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This thes:is proposes the methods designed to compensate the hearing defect on hearing aids
for hean'ng-ixinpaired persons. Each hearing aid is suitably used for a certain person by adjusting
sound signals for better hearing. The result of adjusting volume levels of sound depends on the
expertise of efach ENT medical technician. To solve this problem, an IIR filter has been designed
to compensat!e the signal defect. However, the hearing defect data of hearing-impaired people is
in the form |of audiogram, so it is necessary to simulate the hearing defect in the form of
magnitude re‘:