system
for multichannel recording of the electrical adi®$ measuring from the brain
is given (see Section 3.4).
The new noninvasive correction technique of efféas the hearing loss and
disorder using our developed ear type systemstigdaced, as per Fig. 4.1.
By using the clinically measured auditory brainste@sponses, assessment
and determination of the auditory loss and damageztended to the higher
levels of the human auditory system such that thepgsed correction
technique incorporating the auditory brainstem oesp is more likely
associated with improved speech perception (se#oBet5.1).
The modified technique for deriving an inverse loé tdynamical nonlinear
neural network with ear type system representaigiven (see Section 4.2).

The technique has extra advantages especially farubilayer nonlinear



neural network with numbers of neurons and inpuitgats whose inverse
system cannot be set up by solving a reciprocdaheftransfer function, by
using an inverse function of a nonlinear activationction, and/or by finding
an inversion of row or column vectors and matrigasticularly for a case of
single input and single output with many internalirons.

Additional simulations and discussions on potertiahefits of the proposed
hearing aid compared to a conventional one areopedd in Section 4.5 to
show the possible validity of the proposed cormettnethod and system to be
used as a real hearing aid.

Possible circuits for implementing the proposedhuoeétinto a hearing aid are
designed in Chapter 5 showing various circuit congmds (see Section 5.2),
parameter scaling for transistorized circuits (Seetion 5.1), and additional
circuits with variable weight setting for alternaddjustment capability (see

Section 5.2).

1.3 Organization of the Dissertation

The dissertation is organized in six chapters.

Chapter 1 introduces an overview of the conceptd amtivation of the
investigation of the new assistive device. Thisludes the use of the auditory
brainstem response which leads to the proposeéatmn method and applications
of the new type of hearing aid. The main contribugsi and organization of the thesis

are also given, in Section 1.2 above.



Chapter 2 describes a brief explanation of basatamy and physiology of the
human auditory system focusing on the hearing fanctmechanism, and hearing
loss configurations. The auditory brainstem respoasd the usage in hearing
function assessment and hearing impairment diagnae introduced. The basic
concept of the conventional hearing aid and a vevs pertinent hearing aid
researches from literatures are also given indhapter.

Chapter 3 focuses on the methods starting withABR measurement and data
collection. Next, modifying of the nonlinear neuraktwork purposefully for
modeling of the measured responses and settinigeugelr type system is present. The
discussions on system identification steps and mmapenethods are then given. As
an example, the method is simulated using MatlabSimulink by using data from a
hearing test of a patient with a sensorineural ihgdoss. The extension of the ear
type system applicable for multichannel auditorglead potentials is also given.

Chapter 4 discusses the main scheme for noninvasiwection of auditory
impairment as introduced in Fig. 1.1. A new techmids introduced for deriving a
new mathematical description of the system invéostihe nonlinear neural network
representative ear type system of auditory bramsesponse given in Chapter 3. The
technique for setting up the inverse system is ajsplicable to a general case of
nonlinear artificial neural network architecturesr fother applications in which
correction or certain signals are needed, such #si model controller design or the
decoding of input signals from processed signalse Tesults from the proposed
technique are presented which can be developedainw hearing aid. Evaluations

of the potential performance are discussed by cangpaetween the techniques and



results presented in this dissertation and thosel us other conventional hearing
aids.

Chapter 5 focuses on the circuit design and raaizaf the developed ear type
system for possible further application in hearaad) hardware implementation. The
mathematical description of the system for makingpaection of unwanted effects
from auditory loss and damage is realized in ciscuRequired parameter scaling and
value shifting necessary for transistorized ciudre presented with results.
Additional circuits with variable weight adjustmerare also given.

Chapter 6 summarizes the dissertation and give® sigpan problems for future

research directions.



Chapter 2

Human Auditory System, Hearing impairments, Auditory

Brainstem Response and Hearing Aid

This chapter addresses brief background and tiiteraieviews on

1. Anatomy and physiology of the human auditory systatroducing the
basics of hearing and hearing impairment

2. Auditory brainstem response including the basicceph and the use in
hearing diagnosis

3. Hearing aids including the basic concept of theveotional hearing aid

and a literature review of relevant hearing aicteeshes

2.1 Anatomy and physiology of the human auditory sstem and
hearing impairment

Hearing is a very complex process involving mamgatamical organs and
mechanisms working together where the main singglifirepresentations are
discussed as presented in Fig. 2.1 showing the basitomy of the ear, the cochlea
inside the inner ear, and the auditory system. A&aring function of the human
auditory system consists mainly of two parts whask the sound conduction and
transduction by the ear and sound interpretatiorthgy auditory nervous system.

Sound as acoustic signal enters the ear througbutee ear, hits the ear drum, which

10



Figure 2.1. Schematic diagrams of (a) anatomy of the eath@unfolded cochlea
(c) the Organ of Corti showing sensory hair cellsl (d) the main auditory nerve,
nuclei, and pathways of the auditory nervous syst8p.35-37], [16,pp.19-84 ],

[17,pp.1-17]. Lines represent connections, not exambers of paths in these
simplified drawings.
is also known as the tympanic membrane, separdtm@uter and middle ears, gets
transferred by the three bones inside the middienéa mechanical vibration of fluid

inside the inner ear, and then gets transformeal tim¢ electrical neural signals by

11



sensory cells inside the cochlea of the inner &he signals are sent along the
cochlear nerve, auditory nuclei, fiber, and branstauditory pathway to the central
auditory nervous system for interpretation insitte brain. The mechanism and
process underlying perception and interpretatioscaind by the auditory cortex are
very complicated and have been of interest in rebea and clinics in order to
develop neural prostheses and study neural plgst[@1]-[34]. Some of the
techniques that have been utilized are, for exanptshniques using electric fields
such as the electroencephalographic (EEG) methsiag imagnetic fields such as the
magnetoencephalography (MEG) method or magnetioneexe imaging (MRI)
technique, and using injected radioactive chemisath as those used in the positron
emission tomography (PET) scan. They are foundetaugeful tools to learn more
about brain activities at cortical levels [31]-[33]he primary region of the auditory
cortex, as indicated in Fig. 2.1(d), inside a brams approximately inferred from
animal testing using invasive methods because tlaeee inevitably differences
between animals and humans. With developing tecigied, the noninvasive or
partially invasive methods can be performed on [gwfith confirmed brain lesions
or from the brain imaging techniques, such as Milyever, with many connections
of neurons and nerve fibers within the brain, othegions of the brain can also
contribute to auditory perception and speech im&tgbion [15,p.452], [16,p.266],

[17, pp. 173-175], [35].

As we understand the basis of the hearing orgadduanctions, hearing loss and

impairment are generated from the disorders of @anmore of these organs. Here,
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essential aspects of hearing impairments are disdusategorized by the locations

of the disorders, hearing loss can be divided fiotw types [36]-[37].
Conductive hearing loss where the damage is ta@dineluction of sound by
either the outer ear or the middle ear, for examible middle ear infection.
The conductive hearing loss is usually medicallgungically treatable.
Sensorineural hearing loss (SNHL) where the dansatgeeither the inner ear
or the auditory nervous pathways from the inner teathe brain. Losses
resulted from the sensory organs inside the codhlsametimes referred to as
a cochlear loss or a sensor loss and those fromuithiiéory nervous system are
referred to as a retrocochlear loss or a neural [bBe sensorineural loss is
currently alleviated by using a hearing aid in thater ear for mild to
moderate cases. Permanent damage to the sensooelsin the cochlea in
most profound cases can be alleviated by using chlear implant. An
implanted electrode array directly stimulates tbhehtear nerve bypassing the
damaged sections. This is commercially availabld proven to be very
successful [38]-[40]. There is also a brainstem lanp device [40]-[41]
directly stimulating the cochlear nucleus of thaibstem for a case of damage
to the cochlear nerve, such as from a removalmbtuHowever, the success
of this brainstem implant is limited, which may dtee the tumor removal
surgery during which a flow of blood supply to tbechlear nucleus can be

damaged. This also leads to researches on an gudiidbrain implant [42].
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Mixed hearing loss which is the mixture of both doative and sensorineural
hearing losses. The hearing aids such as, boneaatthypes [36] or hearing
aids in the tooth [43]-[44], are some of the opsidor assistive devices.
Central hearing loss where the damage is to tha brainly the central
auditory nervous system of the brain. The centrehrimg loss is not
commonly found compared to the other types. It ceige where a patient can
acknowledge the presence of the sound but sometame®t interpret what is
being said resulting in poor word recognition ssodeiring the hearing test
especially for complex speech and speech in theepoe of background
noise. The hearing aid is of little value in alkung this type of loss. A
speech and hearing rehabilitation and control efehvironment factors may

alleviate and assist the patients.

For the auditory brainstem response, the measuBfd éharacteristics are affected

by both conductive and sensorineural hearing losBas ABR is typically measured

with an air-conducted stimulus that is affectedbogh losses. This is also the one

used in the dissertation. However, the ABR can &dsomeasured with a bone-

conducted stimulus for a quick differentiation beem the two types of losses when

testing newborns or for use with ears with visifilgns of severe outer or middle ear

infections [15, p.460]. More discussion on the ABBnals is given in Section 2.2.

Hearing loss can also be divided according to ntadaiof the hearing threshold

measured with a pure tone audiogram. The pure aoégram is usually the first

choice in testing human hearing because it is qu@aky, and cheap. It is a subjective
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behavioral measurement which requires behaviorgpamses from the patients.
Audio sine waves of commonly used frequencies fiaed50, 500, 1k, 2k, 4k, and 6
kHz are fed into the ear to determine the loweshddevel that a person can hear or
show sign of behavioral response. The audible frqy for humans with normal
hearing is from 20 — 20,000Hz. The average of allli@netric thresholds are
calculated as a pure tone threshold for fittingnadr analog hearing aid or as low,
mid-, or high frequency thresholds for a multi-barmtigital hearing aid. Hearing loss
is typically categorized as normal (<25 dB HL), a@nfR5 — 40 dB HL), moderate (40
— 55 dB HL), moderately severe (55 — 70 dB HL),eev(70 — 90 dB HL), and
profound (>90 dB HL). A unit, dB HL, is a decibdisaring level, which is calibrated
from average threshold levels of adults with norrhabring at each measured
audiometric frequency and also of the audiometedsthe earphones. The values are
then established as the reference which is uswallgulated and built into the
audiometer equipment with specified ear phones-[38], [45]. For example, O dB
HL corresponds to a lowest sound level that nornealring people can hear, not an
absence of sound, which also varies at each autlicnfrequency: 250, 500, 1k, 2Kk,

4k, and 6k Hz.

For clarification, a quantification of sound levglphysically measured as a sound
pressure with a unit Pascal (Pa). However, the d@uessure is usually referred to a
unit in decibels. Sound pressure level (dB SPL),

dB SPL = 20xlogy(P/Pe) 2.1)
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where P is a sound pressure in Pa agddthe reference sound pressure = 20 uPa
which is usually considered a minimum sound lekiat & human can hear [37], [45].
The hearing level is calculated based on the aueliocrfrequency, so

dBHLat ... Hz = (@PL)ester— (dB SPL)s at... Hz  (2.2)
where (dB SPL); is a sound level required of a group of individualith normal
hearing and (dB SPl)w.r is a sound level required of a tester to hear. ak#

calculated at each of specific frequency (Hz).

The behavioral hearing threshold measurementshendiays of compensating for
the loss of frequency specific sound quantificateoe useful; however, they may
only account for a portion of the loss. The heariags that was considered to
originate from dysfunction and pathology of theldea may be in part caused by the
disorder of the auditory nervous system [17,pp.2D1} which cannot be clearly
identified by the pure tone audiogram. Also, a regfuent for a subjective decision
from a patient limits its use with newborns, youclgldren, and difficult-to-test
patients. Beside the behavioral measure, additiordjective auditory
electrophysiologic tests, such as otoacoustic eomsand auditory evoked response,
are beneficial for hearing assessment and diagmbgsthologies. Also, researches
on the sound perception process and assessmdrm afiditory nervous system inside
the brain can be accomplished by using the evokéehpials measurements such as,
the ABR, to gain more insight into the physiologlytbe auditory system and the

auditory processing functions and impairments.
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2.2 Auditory brainstem response

Auditory evoked potential responses, such as, relemthleography
(ECochG), auditory brainstem response (ABR), augditmiddle latency response
(MLR), auditory late latency response (LLR), antiess, are all useful for hearing
evaluation and assessment [11]-[17], [46]. For gdamECochG is the potential
response reflecting activities within the cochlgausing an electrode placed on the
ear canal surface as close to the ear drum ashpmssiusing an electrode perforating
through the ear drum and resting on the round windance the signal quality
depends verynuch on the electrode sites. The closer the elgeti® to the cochlear
nerve, the better reliable signals are receiveds Itypically used in research on
experimental animals [46], [55]. Now ECochG is onoked in some cases of hearing
diseases since the activities of the cochlea camta recorded by the ABR in which

the ECochG is equivalent to wave | component.

Mainly, the use of ABR is investigated in the drtaon. The auditory
brainstem response (ABR), which is also known aainBtem auditory evoked
potential (BAEP), or brainstem evoked response @Sk the most common used
and well-known because it is the short latency mide (about 10 ms after stimulus)
that can be easily recorded and reliably detedtisthg the middle latency (MLR) or
the late latency responses (LLR) would be usefulwa#l in hearing function
assessment and diagnosis, but the MLR, which tsftbe activities at higher level of
the central auditory nervous system, tentativelyualmid-brain area with latency 10

— 50 ms after evoked stimulus, and the LLR, whiefects the activities at the
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cortical area with latency 50 — 300 ms after stusulrequire very long testing and
analysis time periods by a highly experienced daodist. The MLR and LLR

waveform characteristics and morphology are higiiflyenced by a patient’s state of
arousal, movement, and level of awareness [12]-[Algo there is tentatively much
more variability within the same patient and betwpatients [20]-[21]. The ABR on

the other hand appears to be less variable arasisreao identify. It also has received
more attention, so there are many references @aitagarding normative data and

methods for objective hearing diagnosis.

The ABR is the short latency auditory evoked po&tnesponse that lasts
about 10 ms after the stimulation and consistsrohgry five waves customarily
labeled by Roman numerals I-V [11] as shown in Rig. Time zero represents the
stimulation onset. Although, direct stimulationglanvasive studies of the responses
from the single nerve cells and nerve fibers inmeais are possible, for human
noninvasive measures are more suitable. The ABRsuneas a far field recording, so
the anatomical locations inside the human audggstems that generate these waves
can not be yet exactly pinpointed. Also, since #uglitory system is a complex
structure consisting of networks of nuclei and @mtions of nerve fibers, the main
waves (I-V) of the ABR that are believed to be gated from the precise anatomical
sites can also be contributed to from the surraumdiuditory organs as well. By
combining the data inferred from experimental atgrend recorded from patients
with confirmed site of lesions or with exposed argaduring a surgery, the

components of the ABR waves are believed to bergése from the corresponding
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Figure 2.2. Simplified diagram of the anatomical origins loé tauditory

brainstem waves [10]-[11],[13,p.44],[15,p.425],[1&66],[17,p.175],[35]

sites in the auditory pathway as shown with dasimed in Fig. 2.2 [10]-[11], [13, p.

44], [15, p. 425], [16, p. 266], [35].

The auditory stimulus that is used in Fig. 2.2 anthe dissertation is a click
pulse, as per Fig. 2.3, which is also the most coniynused stimulus for evoking the
ABR. The rectangular voltage pulses are convereathe acoustical clicks fed into
the ear via an earphone. With the sharp rise dhtinfees, it is believed to effectively
excite the synchronous activities of all auditogurons that give rise to the easily
identified and clearer signals. Its broad frequespgctrum also provides a good
assessment and diagnosis of a wide working frequesagion of the cochlea and

auditory neurons in general. For a frequency smeoisponse, a tone burst stimuli
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Figure 2.3.Typical used stimulus signals

can be used but the measured responses are nt#aadcacidentify and have poor
waveform morphology. Tone burst-ABR is commonly dises a quick way to

compare the hearing test results with those fropura tone audiogram by using a
tone burst at the audiometric frequencies and camgpé#he latency of wave V of the
ABR against normal limits. Wave V is the most rabaisd largest of all components

and can be reliably identified despite the poor AB&/eform morphology [12]-[17].
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The stimulus signals typically used in the ABR meaments are shown as examples

in Fig. 2.3.

Amplitudes and latencies of the responses are ateliand compared to the
normative criteria that are established as a nostaldard because the ABR wave
characteristics of normal hearings are quite ctamsisin healthy adults’ ears and
throughout one’s adulthood. There might, howeverslight variability among babies
and older adults for which different sets of nonv@&atABR characteristic criteria can
be set up accordingly for more accurate results,efcample, a normative data
established for newborns to 6 months or for adétso 70 years old. Some other
environmental factors can affect the ABR charastes, such as different ear
phones, however they are typically taken into antavhen establishing the clinical
norms. Both conductive and sensorineural hearings laffect the response
characteristics as well as the pathologies of #reamd auditory pathway such as
tumors. ABR can be a much cheaper alternative fagrsbsis of medium sized
tumors to Magnetic Resonance Imaging. It can alsoused for monitoring the
auditory function in the operating room. Thouglerthcould be limitations of the use

of ABR because the signal might be absent in proedaldeafness cases.

The typical normal ABR waveform with click stimulus presented in more
detail in Fig. 2.4 for illustrative purpose. As comon in most bioelectrical signal
recording and processing techniques, repeatingubisnand averaging of the

measured signals are required to reduce noiseréifat®s and enhance the signal to
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Figure 2.4. Typical ABRs recorded from a person with normehiing showing
the reproducible ABR with clear waveform morpholamnd response

parameters within the normal limits.

noise ratio. As per Fig. 2.4, the upper curvesaggmnt two ABR signals each being a
sum of 1,000 averaging responses alternately redoird two independent memory
storages A and B of the ABR-test equipment, whiehwsed as a way to ensure the
reliability and reproducibility of the recordingqmedures. The lower curve represents
the stable ABR result with good morphology whichtle average of the 2,000

averaging responses from the above two curves.

The normal ABR in Fig. 2.4 shows clear and good efasm morphology
with absolute wave latencies (wave |, lll, and Yfjter-wave latencies (between
waves I-lll, 111-V, and I-V), and amplitudes withithe normal limits. Although, all

waves | — V of the ABR can be identified in Figd 2and in most normal cases, the
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prominent waves |, lll, and V are typically used dnmgnosis of the hearing
impairment. For instances, the normative absolutavew latencies that are
implemented at the Otolaryngology clinic of the &ifChulalongkorn Memorial
Hospital for quick evaluations are wave | at 1.62X0.12) ms, Il at 3.51 (£2x0.11)
ms, and V at 5.34 (x2x0.20) ms. The hearing loss athologies of the auditory
organs are usually suspected if there is devidtmmn these desired ABR parameters.
For example, in a typical case of conductive heptass, latencies of waves I, I,
and V are usually beyond the normal limits, butititerwave latencies are within the
normal ranges and the amplitudes and waveform notoglp are also normal. For a
case of sensorineural hearing loss that is of eachbrigin, the delayed latency,
absent or reduced amplitude of wave | are usualheeted, but the later components
of ABR waves are unaffected. Poor waveform morpgwlmight be seen. For a
sensorineural loss that is of retrocochlear origire clear normal wave | and a

prolonged or poor waveform of later wave componangstypically present.

The conductive and sensorineural hearing loss tsffea the ABRs are
selected to present in Fig. 2.5 for illustrativegmses. Figure 2.5(a) shows the ABR
measured from an ear with a typical case of comdudbss. Since the outer ear or
middle ear is damaged, the sound intensity to tiveri ear and the successive
originating sites is reduced. The latencies ofxaVes are all delayed. The interwave
latencies are generally within normal limits. TheBR typically shows good
waveform morphology and normal amplitudes [47]-[4Blgure 2.5(b) shows the

ABR measured from an ear with sensorineural hedosg that is due to a neural
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Figure 2.5.Two case examples of abnormal ABRs recorded frgratignt with
(a) a typical conductive hearing loss and (b) alreénsorineural hearing loss.

Dashed arrows indicate delayed latencies.

loss. The wave | is present within normal limitst vave Il and V are slightly
prolonged [48]. The ABR is certainly a useful téolassess the hearing function and
diagnose the hearing loss and disorder of the Ipergb cochlea, auditory nerves, and

brainstem auditory pathway.

2.3 Basics of a conventional hearing aid and reviesvon relevant
hearing aid researches

In order to compare with the proposed assistiveicgewsing technique

investigated in the dissertation, in this secti@seatial basics and information of
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batteries |

Figure 2.6. Simple diagram of hearing aid components

conventional hearing aids are introduced. A heaaigis basically constructed from
four main components which are (1) a microphondraasform audio signal into

electrical signal, (2) an amplifier to raise thausd level, (3) a receiver to convert
electrical signal back to sound, and (4) battetogsower all components as shown in
Fig. 2.6. Its performance and capacity have beehvig and improving as changes
in signal processing and technologies have becwaiéable. Smaller sizes and better
designs have kept up with technology to satisfyaiteusers with signal processing
using analog, analog programmable, to digital prognable technologies. All these

have the main common purpose of providing amplifocaof sound.

Hearing aid gains are set according to the degfdsearing loss typically
measured by the pure tone audiogram as discussBdciion 2.1. An example of a
threshold-frequency audiogram is given in Fig. & 7f which the gain-frequency
settings of the hearing aid are then aimed to miiteke prescribed targets based on
the results of the individual’'s audiogram. An auptaom in Fig. 2.7(a) shows the
hearing levels tested by air conducted pure tommats which shows normal

threshold in the left ear and mild to moderate Higlquency hearing loss in the right
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Figure 2.7. (a) A sample of audiogram of a unilateral heatossg and (b)
comparison of a target gain from (a) and a provigied curve if fitted by analog

hearing aid with a basic gain curve from [36]-[8@r illustration)

ear. In Fig. 2.7(b), a result from an audiograna oight ear in Fig. 2.7(a) is plotted as
a prescribed gain target calculated by using tmengonly used fitting formula from
the National Acoustic Laboratories (NAL) [56]-[5&] find the real ear insertion gain.
Basically the hearing levels at low, mid, and higdguencies are averaged and added
to the hearing level at each audiometric frequemitly some correction factors. Also
shown is a gain curve if an analog hearing aid &ithasic fixed gain curve adapted
from [36]-[37] is selected for fitting. By compagrthese two curves, the mismatches
can be seen resulting as over- or under-ampliboatiwhich might discourage the
users from wearing the hearing aids. More flextipiin the fitting procedure and

added configurable filters for gain-frequency shapnight give a better fit.
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Figure 2.8.Diagram of a typical digital hearing aid (adaphexn [36]-[37]).

A simplified block diagram of a more recent digitearing aid is given in
Fig. 2.8. An acoustic signal is transduced into aralog electrical signal by a
microphone and is then converted into a digitahaigso that the signal can be
processed digitally and then is converted back tinébanalog signal from which it is
sent to a receiver. This allows additional featsash as, noise reduction circuits,
feedback cancellation, or acoustic scene anal@8[B7], [49]-[51] to be employed

for better quality of acoustic amplification.

As mentioned, the investigation of the noninvasieerection method in this
dissertation is inspired by the concepts initiated1]-[2]. There have been a few
other relevant researches exploring hearing aighigoes that are based on modeling
of biological ears in addition to compensation otlidility loss based solely on the
behavioral pure tone measurement in which they hattempted with different
interesting approaches and results [52]-[55]. B],[Ehe mathematical building blocks

of the peripheral ear ending at the inner hairscelere utilized with which the
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mathematical inverse function of each block wasthembined. Using simplified
and approximated steps, the final compensator systsulted as a bank of bandpass
filters followed by automatic gain control blockdieh are similar to the technique
used in conventional hearing aids. However, the gaintrol was implemented in
multiplicative type manners instead of the typiesdback control; this yielded better
performance than the selected conventional aidshich the authors compared the
performances [53]. In [54], the authors made usa ofiodel of a cat's cochlea to
represent normal and impaired ears also ending Il tair cells.
Electrocochleography was performed on the cats {&#] acoustically traumatized
noise induced-hearing loss to record action paeétiting rates and patterns of a
single nerve cell inside the cochlea. The respongese then used to predict
percentages of the frequency specific thresholdeldetween those resulting from
damaged outer hair cells and damaged inner hdg teebe included into the models
from which the compensating aid was then desigoedotmpensate these ratios in
terms of adjusting its weighted gain over frequescirhe ABRs have been measured
in patients wearing conventional hearing aids [[B0F [97]-[99] which will be

discussed in Section 4.5.1.

The conventional hearing aid is undeniably of vahisean assistive device.
However, the new approaches that look into the dyidg auditory activities within
the auditory system can potentially provide altegn#&echniques for improved
assistive devices that have a potential to be &bleestore the normal hearing

functions providing extra valuable benefits foristssg the hearing impaired.
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2.4 Summary

This chapter addresses first the anatomy and plogsicof the peripheral and
central auditory system and hearing impairments<tNine nature and use of the
auditory brainstem response in hearing diagnosi general overviews of the
responses are given. Lastly, basic amplificatiomcepts of conventional hearing aids
and literature surveys on related hearing aid rebea are discussed. More
knowledge on these topics can be found in textb¢dRE[17], [36]-[37], [57]-[59].
Selected essential background information has biesussed preparing the readers
for methods and results that are the main invesigeof the dissertation in the

following chapters.

In conclusion, the scope of the noninvasive comacinethod in the dissertation
that utilizes signals from the ABR tests to asséms functions of the cochlea,
auditory nerve, and brainstem auditory pathwayspeeially useful and purposefully
aimed toward helping people with mild to moderatensorineural hearing
impairments. The ABR is able to identify for botbncuctive and sensorineural types
but a conductive loss is often treatable medicallye extra advantages gained by
using ABR are that the response characteristicdheamsed to diagnose the damages
of the cochlea, nerve, and/or brainstem auditoryaes pathway while the pure tone
audiogram simply accounts for a quantitative measifraudible sound. The ABR
tests do not require subjective decision from pasie The analog circuits of the
system for making a correction can be developedigerwith air or bone conduction

devices into an assistive device intended as @amnalive to a conventional hearing
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aid by implementing with the new proposed hearisgeasment and correction
technique of Chapter 4 and 5. The ideal case woeilthe new type of hearing aid for
a patient with unilateral hearing loss whose chhitearing evaluations and auditory
brainstem responses are performed and data ar@keptegular basis such that any
hearing deterioration and deviation from normal dsn detected as soon as it
happens. The normative parameters can also bermepled by using the patient’s

own records to reduce any variability for even mareurate outcomes.
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Chapter 3

Modeling of the Auditory Brainstem Response

The method begins with the measurement and madalinthe auditory
brainstem response (ABR) to develop an ear type¢esyshat can mimic the
behaviors and capture the characteristics of thmamuhearing system. With its
noninvasive properties and underlying nature réfigcthe activities within the
peripheral ear and section of the central audit@mwous system inside the brain, the
ABR has been extensively used in clinics and acadessearches. We utilize these
properties and their response characteristics warehaffected by the auditory loss
and disorder and are associated with auditory kignacessing mechanism from
which the new concept of noninvasive correction aftérnate hearing aid type
device are proposed. The first part of the methmgles and results are discussed in
this chapter which covers the following topics.

1. The ABR measurement set up for data recording,

2. The ear type system of ABR showing the mathematmadesentation using
the modified nonlinear artificial neural networlchitecture and the methods
for system identification,

3. The simulations and results of the developed epe tyystems using data
from a patient with a hearing impairment for a mag of illustration to

demonstrate the possible application of the dewslagystem in the hearing
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aid development and evaluate the results obtainmedch fthe proposed
technique.
4. The extended ear type system for multielectroderckiegs and/or binaural

simultaneous stimuli.

3.1 The Auditory Brainstem Response Measurement

The data of auditory brainstem responses in theedation are obtained from
the clinical hearing screenings at the Otolarynggloclinic of the King
Chulalongkorn Memorial Hospital, Bangkok, Thailaasl part of the clinical hearing
screening and diagnosis and were supplied by Prafd3ermsarp Isipradit, M.D., at
the department of Otolaryngology, Chulalongkornvénsity. As shown in Fig. 3.1,
here the ABR is measured with three electrodeseplan the scalp at the hairline of
the forehead, the mastoids, and the temples gbdlient while staying still or asleep
to reduce the muscle movement. Also, standard pk&paration is performed to

reduce the skin-electrode resistance [60].

Figure 3.1. Diagram of the ABR measurement set up
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For example, the left ear is being tested in Fid, 8o the inverting electrode
is at the left mastoid, the noninverting commorcetae is at the hairline of the
forehead and the ground electrode is at the rigimpte. The inverting electrode is
switched to the right mastoid for testing the rigdatr. The measurement room is
shielded from outside noise and strong electrontagfields. The stimulus used in
the hearing evaluation is the click pulse presenah the repeating stimulus rate,
typically of 20/s, through the headphone which ge#te stimulus sound to the test
ear as shown in Fig. 3.2. The electrical potenbélguditory system are picked up by
the electrodes, filtered, and averaged inside ¢se équipment to reduce noise and
artifacts. Various patients with different typeshefaring losses and suspected hearing

pathologies are tested for hearing evaluations.

3.2 The Ear Type System of Auditory Brainstem Resptse

3.2.1 The Modified Nonlinear Neural Network

The ear type system of measured auditory braingtesponse (ABR) is
developed using the data from the measurementsiifidation of the human
physiological systems using a modified artificiaunal network is applied for deriving
the mathematical representation of the ear typesysNith its structure as a basic of
other types of neural network architectures, theflétd neural network [61]-[64] has
been widely studied and found useful in the appboaof system identification of the
biological processes and physical systems [65]-[@8le network structure is also

suitable for hardware implementation [69]-[71].
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Figure 3.2.Schematic diagram of the modified artificial nduratwork

The classical structure of the Hopfield neural rekn{64] typically used for
binary pattern classification problems is modifitad the application to ear type
system identification in which a second output tagied an external input are added,
as shown in Fig. 3.2. This nonlinear ear type systath the basic structure adapted
from the dynamical Hopfield neural network in a tenous time domain consists of n
neurons in the first layer and one neuron in treoisd layer. The ABRs measured at
the hospital used for illustration of the methodseistigated in the dissertation are
measured using three electrodes in a single chamoerding meaning that the
response ipsilateral (on the same side) to theetgsts recorded from one ear at a time.
The mathematical representation of the ear typeesysnodeling with the auditory
brainstem response, measured in a described mhamigry a 1-vector input and 1-

vector output, is defined in continuous time stace variable form

(& (t)/dt) = Av(t) + G + Bu(t), X(0) =Xxo (3.1)
v(t) = f(x(t)) (3.2)
y(t) =Cv() +d (3.3)
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where u(t) is an input signal (1-verto
y(t) is an output signal (1-vector)
X(t) is an internal state-type nx1 column vectohvuiitial valuexo
v(t) is a nonlinear nx1 column vector

E is a diagonal nxn matrix with diagonal entriesada a constant e, =

exl (I = Identity matrix)
A is a constant nxn weight matrix
G isa constant nx1 column bias vector
B isa constant nx1 column vector
C is a constant 1xn row vector, and
d is a scalar output bias.

All quantities are assumed real. Since the aadwitvithin the human auditory system
is highly nonlinear, the activation function, f(s) selected to be a nonlinear n-vector
function that is monotonically increasing and d#fetiable, such as a sigmoid
function which is equal to 1/(1+exp(-x)) [64]. lhet ear type system of ABR, a
hyperbolic tangent, tanh(x) = (exp(x)-exp(-x))/(exp-exp(-x)), shown in Fig. 3.3 is
used, v= f(xij) = tanh(¥) (3.2), since it has a larger output range andmédes to a
mechanical movement with saturation of hair cefisthe cochlea. The hyperbolic
tangent function is also convenient for implemeatatn hardware using the bipolar
junction transistors (BJT). The BJT differentialrparcuits with components for input

voltage adjustment can be used to realize t@nixere x can be represented as the
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Figure 3.3 A hyperbolic tangent function, f(x) = tanh(x)ropared to a sigmoid

function, f(x) = 1/(1+exp(-x))

voltage in a circuit. The mathematical model of da& type system is developed to
mimic and capture the behaviors and characterisfitise individual auditory function

via the measured ABR in which normal hearing fuorctand effects of the hearing
loss and disorder on the hearing function are cdbaraed. These equations
representative of the ear type system (3.1)-(38) be extended applicable for
multiple inputs and multiple outputs recorded inltnbannel configurations and also
for simultaneous stimulating both ears and recgrdinditory evoked brain activities

from various locations on the scalp which will letifier discussed in Section 3.4.

3.2.2 System Identification Methodologies

The system identification procedures for estinratid the coefficient vectors
and matrices of the nonlinear ear type system.ih){@3.3) are implemented using the
modeling methods that combine the uses of the hewtavork modeling and the

optimization algorithms together with the trial-a@dor simulations. Given the
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continuous time domain measurements of the ingnasi u(t), and output signal,
y(t), the parameters of the system coefficient&3id)-(3.3) are also estimated in the
continuous time domain. Standard numerical optitiopaalgorithms are applied to
first find the dimension n of the internal neuraats and to second estimate the

parameters of weight vectors and matrices andvaiaes:A, B, C, d,E, andG.

Estimating the dimension

The same as in most system identification problemslimension of the
nonlinear dynamical system, that is, the numbethefinternal neuron states of the
ear type system in (3.1)-(3.3), is typically chosere sufficiently small to construct
the system with simple structure and minimum nunadbfgrarameters that are capable
of mimicking the physical system and capturing slgetem characteristics on which
the developed system is based but flexible enoogbive satisfying outputs with
acceptable discrepancies between the real physyséém and the simulated system
responses. Increasing either the dimension anchaingber of parameters tends to
generate a system with less mismatched signals batiegr fits but the system
structure can become complicated requiring extraprgational time and resources
which might not be necessary [72]-[78]. The stepsfihding the system dimension
are improvised from the combination of differentpegaches including the model
order selection techniques for a dynamical nonlisgatem such as use the Lipschitz
criterion [79] together with trial-and-error simtians to validate the results and

choose the optimum numbers.
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The Lipschitz criterion is a method to identify thptimal embedding orders
based on the continuity property of the nonlineauction by calculating the Lipschitz
guotients. It can be applied to an unknown nonlirtdsg@amical system typically of a
general formulation

y(t) = f(y(t-1),%8), ..., y(t+), u(®), u(t-1), ..., u(s))

5 10) (3.4)
where y is a vector of outputs, u is a vector @uis, and is called a regression
vector consisting of lagged outputs and lagged inputs taken into account to
construct the mathematically descriptive nonlinggstem. To find the right order of
the system that is the orders of regression veat@sds, to accurately simulate and
map the nonlinear system from the input-output @af, y(t)) wherei=1, 2, ..., N
and N is the data length, that is the number ofakgsampled input and output
signals analyzed, the Lipschitz quotients are ¢aled. The Lipschitz quotients,g,

are calculated directly using only the input antpatidata,

G = I(t.) - y(t,)
A ORAS

(1) (3.9)
where || (t2) —j (t)|| is the Euclidean norm and (t y(t)| is the difference of the
scalar nonlinear outputs. The criterion is basetherbounded gradient which can be
estimated from the largest quotient to decide o@atimum numberr ands, of the

selected regressor vectors. The largest quotienthi® system order occurs at the

known sampled points calculated by

o) ly(t2) - y(t)| (3.6).

Qi1 = 1 1
= t, - K)- y(t, - K) [P +——— u(t, - K) - u(t, - k) |P
Jrk:llly(z ) - Yt - K i (S+1)k:0”(2 ) - ut, - K) I
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where |y(#)-y(t1)| is the difference of the scalar nonlinear owpand ||.|| is the
Euclidean norm of regression variables (past inpats past outputs) for determining
the gradient . If the system order first selecgethsufficient, meaning one or more of
the past input-output variables needed to set emtmlinear system are not included
and are not completely independent of other inaudegression vectors, the
Lipschitz quotient, &y of the insufficient orders wheresr and <s, can become
unbounded and is very much larger th& gith the right selected numbers of past
output,r, and past inputs, variables to completely map the nonlinear furnrctibhe
more the necessary regression variables are ntidewt, the much larger the
guotients can become. On the other hand, if mormas of past inputs and past
outputs are included than necessary, the Lipschittient, ' ’ of redundant orders
where >r and >s, is still bounded but has a value slightly smaltem ¢ with the
right numbers of necessary variables. Increasiegniimbers of regressor variables
results in a smaller quotient values. Using theseciples, the Lipschitz number,

q"9, is calculated from

p

¢ = QT+ 99 () 3.7)

where §9(k) is the k-th largest quotient among q[jl's) andp is usually selected as

one to two percent of the data length, N [79]-[80%ing the above principles, if the
optimum numbers of lagged input variablgsand output variables, are included in
1st+1) |S

the calculation of 2, "*Y will be much larger than ¢ whereas §

slightly smaller than §®, so the optimum system order can be easily locatete

39



knee point of the curve between the Lipschitz nuslzend the system orders [81]-

[82].

The model order selection technique using the lbhpaaumbers has been
successfully used in various system identificatigAi9]-[85]. The system order
obtained from this technique can be used as amggwbint from which the system

structures can be defined and estimated.

Estimating the parameters

After the optimal order is selected, the nonlinear type system can be set
up. Numerical optimization algorithms will be useased on the iterative prediction
error minimization [74]-[76], [86]-[87] aiming to mimize the mean square error

(mse) between the signals from measurements andagions,

mse AL (Ymeasureﬁti)'ymooleler{ti))2 (3.8)

i=1

can be applied to find the parameters of the inldiai ear type system. In (3.8),
Ymeasured@l€ Signals from the measurements.qdeqare signals from the models, and
N is the number of measured and modeled outputakigalues in which the
minimization becomes a nonlinear least square problThe least square algorithms
[86]-[87] including the Levenberg-Marquardt algbnt (LMA) [74] and the trust-
region-reflective algorithm [88] are utilized inighdissertation. These are commonly
used and effective approaches for nonlinear opétiins and are available in
MATLAB toolboxes. Basically, the algorithms begintlwvan initial set of parameters

from which the iterative trainings are applied sa@decrease the mean square error

40



in the search direction. At each training step, #tgorithm is continued toward
finding the optimum set of parameters until theecia for stopping is met, such as
the specified numbers of iterations are completeth® mean square error is within

the given limit.

Validating the systems
After the system parameters are achieved, thé fiv@an square error, (3.8),
and the comparison of responses from measuremaes MATLAB Simulink

simulations are evaluated to analyze the qualityhefidentified system.

3.3 Simulations and Results

3.3.1 The ABR measurement

For consistency of the dissertation, the simutetiand results are investigated
by using the same sets of the auditory brainstesporese data recorded from a
patient who has a suspected hearing loss in thedef The click evoked ABR test
was performed on both ears. The responses are showig. 3.4. Although the
responses are present from both ears showing fiddatei major waves with clear and
repeatable waveforms, the responses are diffe@ormpared against the normative
criteria and standardized templates, the respomsteo right ear shows normal
characteristics while that of the left ear showsnsoabnormal characteristics
indicating a possible case of the sensorineuraringaoss. The absolute and

interwave latencies of the left and right ABRs édsted along with the norms
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! I-11 1n-v -V
Right 148 3.75 5.36 2.27 1.61 3.88

Left 1.48 3.92 6.44 2.44 2.52 4.96
Mean 1.64 351 5.34 1.88 1.83 3.71
S.D. 0.12 0.11 0.20 0.18 0.28 0.13

Comments:

Figure 3.4.The ABRs from the measurements of (a) right andefb ears from
the patient with sensorineural hearing loss inl¢ffteear which are used for

illustration of the investigation through out theskrtation

established at the clinic utilized in the disseéotat The absolute latencies of wave |l
and V and interwave latencies of wave I-1ll and bW¥the left ear responses are out
of normal limits (= mean values + 2Standard deviation (S.D.)) which suggest a

case of sensorineural hearing loss.

3.3.2 Systems simulated results

Two ear type systems with mathematical expressin(3.1)-(3.3) mimicking

the characteristics of the left and right ears messthrough the auditory brainstem
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Figure 3.5. Lipschitz numbers using input and output datssf@mtem order

selection guideline of the two ear type systemhefpatient with ABR in Fig. 3.4

responses are developed. The number n of the attstates, x(t) in (3.1)-(3.3), is
defined first in order to set up the system foimireg by inferring from the Lipschitz
numbers. The Lipschitz numbers (3.7) are plotteBig 3.5. The curves of both left
and right ear data show a rapid drop at 3 and moes to decrease until 6 after which
the curve does not significantly decreased. Usiheganalysis described earlier, the
optimum system order obtained from the Lipschitmbar is likely to be 6. The
orders obtained from the technique can be used @siceline for setting up the
systems. Trial and error runs can be simulatedguaimange of possible numbers

obtained from the Lipschitz numbers, in this casenf3 to 6 as discussed below.

Using the measured auditory brainstem responBesadr type systems of the
patient are constructed and trained to estimateptrameters of the systems for
various n from 3 to 6. The iterative network trampiis carried on until reasonable

simulated responses are achieved and no furthaifisant reduction of the mean
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square error (3.8) is expected. Using six intestatles inferred from the model order
selection technique, satisfying simulated signat¢saehieved from the developed ear
type systems of both ears. Additional trial andoersimulations and extensive
comparisons of the results are performed usinghgeraf possible orders with lower
numbers from three to five but simulated respomses systems with reasonable fits
cannot be achieved. The simulation results for & from the left and right ears are
compared with the measured ones in Fig. 3.6 shogowy agreements. The final
mean square error is equal to 1.1e-3 on the lefsystem and 3.2e-4 on the right ear
system. The ear type systems representing the hdmesxing function of the
patient’s right ear and the impaired hearing fuorcof the patient’s left ear diagnosed
and measured through the auditory brainstem reggane set up in Simulink models

as shown in Fig. 3.7.

Figure 3.6. Measured and Simulink modeled auditory brainstesponses testing

(a) the right ear and (b) the left ear.
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<
<

# # # ##

1.44 2.42-1.27 -2.19 -1.14 -5.45;
5.38 3.61 1.89 3.19-0.29 -3.82;
-4.91 6.44 0.11 -1.05-4.35-3.37;
6.23 3.18-0.63 3.23-1.17 -5.43;
8.20 6.14 2.53 1.05 4.03-1.94

1 O

# 4.10-4.08 0.80-2.40 -4.13 -3.
2.32 0.57 -0.34-2.91-0.91 -4.
4.63 3.35 1.97 3.11 0.56 -4.
-4.22 5.71 0.65-1.97 -4.13 -
8.97 3.54-0.32 1.63-1.80-4.91;
7.38 7.24 2.21 1.48 4.24-1.49

Figure 3.7. Simplified Simulink diagrams of ear type systeg@snormal hearing of
the right sided measurement and (b) abnormal heparithh sensorineural hearing

loss of the left sided measurement
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The ear type system for characterization of tlievidual auditory system and
hearing function are achieved with satisfying resulrhe system is able to simulate
the auditory brainstem responses with charactesisépresenting the normal hearing
function and the effects from the hearing loss disdrder in order to be further used

in the design of new correction scheme and assisigvice.

3.4 The ear type system of the auditory brainstem esponse
extendable for possible applications of multiple iputs and/or outputs

of the ABRs and other pertinent auditory evoked pogntials

3.4.1. The extended ear type system

In addition to the ear type system developed friv@ &uditory brainstem
response measured using three electrodes plactdte @talp at the typically chosen
locations using a single channel recording as shiaviAig. 3.1 and also performed at
the Chulalongkorn hospital, the recordings of tH&RAare possible to be performed
using different recording configurations. For exdmiit is possible to measure only
one sided ABR with simultaneous stimuli in bothsgedioth ipsilateral (on the same
side) and contralateral (on the different side) AB®th acoustic stimulus in one ear,
and both sided ABRs with simultaneous stimuli ihbears. The latter two, usually
referred to as two channel recordings, also regese equipment with two channel
capabilities. Simultaneous stimulating both earsnag typically performed, the

recording of contralateral (to the stimulus ear)RABan be clinically useful [13],

46



Figure 3.8. Two channel recordings of the ABRs

[116]-[117]. The diagram of the two channel recogd of both sided ABRs is

illustrated in Fig. 3.8.

Beside these two channel recordings, the assessrhéefring function and
diagnosis can also be performed utilizing the mesamant using multiple electrodes
typically referred to as the multichannel recordingrhe ABR is a far field
differential recording of the electrical potentiaksflecting activities of the human
auditory system. It is typically measured betwega éxact points on the scalp. The
sites of the three electrodes used in Fig. 3.1 revllee inverting electrode is at the
mastoid same side of the ear being stimulated ntrenverting electrode is at the
hairline of the forehead, and the ground electieds the temple on the opposite side
of the ear being stimulated, are suggested siney #ufficiently ensure the

identifications of all wave components and reliatlgcomes [60].
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The measurements of other auditory event-relatedtretal activities inside
the brain referred to as the auditory evoked p@akn{AEPs) in additional to the
auditory brainstem response (ABR, short latencyuabt) ms after stimulus)
including the auditory middle latency response (Ml&ency about 10-50 ms after
stimulus), the auditory late latency response (Ll&Rency about 50-300 ms after
stimulus), and other event-related potentials @& kmain such as P300 cognitive
auditory evoked potential (CAEP, positive peakalkaiut 300 ms after stimulus) have
been of interest in both clinical diagnostic anddemic researches [46], [96]-[100],
[105]-[106]. Although all are very useful, the meesments require different settings
and environments from those used in obtaining tH@RAwhich is the most

commonly and routinely used in most hospitals.

For example, the wave characteristics of MLR afecé#d by the patient’s
responsive state and more variable within and betwmatients [20]-[21], [97]. The

LLR is also affected by the patient’s attentiveestaut with less variability within and

Figure 3.9. The electrode placements of the internationa2Q@ystem [103]
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between the patients; there has been an increassgdst in the LLR [96]-[98],[100]
since the response is believed to be generated &ra®eper level within the brain
that is highly linked to the cognitive function amsgeech perception ability. The
measurements hence require very experienced agditidplonger analysis time, and
cooperation with the patients. The recordings @f thsponses especially for those
with late latencies are performed using multiplecebdes typically following the
electrode placements of the international 10 tgyXlem [103], [12]-[14] as shown in
Fig. 3.9 of which the locations of electrodes arkad referenced to the underlying
cerebral cortex. For this electrode caps have lmented for a robust and quick
measurement from which measurement with a more euwfelectrodes such as 32,
64, or 128 have also been utilized whose electpdgeements are modified from the

extension of the 10-20 system [104]-[105].

The two channel recordings of the ABR and the tauglievoked potentials
mentioned above are certainly useful for additiatedhiled diagnosis and for study of
the underlying mechanism and activities inside lth&in in a noninvasive way for
which an extension of the ear type system is ingattd here. The ear type system of
auditory brainstem response described earlier én dimapter can be extended and
modified for the simultaneous two channel recordin§the ABRs and the multiple
electrodes recordings of auditory evoked potentélghe brain. The mathematically
representative neural type system modified frometlwetype system of ABR in (3.1)-

(3.3) to multiple signals can be represented as
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(@(t)/dt) = Av(t) + G + Blu(t) u(t)]" (3.9)
v(t) = f(x(t)) (3.10)
y(t) = [ya(t) ya(t) .. ym(®]" = Cv(t) +d (3.11)

whereu(t) are the inputs consisting of appropriate ingighals such as;(t) is a 1-

vector stimulus to a right ear ang(t)y is a 1-vector stimulus to a left ear ay(d) =
[ya() va(t) ... ym()]" are the outputs from each of m electrodes and nzsn
analyzed. In (3.10x(t) is an internal state-type nx1 column vectore Eppropriate
sizes of parameter vectors and matrices are adjastordinglyE is a diagonal nxn

matrix with diagonal entries equal to a constant eX (I = Identity matrix),A is a
constant nxn weight matrixG is a constant nx1 column bias vectBrjs a constant

nx2 matrix,C is a constant mxn matrix, addare the output bias values.

3.4.2. Example of the Extended Ear Type System

In this section, the extended ear type system enadlically represented in

(3.9)-(3.11) developed through the ABRs measured two channel recording per

Figure 3.10.The ABRs from two channel recordings
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Fig. 3.8 is investigated. The ipsilateral (sameg)dand contralateral (opposite sided)
ABRs are both recorded with the stimulus in one éa shown in Fig. 3.10, the
ipsilateral (left) ABR is plotted as a solid linecathe contralateral (right) ABR is
plotted in a dash line with the stimulus sound gQeim the left ear. The responses
show normal characteristics and wave latenciesinvitiormal limits. The extended
ear type system is set up through the ABRs usit®)+(3.11) in which the input u(t)

= u(t) and the output y(t) = {ft) y2(t)] are applied. Following the similar steps for

Figure 3.11.Simulink model of the extended ear type systeusithtive case of

the two channel recording of ABRs
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Figure 3.12.The two sided ABRs in the two channel recordinthwie stimulus

in one ear simulated from the model of extendedygs system in Fig. 3.11

system identification of the auditory brainstempa@sses using the modified neural
network and nonlinear least square search algosithihe simplified diagram of the

extended ear type system with the parameters wrsho Fig. 3.11. The responses
simulated from the model are shown in Fig. 3.12dyng signals comparable to the
ABRs in Fig. 3.10. The system is able to captusedwerall waveform and important

waves of the ABRs showing a possibility of the exied ear type system using
multiple electrodes for identification of the neuwctivities inside the auditory

system. The application of the extended ear tygéegy can be also found useful in a
similar way where the inverse term used for caatelh of any undesired response
can be incorporated and implemented for alleviatiteggeffects from hearing loss and

other pertinent auditory dysfunctions as well.
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3.5 Summary

Modeling methods to develop the mathematical deBoris representative of
the ear type systems are discussed. The audit@insbem responses that reflect
activities within the human auditory system diffetiating between normal and
abnormal hearing functions are measured and uilireassess and characterize the
individual ear type system. The modification of thenlinear Hopfield type neural
network purposefully for modeling of the measure8RS is implemented. Methods
and results are given using the data measured &gpatient having a unilateral
sensorineural hearing loss. The ear type systeensedrup and trained for estimating
the system orders and parameters to identify feragptimal ones. The results show
the simulated responses in good agreement witm#easured ones. The investigation
of the ear type system using an artificial neuetivork can reasonably simulate the
human auditory system. The selection of the syst#im nonlinear dynamical neural
network structure is probably more appropriate théer system structures, such as a
linear ARMA filter, since the underlying anatomiaalgans and their mechanisms
giving rise to the auditory brainstem responsebayond those of the inner ear. The
responses reflect the activities within the perfphauditory system and central
nervous system inside the brain where there are/roamplex networks of auditory
neurons, nerves, and fibers connecting togetheetml and receive the signals for
sound perception and interpretation. The developesdem is able to capture the
changes in hearing function of normal and impaiokdracteristics through the
measured auditory brainstem responses. The nommevakaracterizations of the

individual auditory functions reflecting the chamxtstics and effects from the
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hearing loss and disorder have been achievedsrctiapter from which noninvasive
correction of the undesired effects are made plessibd investigated in the next

chapter.
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Chapter 4

Noninvasive Correction of Auditory Disorders

Modeling of the auditory brainstem response igsgtigated in Chapter 3 from
which a new noninvasive correction method is prepgoand investigated in this
chapter. The detailed discussions on the follovamics are presented.

1. A scheme for a new noninvasive method for correctb the auditory loss
and disorder

2. Methods for developing a system for making the exdron by utilizing the
inverse artificial neural network

3. An application of the proposed correction method &me derived inverse
artificial neural network to a simple problem fdustration of the use of the
inverse neural network.

4. The simulations and results of the method by sitmdaon the model of the
same patient with a unilateral hearing loss.

5. Discussion on result evaluation, potential beneiitd performance analysis of
the proposed noninvasive correction method to hemented as an assistive

device alternate to a conventional hearing aid.
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4.1 Concept of the New Noninvasive Assistive Device

A new noninvasive scheme for correction of augittoss and disorder is
investigated from the valuable usefulness of thaitary brainstem response (ABR)
as assessment and diagnostic tools in clinicaluatiah of hearing function and
hearing disorder as well as in ear and hearingarekes. The many advantages of the
ABR include the following examples. It can be usedssess and gain insights into
the functions and characteristics of the centrditaty nervous system in addition to
those of the cochlea typically tested in other imgadiagnostics. Its objective way of
performing and making the hearing evaluation iseshly useful for testing hearing
of children. Its waveforms and characteristics highly stable regardless of the
patient responsive states and also are less vaneitthin and between the patients.
The ABRs are therefore easy to be identified ardntbrmative criteria of their wave
characteristics can be set up and compared aghsmgtdividual measured responses
for hearing evaluation and hearing loss and disat@gnosis. Its noninvasive way of
recording the evoked potential reflecting the atés of auditory neurons within the
human auditory system that is more likely to beatedd to the underlying speech
perception and interpretation processes insidebitan such that the correction
technique investigated in the dissertation possielults as an improved way of
correcting and compensating for the auditory losd disorder yielding a better

hearing aid.

The technique for noninvasive correction of theitmug loss and disorder is

realized using the developed ear type systems giv€mapter 3 which can lead to an
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Figure 4.1. The noninvasive correction concept

implementation of a system for making a correct&@na new type of hearing aid.
Differentiation between normal and impaired eard #meir hearing functions and
characterization of the effects from the hearingsland disorder have been made
possible through the use of the ABRs which allowdwaluation of the hearing loss
and disorder and determination of the internal @athy of the human auditory
system. The ear type systems representing theseahand impaired characteristics
were realized using the modified artificial neuradtwork in system identification
step showing the satisfying results as per Figfréi® which the correction technique
is investigated. The technique utilizes the eartgystem of the patient with a
hearing impairment from which another system ingexs it can be developed by
deriving the inverse of the nonlinear neural nekwva@presentative ear type system.
Therefore cascading the inverse and original nenetorks yields the identity
output in theoretic and possibly with some delapriactical application. To form the
corrector system for making a noninvasive correctid the undesired effects, the
inverse system is proposed to be used in combmatith the ear type system of

normal hearing function of which can be defineddolsn the established normative
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criteria or the characteristics of the opposite ieaa case of the unilateral (single-
sided) hearing loss. The diagram of the noninvasoreection concept is shown in

Fig. 4.1.

4.2 Methodologies

4.2.1 Neural network and its inverse system

The modification of the nonlinear neural networklapted for system
identification of the ear type system of the augitorainstem response measured in a
single channel recording provided in the dissestatiTfhe ABR on the same side of
the ear being stimulated is measured one at adismeissed in Section 3.1 for which

the ear type system is developed as present iR(@.3) is reprinted in (4.1)-(4.3).

E(dx(t)/dt) = Av(t) + G + Bu(t), x(0) = % (4.1)
v(t) =f(x() (4.2)
y(t) =Cv(t) +d (4.3)

where u(t) is an input signal, y(t) is an outpwgnsil, x(t) is a vector ofn internal
neurons, an®xnj, Bpx1y, Cpaxnly dixiy E = [€ ] nxn), @and Gpxyy are vectors and
matrices of parameters that are characterizedhiirtdividual system by using the
ABRs measured from the individual patient. The madr activation function f(.) is a
hyperbolic tangent anl is a diagonal matrix with entries equal to a neoz®nstant
e, E = exd wherel is an identity matrix. All parameter values araelr&@he inverse of
the original modified Hopfield type neural netwaskto be derived whose output is

equivalent to the input of the original network.€eTway to inverse the Hopfield
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network was motivated by the simple and useful neples in [89]-[90]. However,
higher dimensional networks with interdependenenmal neurons and different
arrangement of the inverse and original networksnareded for the ear type systems
making the inverse problem more complicated. Td fine inverse of the original
nonlinear neural network with mathematical exp@ssiin (4.1)-(4.3), the concepts
of the inverse and converse systems from the lisgatem theory - state space
approach [91] are utilized. The concepts for figdithe inverse by using the
equivalence of the input and output pairs of thgioal and inverse systems [91] and
the approach to avoid the need for vector and matviersions are applied by using
the differentiation of the output from the origingystem [92] as the input to the
inverse system in the nonlinear case. Using therétieal analysis of the inverse and
converse concepts, the inverse of the state syatens, F,

y = F(x; u) (4.4)
exists when for every state of the original systéere exists a state of the inverse
system such that

Fiv(Xinv, F(X; U)) =u (4.5).
Finv is an inverse of F where u is the input of thgioal system and y is the output of
the original system. The original and inverse systexhibit the equivalency of the
input and output. The input to the original systierequivalent to the output from the

inverse system in theoretical result.

The applied techniques utilizing the converse cph@nd the differential

output allow the inverse system to be derived willcbs not require the reciprocal of
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a transfer function and the invertibility of paraerevectors and matrices. This is
especially useful in the case of a system of newgthork architecture with multiple
layers. It is also applicable to a system iderdtimn using an artificial neural network
whose numbers of output signalg(t}]. », are less than numbers of internal neurons,
[X(1)]n 1. For example, as in (4.3) for a single outfliis a vector of dimension h
where 1<n which has only one sided inverse if gerse exists [93]. From the
developed nonlinear ear type system with the medlifneural network structure
mathematically represented in (4.1)-(4.3), the isgeof the ear type system can be
derived by differentiating the output from (4.3),
&Y = dy(t)/dt

Cdv(t)/dt]

CHIE)[dx(t)/ dt] (4.7)
whereffy stands foffif(.)/x, C is a 1 n vector, [{ify)!] is written as a hn diagonal
matrix, and [a(t)/dt] = [dx.(t)/dt ... dx,(t)/dt]". Substitute (t)/dt from (4.1) in (4.7)

and rearrange to get u(t),

u(t) €[1fd18/ey{ (y&r) — CITfdl)Av(t) +G) }  (4.8)
whereB is a i 1 vector and e is a constant entry of a diagondfixnk so a term
(C[1f«]B/e)' is hence a scalar value. The tefmis a constant’m matrix, G is a
constant hl vector andvi(t) is a nonlinear function of;(t). Hence, (4.8) returns a

scalar signal. Substituting (4.8) in (4.1) yields9) and the inverse of the original

nonlinear neural network in (4.1) - (4.3) can béten as (4.9) — (4.11),
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@iy ()/dt = {A - B (C[1fI] B/e)(C[1fxI ]A/e)} Vin(t)
+G - B(C[1f.l] BleY (C[1f.l]/e) G
+B(CI 1] B/E)™ tny(t),
Xinv(0) =Xo (4.9)
Vinu(t) = f(Xinv(t)) (4.10)
¥(t) = — (CL1Hd 1B/e) (CLAf 1A/e) Vin(1)
C[fifl] Ble) (C[1f.]/e) G

+ (C[1fxl] Ble)* inu(t) (4.11)
where C(Tfx)B/e)* 1 0 to avoid divided by zero termsy(t) is an internal state of
the inverse network,i#(t) is an input to the inverse network,{t) is an output of
the inverse network, and the parameter vectorsnattices:Apxn), Binxip, Craxny,
diix), E = [€ ]xny, @ndGpnxqy are of the original network. Given the input u@)the
original network, we can achieve the output frora thverse network,y(t), which
returns u(t) as well,iy(t) = u(t), so the inverse is completed. Cascadmgginverse

and original networks gives the identity result.

4.2.2 The system for noninvasive correction

The system for noninvasive correction of the unedneffects from the
auditory loss and disorder can be constructed biygushe inverse system
mathematically represented in (4.9) — (4.11) whighderived from the ear type
system of the patient with hearing impairment depetl earlier in Chapter 3 and the
normal ear type system which can be parameterizedyuhe normative criteria of

the desired auditory brainstem responses or idettiforn the measurement from the
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Figure 4.2. Simplified diagrams of the methods and systems



normal side in a case of the one sided hearing Tbss simplified diagrams of the

methods are shown in Fig. 4.2.

The proposed noninvasive technique is aimed toecbthe unwanted effects
from the auditory loss and disorder. It should bk do adjust and modify the input
sound to the ear such that the characteristichkefitiditory brainstem response can
be transformed into the normal ones. The corresy@mtem using the proposed

noninvasive way of correction can then be develaptdan alternative hearing aid.

4.3 Application to a Simple Example

In this section a simple example is given forsthative purpose. An original
neural network and its derived inverse neural ngtwgiven as an example in this
section are of the same structure as the ear tygiers proposed in the dissertation
and developed in Chapter 3 but with smaller netwdikension for simplified
analysis and calculation. The simplified originatifecial neural network has two
network layers, two internal neurons in the figydr with the hyperbolic tangent
activation functions, and one neuron in the seclay@r with a linear activation
function. The simplified original network is showm Fig. 4.3(a) with mathematical
representatives described by (4.12) — (4.14). Tiwerse of these representatives of
the original neural network is derived followingetimethods given in Section 4.2.
The mathematically representative inverse netwsrgresented in (4.15)-(4.17) and

shown in Fig. 4.3(b).
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E(dx(®)/dt) =Av(D) + G + Bu(t), —— L 0 dx,/dt

_ 02 -05 v . 0.2 . 0.5 u(o (4.12)
0 1 dx 2/dt 0.3 0.4 v2 - 0.3 0.7
V() = F(x(V) — Vi _ tanh(x,) “.13)
v, tanh(x ,)

y(t) =Cv(t) +d

vy =1 2] \‘1'1 +0 (4.14)
2

Edx,(t)/dt = {A - B (C[ff,l] BleY{CLT 1AV, () © O dXfdt _| & &, hl(ql /g, o T 0 a a | Vm
+G-B(C[Tf,]] BR){C[TFJ)/e)G —> 0 e dx Jot |a, @, b, * t 0 TMK 3, &, | Ve
+B(C[1df,|] Bleflu,, (1), N - .

gll_ 1 5 1
+ ) bZl((:[I‘)(I]B/e)[c11 cu] 0 K /e921
A (4.15)
bz1 b21
Vind) = k() — Ve NG (.16
Vin\a tanh(Xn\a)
= ﬂf”b(i 0 611 a12 vimrl
YindD) = = LTI 1B/EY{CI 1,1 ]AE) o\ (0 ml0) = (CIFJB/eYc, le
— (C[1f,1] BleY{(C[f,]/e) G = 0= BN, of 0 T & & Ve
CIT,J] Ble)! Uiy (t )
+( [ﬂ ] e) Y () -(Cﬂlfo]Ble)l[cu cu] W,:)b& TIf/(T)IX /eg:
- (CH,l1B/e) u,,,() @17

where C[TF11B/e) = (Gbus(1-tani(X,u,)) Gy (1-tan(x;, ) ie
Figure 4.3 A simple example of (a) original and (b) inversaural networks
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Figure 4.4. Results from the original and inverse networksigf E.3for two

different orders of cascade

The simulations are performed on the two netwogsup in Simulink. The
original network is fed with a input signal, u(@hich is a sine wave of amplitude 1
and frequency 1 rad/s. Cascading the original &edirtverse networks, an output,
ya(t), from the original network is taken to be aputy un(t), to the inverse network.

The final output from the inverse network(ty, is obtained which shows the signal to
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be equivalent to the input of the original networKt) = u(t), as present in Fig 4.4(a).
By switching the order of the two neural networlke equivalency of the input and
output is also obtained as shown in Fig 4.4(b). dbeved inverse network is able to
act as both left and right inverses of the origma¢ which is especially useful for the

implementation of a noninvasive assistive device.

4.4 Simulation Results on the System of Impaired AB

The ABRs of the same patient with a sensoringugating loss in his left ear
measured at the hospital discussed in Section 33.lised through out the
dissertation for consistency as previously utiliz@@€hapter 3. The ear type systems
characterizing the normal and impaired behavioesd&veloped. From the system of
the impaired characteristics, the proposed cooeatiethod is applied. The system
that is inverse to the impaired left ear systerprasented in equations (4.9) — (4.11)
is set up and used with the system of normal cheniatics of which can be
implemented using the measured data and chardicterisf his right ear as the
desired normative criteria for normal working eadaindamaged auditory system.
The proposed system for making a noninvasive cboreof effects from the hearing

loss is present in Simulink diagram as shown in4tg

The Matlab simulation is done on the Simulink moafethe impaired ear. The
response after the aided impaired ear is shownign &6 where the correction is
applied. The desired normal type response as teenmasured from his right ear

with normal hearing is achieved satisfying the di&ji of the method. The corrector
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Figure 4.5. Simulink diagrams of the corrector system basethe proposed
noninvasive correction technique
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Figure 4.6. The response from simulation on the impairedgae system with

the proposed corrector system

system as per Fig. 4.5 can be developed into thetyyge of assistive device alternate
to the conventional hearing aid that can produeeatiditory brainstem response with
desired characteristics within normal limits potaity correcting the unwanted

effects from auditory loss and disorder and resglin improved hearing and better

speech perception.

4.5 Result Analysis and Evaluation on Potential Begfits and

Performances

The noninvasive correction method of auditorysl@nd disorder effects is
proposed and the system for making a correctiateieloped earlier in the chapter.
Promising simulation results on the system of thgpaired ear show auditory
brainstem responses with improved characteristiasormal types as shown in Fig.

4.6. An analog circuit realization of the correctwystem will be presented and
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discussed in Chapter 5 leading to a possible imghtation of a new type of hearing
aid hardware based on the proposed method. To aeathe performance of the
proposed correction method and the potential effeicess as an actual hearing aid,
additional simulations and results are discusseddsame aspects are compared with
the signal processing techniques used in the caoioverh analog and digital hearing

aids.

4.5.1 Comparison of the ABRs from the conventionalnd proposed
hearing aids

The ABR has been clinically used and well estaklisas a reliable tool for
auditory function assessment and diagnosis by atiaty its temporal waveform
characteristics. The response measured from thenpas compared against the
established normative values and standardized teewpl The particular advantages
of the ABR include the nature of the response ftlelects the neural signal
processing of sound inside the human auditory systed the objective way of the
measurement that can be used in infants, youndrehil and difficult-to-test patients.
It is also useful as a tool for monitoring the hum@auditory system integrity during
surgical procedures [25]-[26]. Currently, the measwent of the electrical nerve and
neuron responses such as the auditory brainstgromes or other electrophysiologic
signals have not been widely utilized and incorpaxtanto the development of new
signal processing schemes for hearing aids. Th&eelveesponses are, however,
found helpful in the fitting process of the convenal hearing aids for very young

infants to estimate the hearing threshold audiogranvalidate the capabilities of the
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conventional hearing aids [27]-[30], [94]-[100]. Bpmparing the evoked responses
recorded from a patient without and with an aid ¢me hearing aid gain is
consequently set based on the presence, absensepravement of the measured

ABR wave characteristics.

In fact our proposed correction technique is suggabby the findings from
these fitting approaches which share the commonenlyidg principle of the
correlation between the measured auditory evokegporeses and the auditory
perception. Normal type responses are indicatorsoaohal working hearing function
and normal speech perception. The use of ABR isrpurated into the signal
processing of our proposed hearing aid whose seétio making a correction and
cancellation of the unwanted effects from the aurglitoss and disorder is designed to
modify the input sound to the ear which in turnlgsethe auditory evoked response
with normal characteristics. By utilizing our preggal method that allows direct
cancellation of the unwanted effect as part of slgmal processing scheme of the
proposed hearing aid, the simulated ABRs on theainofl impaired ear with the
proposed hearing aid thus show clearer correctibrthe waveform. The ABR
characteristics obtained from our results are clésenormal which generally agree
with the past findings of the ABRs recorded frone ghatients while wearing the
conventional hearing aid [29]-[30]. However, thepense from our proposed hearing
aid of which the use of ABR is incorporated inte 8ignal processing schemes shows

better and clear waveforms as shown in Fig. 4.8nwbempared to the ABRs
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obtained from the hearing impaired subjects whiéarng the conventional hearing

aid as shown in Fig. 4.7 from [30].

Although, the appearance of ABR and improved wavefmorphology can
be detected by increasing the amplification of ¢baventional hearing aid, despite
the unreliable or no responses at all in the umhmnditions, the estimated hearing
threshold obtained from the aided and unaided mmeamnts require specific
correction factors at each of the test frequenaibEh can result in under or over
amplifications. Also, there can be an interacti@®en the hearing aid equipment

circuitry and the input sound and interference frautside noise and

No Aid A Aided A Aided B

dB :
60 dB 50 6.8 60 dB 6‘9

(a) (b)

()

Figure 4.7. The ABRs recorded from (a) patient A in the uedidondition, (b)

patient A in the aided condition showing the impment of responses after the

amplification, and (c) patient B, whose ABR in theaided condition cannot be
detected, showing responses in the aided condgiglected figures with

comparable dB from [30, p.52] with permission fraviolters Kluwer Health)
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Figure 4.8. The ABR data from a patient with suspected hgdoss in the left
ear: (a) the ABR of the left ear with delayed lateand waveform morphology
confirming the hearing loss (from measurement)ff{b)ABR of the normal
working right ear with characteristics within norina references (from
measurement), and (c) the ABR of the left ear dfteproposed hearing aid

system (from simulation).

other artifacts that give rise to the inaccuraayiting the application of these aided
and unaided approaches for conventional hearingetithgs [96]-[98]. Nonetheless
the conventional hearing aids are all based onrttiease of the sound volume at

each of a limited number of audiometric frequenci$hough some of the newer
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models may include added-on features such as idinattmicrophones for better one
to one conversation [37], the ability of our propdshearing aid introduced in this

dissertation to make a correction in a noninvasmag is worth further investigation.

The proposed hearing aid system can be implemerntkzing signals from
other electrophysiologic measures as well, for gdamthe late latency response
(LLR), also known as the auditory cortical respansehich reflects the auditory
activities deeper along the auditory pathway indige brain. However, the steps
required for measuring the LLR are more complicagad difficult. The increasing
interest in these electrophysiologic signals suzlthe ABR or the LLR arises from
their clinical usefulness assisting in the evatwatf the hearing aids for infants [96]-
[97], [100]. In a way it is possible to infer thtite correction made at the signals
obtained from deeper level along the auditory pathwcluding the central nervous
system inside the brain has potentially taken iat@ount the underlying sound
perception mechanism which might provide extra athges and more benefits for

the patients.

4.5.2 Comparison of signal processing by the conv@mmal and proposed

hearing aids

To compare other aspects and learn more aboutwbdifications of sounds
and signals are implemented by a new hearing addan the proposed correction

technique, additional simulations are presentedcanagpared with those based on the
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available data of the conventional hearing aid® f@sults from the ear type systems
and corrector system of the same patient with teréd hearing loss are analyzed for
consistent comparisons. The patient has a sensoainkearing loss in his left ear
whose ABRs have been measured from which the sgspgoposed for making a
correction of these detected effects from the hgampairment have been developed

and discussed earlier in the chapter.

First, the signals are analyzed at the input anghutuof the proposed aid
system to see the effects of the method on thelsigind calculate the gain curve of
the new hearing aid. The block diagram of the neasive correction is shown again
in Fig. 4.9(a). The auditory input used in the ditstion for measuring the evoked
potentials of the auditory brainstem is the clitknsllus whose theoretical frequency
spectrum is broad, ideally stimulating the wholerkirtg region of the cochlea. Also
the abrupt onset of the click temporal waveform eaoke synchronous activities and
firings of more auditory neurons than an input widss abrupt onset, such as
frequency specific tones [12]-[14]. The frequenpgarum of the acoustic click input
obtained by using the Fast Fourier Transform (FisTpresented in Fig. 4.9(b). By
monitoring the signals at the output of the proploael system, the properties of the
hearing aid can be analyzed. The frequency specatuthe output of the corrector
system is presented in Fig. 4.9(c). Following tesuits of this patient, the simulated

gain curve of the hearing aid can be achieved ewrsim Fig. 4.9(d).
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The full-on (maximum volume setting [36]) gain cesv from the
commercially available hearing aids are presentedilliustrative purposes in Fig.
4.10 [101]-[102]. The figures show that the prombserrector system for this patient
with his hearing loss is also capable of providomgnparable amplification as those

from the commercial aids. Moreover the results ftwese simulations show that the

i
=

S~

Figure 4.9. Analysis of the signals in frequency domain
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Figure 4.10. Samples of the gain curves of two different comuia¢ digital
behind-the-ear hearing aids: (a) standard modei fd®1] and (b) more

advanced model from [102] (with permission from Rdqg Inc., USA.)

input gets amplified evaluated in the frequency dwmwhich give rise to an
application of the proposed correction method tau$ed assisting in the prescription
and fitting processes instead of adjusting the gaina limited number of frequency
bands tested with the pure tone audiogram curreutilized in the conventional
hearing aid prescriptions and distributions whidm caesult in over- or under-
amplification of the aid, also discussed earlieSerction 2.3 Fig. 2.4. The proposed
hearing aid developed based on the correction tggbncan serve as the desired
settings and characteristics of the hearing aitl pogentially stimulate the auditory
system yielding the auditory brainstem responshk witrmal characteristics. The idea
to use the ABR as the main criteria to set the ghioonventional hearing aids was
also mentioned in [22] but no further literaturestbe topic were found. The uses of

the late latency responses for evaluation of hgaaid benefits in infants in recent
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researches [96]-[98],[100] have shown successfllte on these electrical signals

measured from the brain to determine the hearimgaorement on the patients.

From Fig. 4.10, we can see that the gains of cunw@al hearing aids are
typically cut off around 8000Hz which correspondghe maximum frequency used
in standard pure tone measurement and typicallyepted in speech spectrum. The
high frequency pure tone audiometry can also béulgar testing the hearing loss
primarily of high frequencies typically found inethhearing loss due to aging and
ototoxic medications. The increase of high freqyergain also means the
amplification of both speech and noise which camtlihe hearing aid benefit. The
problems concerning the internal feedback and distoat high frequency have been
resolved by using digital feedback reduction andubiyg the special ear-mold that
allows better ventilation [57, pp. 176-201]. To kexse the effects of this limitation
on our proposed hearing aid, the data of the siguales of Fig. 4.9 at frequency
above 5 kHz are filtered out with a reduction ingmiégude of about 40dB to reduce
high frequency components and mimic those curvesarhmercially available
hearing aids of Fig. 4.10. The new filtered gainveuof the proposed aid is shown in
Fig. 4.11(a). The filtered signals are then sinedabn the model of the impaired
hearing. The ABR output from the model is showrFig. 4.11(b) which shows the
desired signal with normal characteristics simitarthe signal previously achieved
from the simulation of Fig. 4.8(c). This shows thiae amplification in the high
frequency region as previously presented in Fig(d}.does not make any effect on

the ABR output the reason for which could be duethe magnitudes of high
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frequency components of the signal to get the ABRaatually very low compared to
the low frequency components which can be seeigirdiEL1(c). The figure is plotted
using the magnitude of the fast Fourier transfonna ilinear scale. The other reason
could be due to the frequency components of ABRs mimarily in the low
frequency region [127]. Hence the hearing aid geam be cut off in the high
frequency region which resolves a concern about frigquency noise of the hearing

aid.

Figure 4.11. (a) new filtered gain curve of the proposed hepéid, (b) the ABR
of the model of impaired left sided-hearing usihg filtered signal (from

simulation), and (c) magnitude of the signal of. A@®(c) in a linear scale
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4.5.3 Analysis of the developed neural network regsentative of the ear
type systems with speech signal input

To further analyze and learn more about the dgeslomeural network of the
ear type system through the ABR and the proposstesyfor making a correction
based on the technique to be implemented as thehesaing aid, the developed
neural network systems are simulated with speeghakias the input. For this
illustrative example, the input signal is a segmaman utterance of vowel sound /a/
with its temporal waveform as shown in Fig. 4.12¢aQ its spectral waveform as
shown in Fig. 4.12(b). The waveforms show a charatic of the voiced sounds
which usually exhibit regular and periodic waves/,[3p.1-17]. The temporal
waveform has the periodic pattern with a periodutbbms corresponding to the

peaks at a fundamental frequency of 100Hz and at dhccessive harmonic

Magnitude (dB)

100 500 1000 5000 10000
z

Figure 4.12. A waveform of a segment of the utterance of sdanhdh (a) a time
domain, and (b) in a frequency domain

(data provided by Professor Carol Espy-Wilson)
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frequencies presented dominantly in the low fregyeregion as shown in Fig.
4.12(b). An onset click stimulus followed by a 20adeday of this speech signal is
used as the input of which the total time lastsualé®ms. The input is then given to
our neural networks of the ear type systems seviapghe ABRs measured from
normal right sided-hearing and hearing loss affbtéft sided hearing of the patient
as previously developed and presented as the Sikndlagrams in Fig. 3.7(a) and
(b). The outputs from the simulation are shown ig. B.13(b) and (c) showing the
ABR wave outputs with some patterned componentmbted to those of the speech
stimulus used to stimulate the systems. Our refults simulations are in agreement
with the measurements of ABR to some specific dpemdlables recorded from
normal hearing people in the literatures [14, p4]6]1128]-[130] from which they
stated that the measured ABRs are composed ofghgi¢nt component and periodic
frequency following component of which its periatjc follows the temporal
envelopes of the speech stimulus. The speech stEmtypically used in the
measurement is the consonant followed by the veaehd, such as /ba/, /da/, or /ga/.
The consonant sound with its short duration stiteslauditory neurons with a rapid
temporal onset reflected in the transient compaand the vowel sound with its
periodic structure is reflected in the steady staimponents [128]. However the
periodic frequency following portions of the ABRmeoin the measurements have

exhibited time lagged following the stimulation tgulonger than in our simulations.
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The ABR output to the speech stimulus from theewsbf normal hearing type is
shown in Fig. 4.13(b) which has higher magnitudmgared to the output from the

system of hearing loss type shown in Fig. 4.13(c).

Figure 4.13. Additional analysis using speech stimulus: (ape@ech stimulus of
Fig. 4.12a used as the simulation for easy compari®) the ABR output from
the neural network of normal ear type system, ahthe ABR output from the

neural network of ear type system with hearing loss
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4.6 Summary

The proposed noninvasive correction method is dsed in this chapter.
Since we are able to develop an individual ear system that can characterize the
normal and hearing loss-affected functions of theén auditory system through the
measured auditory brainstem responses, the syseamlogped for canceling and
correcting these hearing loss effects is invesigal he resulted corrector system can
be developed in to a new noninvasive assistiveceesiternate to a conventional
hearing aid. The noninvasive correction concepfiven as well as the technique for
deriving the corrector system using the inversefi@al neural network. The
technique for finding the inverse of the ear tygstam can also be applied to other
systems with multilayer neural network architecsutesed in other applications as
well. For example, this method can be used in d@robdesign where the correction
technique can be applied to achieve a certain kmnia a speech signal application

where it is possible to retrieve back a certairutrfpom a known output.

A simple example is given in Section 4.4 for a rekvwith two internal
neurons for illustration of the method. The simiglas on the model of the patient
with unilateral sensorineural hearing impairmen¢ g@resented giving satisfying
results. The chapter ends with discussion on pialelénefits and performances of
the proposed technique when being used as a hesidrend additional analysis on
the proposed hearing aid in time and frequency dwsrand to the speech signal. A
hearing aid based on the proposed correction tguencan potentially provide an

improved means for assisting hearing impaired ptdie
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Chapter 5

Circuits for the Proposed Hearing Aid

Characterizations between normal and impaired hgafunctions have been
made possible through the auditory brainstem resggrbased on which the
individual ear type system is developed in ChafteA noninvasive way to correct
these detected effects of the hearing loss andifmpat was introduced in Chapter 4
where the new technique that implements the systearse to the ear type system of
impaired hearing function was given. The systemni@king a correction has been
simulated showing satisfying corrected responses ksg. 4.8). A possible hardware
design of a new assistive device based on the wnasive correction technique can be
developed of which circuit design and realizatioe avestigated in this chapter
including the following topics.

1. A framework for designing the circuit from the hiegraid system. The design
and parameter scaling of the corrector system Isai@r circuit implementation
are given as the basis steps for implementingitoaits.

2. A set of transistorized circuits required to conpléhe system of which the
bipolar junction transistors (BJT) and complemegntaetal oxide semiconductor
field effect transistors (CMOS) are utilized. Thasle transistorized circuit
components constituting the proposed correctoreaysbgether with options for
circuits with variable weight setting capabilityrfpossible external tuning and

faster adjustment are given.
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The design and realization of the corrector sysésnthe electrical circuits serve
to show that the investigation of the new assistiegice developed based on the
proposed noninvasive correction technique to bdampnted as a real hearing aid

can be further made possible.

5.1 Overview of Circuit Realization

From the corrector system developed in Chapterhd, dircuits for the
assistive device are first designed for the schiematd parameters used. The
mathematically representative system for makinginvasive correction, as shown
in Fig. 4.5 in a Simulink diagram, is first transfted into its representative circuits.
The parameter scaling of the corrector system én ttlesigned to be suitable for
appropriate working ranges of the transistors fwanich the circuits can be built. For
illustration of the methods and results, the cisuand their parameter values
investigated in this chapter are based on the d&tdahe patient who has a
sensorineural hearing loss in the left ear from cwhiwo ear type systems
differentiating between the loss-affected and ndérhearing functions have been
developed through the use of auditory brainsterparses in Chapter 3 (Fig. 3.6 and
Fig. 3.7); the corrector system based on the pexposoninvasive correction

technique has been investigated in Chapter 4 §Fgand Fig. 4.6).

5.1.1 Circuit Representatives of the Corrector Sysim

As discussed in Chapter 4, the corrector systesadan the proposed
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technique is composed of the ear type system ahalohearing function and the
inverse system that is derived from the ear tymesy of abnormal hearing function
measured and developed through the auditory besinsesponses (ABRs) of the
patients. The corrector system based on the prdpesminvasive correction
technique is to be used as a new type of hearoshgvhose circuits are investigated in
this chapter to show that the application of theeztior system as a real hearing aid
is possible. The corrector system for making a maasive correction of the auditory
loss and disorder of the patient as shown in theultank diagram of Fig. 4.4 is
redrawn in Fig. 5.1 with its respective paramet@ilse mathematically descriptive

equations of the corrector system given in Chapte also presented in Fig. 5.1.

The corrector system is constructed from the epe tgystem of normal
hearing function and characteristics and the systeerse to the patient’s impaired
hearing function. In the case of the patient withha-sided sensorineural hearing loss
used for illustrative purpose in this dissertatitime ear type system of normal type
can be set up through the evoked ABR measured twehstimulus to his normal
working right ear for which the mathematical repr@atives are expressed in (4.1)-
(4.3) and are reprinted as

Er(dXr(t)/dt) = ArVR(t) + Gr + BrUR(1), Xr(0) = %0 (5.1)
VR(t) =f(xr(t)) (5.2)
r(Y = CrVR(t) + tk (5.3)
where g(t) is a stimulus input signal to the test ea(f)yis an output signakg(t) is a

vector of n internal neurons, an@grmxn, Brpnxiy Crpaxnp Orpxay Er = [6R7 1] poxn),
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erp1x1), andGginx1) are scalar, vectors and matrices of real paramataes identified
according to the right sided ABR. For the systeat ik inverse to the hearing loss-
affected auditory system measured through the ABRI, inverse system can be
derived from the ear type system set up throughtbasured responses with stimulus
to the left ear. The mathematically representainxerse system are presented in
(4.9) — (4.11) and reprinted as
EolXLiny (t)/dt = {AL - BL (CL[Tfxl] B/er) (CL T TAL/E) IV Linu (1)
Gt - BL (C[Tfx!] Bi/a) {(Cufful]/e) G
Bt (CL[Tfu!] Bu/e)™ uiinv(),
XLinv(0) =Xio (5.4)
VLinv(t) = f(XLinv(t)) (5.5)
Dhv(t) = — Cul Tl 1BU/e) H(Cul Tl JAURL) Viin(t)
ST« ] Bi/a) (CuTfxl]/e) Gu
+ CL ] Bu/en) ™ Uiinu(t) (5.6)
where C.(Tf«.1)Bi/el)* ¢ 0 to avoid a divided by zero termyin(t) is an internal
neuron of the inverse systemynt) is an input to the inverse system which is
equivalent to the differential ofg{t), ULinv(t) = dyr(t)/dt, Vinv(t) IS an output of the
inverse system, and the coefficiemsjnxn), Binx1), Cipaxns Oipix1y, EL = [&7 Hinxn), &
and Gn«1) are scalar biases, vectors, and matrices of @aks of the original ear
type system whose parameters are identified aguptdi the left sided ABR signals.
The corrector system based on the correction tgaerto be developed into a hearing

aid with its respective variables and parametershown in Fig. 5.1.
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To model the corrector system in circuits, the aales of the corrector system
(5.1) — (5.6) are realized as the voltages anceatsrin electrical circuits. The circuit
design is presented to show a possibility of imgatmg the correction system as
hardware. The selection of system variables asage# or currents does not
necessary mean the physical relationship of theesywariables and the electrical
signals. For example, an appropriate selectiorhefrépresentative circuit signal for
the internal neuron,;ft), can be the voltage since its differential pradcan be
represented as the current signal proceeding frarohathe remaining representatives

of the system variables and parameters can be qudrsity selected.

In (5.1), the internal neurongg(t), are the voltage signals on capacitors with
values equal tore Equation (5.1) can be implemented as a summafioine current
signals following Kirchhoff's current law [118]. Sall Agrvr (t), Gr, and Brugr (t)
terms are equivalent to currents. The variaklét) is selected to be a current signal,
so the termArvg (t) can be implemented using current mirrors. blees vectorGg
can be implemented using current sources. The waoidble  (t) is selected to be a
voltage signal, so the terfgrur(t) can be implemented using CMOS differential

pairs.

In (5.2), with the internal neurongg(t), chosen as the voltage signals and

Vr(t) as the current signals, a hyperbolic tangemhte(.) = tanh(.), can then be

implemented using a BJT differential pair.
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In (5.3) a termCgVvr (t) can be represented as a summation of the rturre
signals which is conveniently implemented by coningcthe wires to the same node
following Kirchhoff's current law from which pi(t) is the current signal an@v(t)
can be implemented using current mirrors. A scaldput bias d can be realized by
a current source. All currents are then summedcandected to the resistor yielding
the final output. The outputgft) is selected to be a voltage signal the samieas
input W(t) which also corresponds to the electrical potdsirecorded on the scalp

through the ABR measurement.

Since the mathematically representative inversaesysof (5.4)-(5.6) are
derived from the original system of (5.1)-(5.3)e thame representatives of the same
variables in circuits are applied. The subscrifg referred to the original system set
up through the measured left sided ABR that exhithie auditory loss and disorder
effects for which the noninvasive correction tecjua will be applied. The variable
XLinv(t) as the voltage signaliiyx (t) (VLinv(t) = f(XLinv) = tanh(Xinv(t))) as the current
signal, yin (t) as the voltage signal, and,y (t) as the voltage signal. The additional
terms required for the inverse system seem comptidaowever they are designed to
be the scalar gain values when calculated fronr thatrix elements. The gradient of

the hyperbolic tangent function requires the miiétipcircuits, as shown in Fig. 5.1.

In (5.4), a termff, is equal to (1-tarfifx;.)) which needs a multiplier to

implement the square product of the current signethe entries of termQ[fx.l]

B./e)* are equal to scalars which can be implementedyusimrent mirrors. The
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terms C.[TfxI]A/e)vin(t) and C [Tfx I]AL/el)GL are also implemented in a
similar way as the current signals with their respe gains which again can be
implemented using current mirrors. The internal roauvariables inx . (t) are

represented by the voltage signals on the capaeitbrcapacitance valuesg.e

In (5.5) usingx.i(t) as voltage signals andy(t) as current signals, a
hyperbolic tangent term, f(.) = tanh(.), can thea implemented with a BJT

differential pairs.

In (5.6) the entries inQ [, 1]BL/e.)™" are equal to scalar values for which
[TifxI] is represented as current signals multipliedHgyrtrespective gains which can
be implemented using current mirrors in the samg am the implementations of
(CLTMFxAL/e)VLnv(t) and C[Tfx]AL/e)GL. The final output yn(t) to be fed
into the transducer as part of the hearing aidtiean be implemented as a summation
of all current signals connected to a resistoritoutate the corresponding voltage

output Xinv(t)-

Sections of the circuits of the corrector systerhgaised as the hearing aid, as
shown in Fig. 5.1, are given in Fig. 5.2 showingmas basic circuit components, the
outline of the schematic and the circuit reprederdga of the system variables
described earlier. For easier comparison, Fig. i8.2ivided into Fig.5.2a of the

normal system and Fig. 5.2b of the inverse systekimg up the hearing aid.

90



- Pk

EW%

(e)
B} = =
= = = = = _ Mo } =00l —
o1 (=0 _! I_
Ll 5= o Lo [ —amwe | % 2§ [ o
Qo
P o PP T 1 ®;
{orolt = n19&P 9v4 9zv4 9lvd 949 1999
{ogeil = NIvD {oze} = NIvD {gLE}= NIVD CNI% +N1%)AYue) - {Loa} = NIVD
B} = o
= = = = = i HN } =29l =
oL =0l
4 4 4 4 ANIVAD 3]
ﬁ@ Al =N I [ —amus | % T 0 h@ 2 |
20
i i 1] 1 +1N0 +NI B
z1od 1zvd zzvd Zivd 249 1299
{Z1pt = NIvD {zoett = NIVD fezet=NIvD  {Zieft = NIvD (-NI%'+N1%) Ayues - {rzat = NIVD
- - - - - Libt=101 =
ﬁHﬁﬁ T T [mmn [ | 7L ¢ [ = |
T I, A Lo % = o lge
Lo A
1 1] 1 +1N0_ +NI *
1104 Levd Levd Livd [E15) 1199
{L19} = NIvD {roe} = NIVD {Lzet=NIvo  {Liel=NivD NI +NI%6) AYuUE) - {Lal = NIVD
‘g8l [¥6'1-60'F GO'L €5°C ¥1'9 0T'8
$'G- L1 b-€TC €9°0-8L'€ €29
e SEP-G0L- LLO W9 16Y- B .
‘THE-670-6L'E 8L LOE BE'S .mmrmwm.m
GFG- L L-BLC- LT LK v L G1GH-
ZEE OV P 20T- 00 Sh -2l il=v b
N — eTT
= e
ey = O zegel=9
Xnw3a 98¢ Ll .
XnK =e,  lojeiBa .o Smc_ pre Buuesy
ax Buuesy wojsAs
&) peseduwi yym |ewou
! ‘€9 1[129D iessujoesisny| _jojepop
LG9 -96€°0 \l/ .
'€-21.[€2°0- 10°0- ZL06F0 Y0 0- Y001 =D (hyuey = ()Y WE.N mmN: = no L U
-Z20'€ -48L°0 .
£F0 HI-TA)
€gzl="% egg’ll=4

Figure 5.2.(Part 1) Schematics for the corrector system of Fig.5rswiing of a)

pisistem with hearing loss

a
Q

the model of normal system and b) the inverse

91



He

=@ 22 +
& & = oBt=gol =

Au AUNS
T wh%xumo@v I =NIYO
f ©] h

99v4 9zv4 9bvd 949 1989
b {ggef=Nivo 28} =NIvo {ored|=NIvo NI +NI% Ay - {1ea} =NIvO

1824 od
99910 = NIVO L=NIVO

&

= wQ = = = b =z0l =
Juene = = o =
o L ol gxqu
H s 8 5
oL| 45 »
+«—1L7F +
o 424 1904 4804 2] bovd 4L} 2hvd 249 1289 |
q = 9 = e} = B} = el = =NI% % NUUE) - =
i V210 =NIVO OAFOTVO=NIVO oo o yvo | oy | © (C98F=NIVO {zepl=Nivo  {ziep=NIvDo (NI%"+NI%IAYUE) {vech = Nive
T®
Libt=101 = =
= = = = = = AT wajshs
T S = o f.ox;r s i
& L .m leuLou jo
| fepow aty
%)
i :
194 1904 1804 %] Jevd 12v4 b4 1189 AINH y WA
k! 3 9 = et = )= Bl = s najn:
/HO=NIVO BLLOHO=NIVO o 0o oo | oo [+ {ioet = Nive lzel=Nivo  {L1ed=NIvD {hre = Nive ping
BPINPH
wajshis
[ewiou
98- 160- 18T 10- 150 287 10 opow
‘€9 €Y 0V2-080 807 QL b]=V o wioy
jndino
=1k
1Ajndu| pre Buresy
pmm————h
ot " Buresy 1 wojshs
néno goauedul gy | eulou
\/ 0 8SI9AU| |
] 880 = !
wmm 460°) @ i
T 6810 1
Zh adodg 5 1] LYo ar) e
€:2L[700950 100 1002006201= 2 2r0-1="% frovh 1 adoog

the normal system and b) the inverse of the systgimhearing loss
92

Figure 5.2.(Part 2) Schematics for the corrector system of Fig.5riswting of a)



5.1.2 Basic Circuit Components for the Corrector Sstem

The Simulink model for the proposed hearing aishiswn in Fig. 5.1 with the
schematic in Fig. 5.2. The parameters of the sysieento be scaled suitable for
circuit implementation in Section 5.1.3. Here, thasic overviews of the circuit
components utilized in the design are given. Theuiations are presented using AMI
1.5um CMOS process technology to realize the ctorexystem. Vdd is +5V and Vss

is -5V.

5.1.2.1 Current Mirror for Coefficient Gain Parameters

The coefficient vectors and matrices required fo torrector system are
designed to be implemented using current mirrocsapart of current mirror loads
of the differential pairs, so the parameters of therector system for hearing aid
hardware can be adjusted by varying the gains efdiwrent mirrors. The basic
CMOS current mirror circuits are shown in Fig. 5I8%0 PMOS or NMOS transistors

are connected together at the gate and operatinthansaturation region. The

vdd vdd
[o]

currentm irror_scope

1 Mp
1 | | L o |>J PARAMETERS:
Ibi +\ Mpl M W= {w W = fapl 2 —gylnt =8
jas () (—) ‘ \va_={wl} Lqﬁ—'ﬁ;J L={|{2}} L={Ig\ﬁ_b_<" L:[ﬁg} ﬂ%:gﬂmmﬂ
h —

= wpl=8ulpl=8u

wp2 =8u lp2 = 8u
PARAMETERS: |
e Mnl Mng_| W) 11=8u b2 currentmlr chipel ‘@:L
L=t [ _| an ) lvzuz-s;u Ibas ( |
}

A\

Figure 5.3. Simple CMOS current mirrors
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equations of the drain currents of the transistperating in the saturation region can
be expressed as [122, p.371]

m1 E bui(Vasi— Vrng)(1+ Vo) (5.7)

m2 F bma(Ves2— Vrnz)(1H Vps) (5.8)
where \&s is the gate-source voltage of the transistay, i¥ the threshold voltage of
the transistorbmnimpi = (Kn,/2)(Wi/Li) andl is the term accounting for the channel
modulation effect. The transconductance parametgrikequal tam, ;Cox Wherem,
is a mobility coefficient of electron or hole andy( the gate oxide capacitance per
unit area. The aspect ratio of the transistor i MWhere Wis the channel width and
L; is the channel length. According to (5.7) and (58ihce \bs1 = Vesy the
relationship betweenyl and Iy, is equal to

m2d Im1 = (Wo/Lo) / (Wi/L1) (5.9)

where the channel length modulation is neglectée Jame relationship also applies
to the PMOS current mirror. By adjusting the aspatbs (W/L;) of the transistors,
the desired current gains can be achieved. Themumirrors can also be used for
carrying the currents to various points of the witsc Since some of the variables in
the developed corrector system for hearing aid Haoth positive and negative
values, the bidirectional current mirror is reqdirehich can be implemented by

using both PMOS and NMOS current mirrors to cahneylidirectional signals.

5.1.2.2 CMOS Differential Pairs for Signal Type Corersion

The linear function of a voltage to current congedan be realized using the
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Figure 5.4. Basic CMOS Differential pairs
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b

CMOS differential pairs as shown in Fig. 5.4 [1202-1]. The currents of transistors
operating in the saturation region neglecting th@noel length modulation are

vt = b(Vas1— Vrng)? (5.10)

vnt = b(Vasz— Vrna)? (911
The summation of these two currents is equal totaliecurrent + of the transistor
Mn5,

73 Iunt* Ivnz (5.12)
By connecting the current mirrors, the output fritra differential pairs is taken to be

lout = Iwn2 — Imn1 Which is a function of the voltage differencg ¥ Vin+ - Vin.,

low = Vid,/i- (Vig)? (5.13).

The differential pairs with current mirror loadsnche used to represent a linear
voltage to current converter for small differentimbut signals, (\)* << 2k/b. The
additional current mirrors are added at the outfuhe differential pair in order to

vary the gain according to each system variablegkample, to realize thBrug(t)
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term for the corrector system where the equivalgnit signal g(t) is taken to be the
voltage andBg =[br11 br2: ...bre1], the current mirrors with the gaing broy, ...,
bre1 are utilized so the same setting of the diffeanpair can be used and the
parameter values can be set through current mirsdnsexample of the current

output, by, from the voltage input, ¥= Vin+ - Vin., is shown in Fig. 5.4.

5.1.2.2 BJT Differential Pairs for Hyperbolic Tanget Function
The hyperbolic tangent function, tanh(x), of thestsyn is realized with the
differential pairs using the BJT transistorg &d Q in place of the transistors Mnl
and Mn2 in Fig. 5.5, as shown in Fig. 5.4. We taklvantage of an exponential
relationship between a current and a voltage ofB&& to implement the function

tanh(.). The emitter currents of the two matchadgistors Q1 and Q2 are

I_S eNBl' VeVt (5 14)

i El
R PV
i, = elVer Vel (5.15)

where § is a saturation current of the transis#iis a constant value of the transistor

which is close to 1, ¥is the voltage at the baseg V¢ the voltage at the emitter, and

V1 is the thermal voltage which is approximately éqa@25mV at room temperature.

The summation of these two currents is equal taatheurrent of the transistor Mn5,
It =gt ig2 (5.16).

By connecting the current mirror loads, the outipoin the differential pairs is taken

to be put = Iie2 — iz Which is a function of the voltage differencg ¥ Vin+ - Vi,
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f_tanh_scope

Figure 5.5. Basic BJT Differential pairs

(_1+ e'Vid/VT)
Lou = Tm

(5.17)
which is also equal toranh(-Vig/2V+). The BJT differential pairs with the current
mirror loads and the respective input voltage tttage gain block can be used to
represent a hyperbolic tangent function, f(.) sh{i@hneeded for the corrector system.
An example of the output current from BJT diffeiehpairs is shown in Fig. 5.5.

Beside BJT differential pair, the hyperbolic tangémction can also be realized
using the CMOS differential pair of Fig. 5.4 worginn a sub-threshold region

(Ves<V1H) in which the current expresses a similar expdakritinction of the

voltage [126, p.172] as

- KV p/Vr
s = 1,8

(e VseVT - @ VoelVr) (5.18).
lo is the sub-threshold current factor, K is the tuleshold factor and Vis the

thermal voltage.

5.1.2.4 Current to Voltage Converter for Signal Ty Conversion
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Figure 5.6. (a) The transresistor circuit consisting of twansistors in [123], (b)
the voltage to voltage component circuit, (c) tistws circuit, and (d) simulated

voltage to voltage gain output

The circuit for current to voltage converter isliaéd for conversion of the signal
types for example the input voltage gain block leé BJT differential pair can be
realized from the combination of the voltage toreat converter using differential
pair and the current to voltage converter or thegeru to voltage converter at the
output of the system. For the current to voltageuii, two MOS transistors designed
for the transresistor circuit in [123] as shown Rig. 5.6(a) can be used. The
transresitor consisting of two transistors opematim the saturation region can be
utilized giving the output resistance R. From FEdi(a),

h = -1y = (1/2)Ka(WIL) n(V-VSS-Virn)? - (1/2)Kn(WIL) (Vg Vo-VTr)? (5.19)
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R =oMin = Vo/(I2-11) = L/(2(K))(W/L)n(Vp - VTH)) (5.20).
An example of the voltage gain block using theeat#htial pair and the transresistor
circuit that can be used as the input voltage ttage gain block with a gain value of
(1/2V+ » 0.05) to be used with BJT differential pair foaligzing a tanh function is

shown in Fig. 5.6(c) and (d).

5.1.2.5 Current Multiplier Circuit for Signal Multi plier and Divider
The current multiplier circuits are based on thewrf@uadrant current
multiplier of [124] implementing from the currenguaring circuit as shown in Fig.
5.7(a). The transistors are connected in the tregesl loop. Using Kirchhoff’s
voltage law,
é1+ Ves2= Vess+ Vass (5.21)
All transistors are assumed identical and operatingaturation region, hence (5.21)

equal to
Y1 + 1“1/ + V1o + 1“2/ = V1us + 1l|3/ + V1ha + |4/ (522)
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Figure 5.7. (a) Current squaring circuit and (b) current nipligr circuit
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NRENREN TN (5.23)

The currents;land } are each equal tg,Ihence,

NENRENTS (5.24)
3Hly = 2Is + (I3-12)%8lg (5.25)
The current mirror composed of Mn5 and Mn6 vyieldstll, + I3 = I3 + 1, where |
and b are equal togl so the output of the squaring circuit is equal to
lout = 2lg + 1%0/8lg (5.26)
To implement the current multiplier, two currentuagng circuits are connected as

shown in Fig. 5.7(b). The output of the multiplieitherefore equal to

lout = loutr — lout2 5.47)
= 2§ + (ly+1x)%/8lg - 2Is - (I,-1x)%8lg (5.28)
= Ly/2lg (5.29)

which yields the multiplication of the currentsand |. The simulated output current
from the current multiplier circuit is shown in Fi§.8(a) as an example where the x
axis is the sweep of currentand the y axis is the output curregt with Iy as the
secondary sweep. The current divider can also Ipdeimmented using the multiplier
circuit by selecting the currentg &nd k as the variables and usingds the bias

current as shown in Fig. 5.8(b).
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Figure 5.8. Simulated signals from the current multiplier aitaused (a) as the

multiplier (Is =100uA) and (b) as the divider (Ix=100uA)

5.1.2.6 Current Sources for Constant Biases

The current sources needed for the constant badgbe corrector system can
also be implemented using the transistors. By cctimgthe voltage at the terminals
of the transistor to operate in the saturation aegit can be used to realize the
constant current bias where the channel moduladftect is neglected. An example

of a transistor circuit for current source and dated output are shown in Fig. 5.9.

Vss

Figure 5.9. Constant current source for constant bias
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5.1.2.7 CMOS Gyrator-C circuits for Derivative of Input Signal for the
Inverse System

In order to derive the system that is inversenwdar type system of impaired
hearing function, the need for a differentiatiortleé output from the original ear type
system is required as illustrated in (4.1)-(4.1)is way allows the direct inverse of
the system with a single output and more than otexnal neurons, y €x whereC
is a row vector of In dimension, 1<n, y is the output ardire n-internal neurons.
Also, it allows for the inverse for both differentders of cascade. Therefore the
synthesis of the derivative of the input for thedrse system can be achieved through
the transistorized circuits using a gyrator with tapacitance load [120]. The gyrator
consists of a parallel connection of two voltagetoalled current sources which can
be implemented using two CMOS differential pairkieTcircuits as shown in Fig.

5.10 result as the two port network of which

= (5.30).

gm
= T —
2o

11 ?O 12

e E— R -
@ — ‘—‘+ P L —-------- :
1

D ( vi gm v2 o
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Figure 5.10. A gyrator (a) symbol and (b) inductor circuit {12
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Figure 5.11. The gyrator-C circuits for the differentiationtbie signal

used to equivalently realize the inductor where

1 ¥ (Cl(gn)?) dly/dt ()3
The circuits and simulated results are shown asxample in Fig. 5.11 using the sine
current input. The voltage is successfully achieasdthe derivative of the input
signal. The gyrator with C load can then be usdtieinput of the inverse system for

which the realization of the differentiation is ilemented.

5.1.3 Parameter Scaling of the Corrector System fdCircuits

The scaling of parameter values of the systemnfaking a noninvasive
correction of auditory loss and disorder effectgigestigated in order to implement

the system using transistors. From the mathembticgresentative corrector system
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in (5.1)-(5.6), the scaling of their parameter eslucan be performed without
affecting the important input and output signalsdatermining the dependence of
each variable and equation from which the appropriscaling factors for the
parameters can be applied. For example, from (5.B); the mathematically
representative ear type system can also be waten
Eq (ke (/)= ALV, (0 +Gp+ Bg Ug (1), X¢(0)=Xg, (5.32)
r() = kr3' f(Xr(1)) (5.33)
Ye(®=Crlp ) +dy (5.34)
where E; = kni Er = [krt &' 1], R = Krt' €k, Gr= kri' Gr, B= kri' Br. The
variablev(t), which is a hyperbolic tangent of the neurafy, can also be scaled
where g(t) = kes VR(t) = kea' tanhgs(t)) by using A, = key Ag With ks krs = ke
and 5R= Cr/ krs. The scaling factors arexk kro, and ks. The method allows the

scaling of the parameter values into the desiregies without the changes in the

desired output signal.

The mathematical representatives of the inversdesys(5.4)-(5.6), are
derived from those of the original ear type system(5.1)-(5.3) therefore the
parameter scaling is also applied in a similar w@yhe inverse system. From the
inverse system of (5.4)-(5.6), the scaled systerth@finverse system that is derived
from the original ear type system of the left sid8R with the hearing loss affected

characteristics can be represented as
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E, (o, ®)/d)={A, - B, (C_[TF, 1B/& ) (C [T A /&), (1)
+GL' BL(CL[ﬂfo I] BL/EL)-l(CL[ﬂfXL I] /EL)GL
+BL(CL[ﬂfo l] BLléL)_luLinv(t)

Lin¥(0) =XLo (5.35)
Linv(t) = ki3 f(XLinv(t)) (5.36)

Yim =+ (CLIT, 1BL/&) CLIT AL &)}V, (O

- (CIff, 1B, /&) *(C.IT, 11/8)G, (5.37)

+(CLIM B/ B) Uy, ()
where E, = k' EL = [ku @ 1, = ka' @, G = ku G, B, = ku B The
hyperbolic tangent of the neuro(t) can be scaled asin(t) = ki3~ Vin(t) =
kis” tanh@uny(t)) as suchA, = k" AL with ko kis = kg and C_= Ci/ ks. The
scaling factors are k k., and ks;. The desired output signal from the corrector
system to the hearing aid’s user does not changerasult of the parameter scaling
methods therefore the correction technique anddhelts investigated earlier in the
dissertation are kept unchanged. The scaling ofdhector system allows the shifting
of the parameter values suitable for the circualization of the system mainly using

transistors.
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5.2 Designed Circuits of the Corrector System

A possible circuit for the system for making a muasive correction of the
auditory loss and disorder is designed and realipethis chapter showing the
possibility of developing the hearing aid from theposed method. The proposed
hearing aid is constructed from various basic @ircamponents as outlined in the
diagrams in Fig. 5.2. Various basic circuit compusedesigned to make up the
proposed hearing aid are discussed earlier. Thdetag of the whole hearing aid
circuit is shown in Fig. 5.12 of which the sub-cdits with respective scaled
parameters are presented in Fig.A1-30 in the Appesekction of this chapter. The
schematics are shown using the hierarchical bl¢tk8] to make it easy to follow.
Their respective sub-circuits are subsequently igeals which are referenced as the

names under the hierarchical blocks.

5.2.1 Circuits and Results

The designed circuits are then simulated with ¢lae type model of the

; InvofBad s /—A\

Outl In2 Out2

Out to test with
the system of
impaired hearing

(Bad ABR)

0
Vin equivalent
of acoustic signal
(sound)

! Normal invofbad

Figure 5.12. The top level circuit for the proposed hearing) tai be used with

the patient
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impaired hearing function to see the result. Theexbed ABR simulated from the
model of the patient with left sided sensorineurabring loss together with the
designed hearing aid circuit are shown in Fig. b.Ihe simulated signal shows the
ABR whose wave characteristics and morphology ramestormed toward the normal
types. The measured normal right sided responalsasdepicted in Fig. 5.13c which
is utilized as the desired response in the propeosegtction method. There is some
difference between the ideal desired responseespbnse achieved with the hearing
aid circuit using mainly transistors as shown ig.F.14 which is due to the offset
from the biases and some parameter mismatches dretihe designed system and
circuits. However the improvement of the ABR towdh® desired normal type
response obtained from the hearing aid circuitgaeatisfying result. The aid circuit
is able to correct the overall waveform morpholagyd main waves of ABR as

intended to by the use of the investigated nonimeasorrection method.

107



: Normal InvofBad :

I 1

I 1

vin ' In1 Outl In2 Out2 h
I 1

I 1

1 1
——=1_Normal inv ofbad !

_________________

Figure 5.13. The simulated ABR with the hearing aid circuitrfréhe model of

the patient with hearing loss detected on thesieitd measurement

~—

Figure 5.14. Differences between the ideal desired and siredlsgsponses
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5.2.2 Possible Circuits for Alternate Adjustment

Most of the parameters required for the proposedring aid system are
designed to be implemented as part of the currémbncircuits as shown in Fig.Al-
A31. As a result the parameters of the system faking a noninvasive correction of
auditory impairment can be adjusted by simply clagnghe widths and lengths of
current mirrors according to their respective patars for which they represent in
the circuits. This allows the circuits to be eagihg-adjusted and assigned with the
new parameter values. Possible alternate circuitls wariable gains can also be
utilized for a more flexible implementation. Curtemirrors with variable gain set by
external voltage or current sources can be utilifest example, the tunable current
mirror in [125] can be used as shown in Fig. 5.1H#e transistors M3 and M4 are
operating in the triode region so by varying the.¥Vwne the output current can be

set accordingly. An example of the output is giirefig. 5.15b.

lin

"

W = 64u _ —

W = 64u
L=4u 1 — L =4u SQiA:l\/IZETERS. |
Vtune =0

— —
{Vbias+Vtung} |<_| - .| {Vbias-Vtune}
Tesll] e T
)

|
© s

Figure 5.15.Current mirror circuit with variable gain from [P
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5.3 Summary

The preliminary circuits of the hearing aid based the noninvasive
correction method proposed in this dissertationehlagen designed and realized in
this chapter. From the mathematical representaifaime proposed hearing aid, the
variables are taken to be the equivalent voltagewrent signals for which the
counterpart circuit can then be synthesized. Tharpeters of the hearing aid are
scaled suitable for circuit implementation usingimhatransistors. The designed
circuit of the proposed hearing aid is able to dyighe ABR with improved
characteristics as the result of the noninvasiveection method. As discussed in the
previous chapters, the ABR is a reliable technigtileed for gaining access into the
status of the human auditory system and identiffamghe auditory loss and disorder.
Recent researches on the incorporation of the ABRS other auditory related
electrical signals measured from the brain in tearimg aid evaluation [96]-[100],
the applications of ABRs in the operative procedwrenonitor and make sure the
preservation of the patient’s hearing [25]-[26]¢ #pplications of ABRs in cochlear
implantations [131]-[132], and the worldwide acadpé uses of ABRs as the
standard for testing the hearing function [12]-[IIfjey infer the association between
the characteristics of the ABR and human’s soundgption and understanding. The
ABR with normal characteristics generally indictétte healthy auditory organs and
normal hearing ability. The preliminary circuit g in this chapter shows the
possibility of developing the system into the hegraid alternate to the conventional

hearing aid. This hearing aid developing from theppsed noninvasive correction
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method utilizing the ABR is therefore potentiallpl@ to correct the effects from

hearing loss and disorder and improve the patidw@sing.
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Chapter 6

Summary and Open Problems

6.1 Summary

An investigation of a new assistive device forphay people with hearing
impairment is presented. The assistive device i&eldped based on the proposed
noninvasive means to correct and cancel the effota the auditory loss and
disorder. The investigation has made use of thé&@ydorainstem response (ABR)
which is the electrical potentials measured by giglectrodes placed on the human
scalp in response to an acoustical stimulus irettrtdo characterize the developed ear
type system. The literature review on the ABR asdtlinical usefulness is given in
chapter 2 pointing out the reasons behind the m@ganvestigated approach and the
possible validation of the method. In chapter 8, tathematically representative ear
type system developed through the measured ABRntioduced utilizing the
modified nonlinear neural network architecture. Miuy approaches and steps are
given using the combination of the model order d@a, the nonlinear least square
algorithms, and trial and error simulations. Thelaation of the developed ear type
system extendable for the multichannel recordingthef neural activities of the
auditory nervous system inside the brain is alsplagrd. The developed ear type
systems give satisfying results for which the imndlil hearing function can be

characterized through the measured ABRs both frormal and impaired hearing
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functions. The ear type system is then applied withproposed alternate technique
to correct the effects from auditory loss and disorin a noninvasive way in chapter
4. The technique utilizes the ability of the egreysystem to capture the effects from
the auditory loss and disorder for which the caatieh of these effects can be set up
utilizing the newly derived neural network of thardype system. The system for
making a correction is developed and simulated odeis of a patient with hearing
impairment showing the results as an example oinestigation. The system is able
to transform the characteristics of an ABR from tiearing loss affected to the
normal desired one. This gives a promising resuthe system as the new assistive
device alternate to the conventional hearing adwhich the potential benefits and
pertinent aspects are compared at the end of dyaterh A preliminary set of circuits
for implementing the proposed method into a heaaitgare designed and given in
the chapter 5. In that chapter are shown satisfy@sglts with Spice simulations of

the new assistive device.

The investigation gives the new assistive devicdclvitan provide the
alternate noninvasive way to correct and cancektfexts from the hearing loss and
disorder. By utilizing the auditory brainstem respe whose characteristics and
signals objectively reflecting the auditory actie# within the human auditory system
and incorporating its clinical use in developing #ssistive device, these can result in
an improved means which can greatly benefit tonda&ing impaired. It can also be
used in cases where the patient cannot give ratresponsive indications, as in the

case for young children and babies.
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6.2 Open Problems

The open problems and further applications frons thivestigation can bring more
useful researches and interesting results. Somen@ga are suggested in these
following areas.

- The preliminary analog circuit of the proposed stdg device is presented
from which further improvement on the circuit amgpiementation of the device into
the hearing aid can be further investigated. Famgle, the CMOS transistors
working in subthreshold region can also be useck#dize the nonlinear hyperbolic
tangent function as already mentioned in Sectiar?®. Also for a more simple way
of fitting the device for each user or readjustthg hearing aid characteristics over
time, some sorts of easily adjustable and adapiresits such as the current mirrors
with variable gains adjusted by external voltageSéction 5.2.2 can be incorporated
into. The proposed assistive device can be develdpe use with the transducer
devices such as microphones and air conductionceevior further subjective
evaluation of the proposed aid.

- The further investigation on the temporal delayhef signals simulated in the
developed neural network of the ear type systenms lma further addressed. In
practical implementation there could be some de&sbited in the system which
does not show up in the theoretical set up of gstesns which can be due to the
simulation settings such as a very small samplimeg.t

- The simulations of the speech signal as the inpuh¢ developed systems
have been shown in Section 4.5.3, p. 81 which dhewesults in agreement with the

results obtained from the measurement in the nefee Further investigation on
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these findings can be done to incorporate its figsiand usages into the proposed
hearing aids For example, establishing some sinaite@racteristics of ABRs with
speech stimulus with a group of people with norhedring and hearing impairment
has to be first researched. The results can be wsful since they can be used to
learn more and simulate the potential benefithefdroposed aid used with speech as
in everyday conversation and listening environment.

- The ear type system extendable to the multipletrelées recording of the
auditory activities inside the brain. As mentionedection 3.4, the recordings of the
electrophysiological signals from deeper alongdbditory nervous pathways inside
the brain, such as the auditory evoked corticgbarse, require multiple electrodes
placed on various locations on the scalp. The agtpiin of the extended ear type
system designed can be found useful in a developofea hearing aid where the
inverse term used for correction and cancellatibramy detected responses with
abnormal characteristics can possibly be implenteribe representative ear type
system can then set up as a planar mapping ofnitherkying brain regions giving rise
to the recorded signals. Any deviation from normetivities and possible disorders
of the auditory system can be identified from whilsé noninvasive system to control
these unwanted effects is possibly set up and ethplihis can be useful for
developing the alternate noninvasive treatment stadying the complex hearing
function of human. Also it can be useful assistimthe alleviations and treatments of
some other pertinent disorders and impairmentsedls or example, the tinnitus also
known as the ringing of sound in the ear has beenaurable problem. The research

investigations to locate the generating sites @séhringing sound show that the
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tinnitus is believed to be likely generated fromchmenisms of the auditory nervous
system inside the brain rather than from thosehef inner ear [107]-[110]. The
measurements involved include the measurement ghet@ fields such as in the
Magnetoencephalography (MEG) [31], [111] and theasueement of electric signals
such as in the Electroencephalography (EEG) [110P]. The signals from various
points on the scalp can be averaged to pinpoinexiaet location of internal damage
that gives rise to the abnormal behaviors. Alsongismultiple electrodes, the
representative system planar mapping of the uniderlgrain regions could also be
developed from which the noninvasive system to robrthe generation of tinnitus is
possibly realized to cancel and correct the abnbati@vities in a somewhat similar
way to a current treatment utilizing the maskingraband the electrical or magnetic
brain stimulations to reduce and suppress thettisrsiound [113]-[115].

- It is also interesting to apply the investigated thmd with other
electrophysiological signals such as the middleney response and the auditory
evoked cortical response. Beside the ABR, the udsetleer signals such as the
auditory cortical response for young children aathibs [96]-[98] are also proved to
be valuable. Since the standard hearing test amgréscription of the conventional
hearing aid with the standard pure tone audiograquire decision making and
subjective responses back from the patients, ithmmard and even impossible in
cases of children and infants. The ABR is undodigtadeful and the procedures and
normative standards have been established andimicaity used today [5]-[6]. The
characterization of the auditory system and auglitbagnosis through the auditory

cortical response can result in the assessmenheofuhderlying mechanism and
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function of the auditory nervous system deeper@khe auditory pathway which is
more likely to be associated with the speech imétgbion and hearing process of the
brain and can yield even more improved assistivgcde However, the procedures
required for obtaining and evaluating the corticmdponses are more complex and
time consuming. Also, there is more variability tife response characteristics
between patients and within the same patient asal effects from the stimulus for
which the evaluation of the hearing system funcaod diagnosis of disorder can be

more difficult.
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Appendix A of Chapter 5

Designed Circuits of the Corrector System

The circuits of the corrector system from the psgzbcorrection method are
designed and presented in this section. The corregstem consists of the system of
normal hearing function and the derived systemithtite inverse of the hearing aid’s
user ear type system as already discussed in reanapters. The example of the
investigation is given on the models set up from phatient with hearing impairment
detected through an ABR measured with the stimiduke left ear. For this case, the
normal systemNormal) is referred to the ear type system set up thrahghright
sided response and the inverse systeno{Bad is referred to the ear type system set
up through the left sided response. The top lewelit for the proposed hearing aid
is given in Fig.A.O of which detailed sub-circuitee subsequently shown as indicated

as the names under the blocks.

From Fig.A.O, the sub-circuit dNormal is shown in Fig.A.1 which is the

Normal Inv of Bad

out1 In2

Out to test with
the system of
impaired hearing
(Bad ABR)

0
Vin equivalent
of acoustic signal
(sound)

Normal invof bad

Figure A.0. The top level circuit for the proposed hearing) ai
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circuit representative ear type system of the rigihded response with the
mathematical representative equations with scal@@npeters suitable for VLSI

circuit implementations shown earlier as (5.32B845.and reprinted as

Er (e (0/d0)= AV (0 + G+ B Ug (0, Xx(0)=Xg, (AD)

rR(D) = krs” tanhx(t)) (A.2)
Y (1) = CoVe (1) +dy (A.3).

The circuit realization of this system is alreadgscribed in Section 5.1.1. The
schematic is presented in Fig.A2 with the sub-aiscsubsequently given. The names
of the circuits are presented corresponding tosifstem variables. For example, the
first row element of (A.1) is equal tg@EXr1(t)/dt = [a11 &1 881 &1 &1 B61]VRi(t) + G +

B1Ur(t) of which its schematic representation is expeesas gixg/dt = Avl + |_G1

+ B1luw(t). The similar expressions are applied to the séthe system variables.

For the system that is inverse to the ear typeesystlentifying the hearing
impairment, the mathematical representative eqoatath scaled parameters shown

earlier as (5.35)-(5.37) and reprinted as

E, (o, ®/d)={A - B, (C_[F, 1B./&)*(C [T, 1A /& )}V, (1)
+G,- B (C,[f, 1B./& )™ C.[Tf, 11/8)G, (A.4)
+BL(CL[ﬂfo I] BL/é_)_luLinv(t)

Linv(t) = k3" f(XLinv(t)) (A.5)

Yo (0= (CL[T, 1B/& ) (CLIT A8}V, (1)
- (C_[ff, 11B./&)C.[ff, 11/&)G, (A.6).
+(CL I, 11B/&) Uy, (O
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From Fig.A.O, the sub-circuit of this inverse systénvofBagd is shown in Fig.A.12
with the respective sub-circuits as listed from.Ai@3-A.31. The system is derived
from the ear type system with the effects fromgbesorineural hearing loss detected
through the ABR with the stimulus sound to the &ft. The names of the circuits of
this inverse system are also given correspondirtge®ystem variables with the term
‘ofBad referring to the parameters of the ear type systéath the hearing loss and

disorder effects in need of the hearing aid
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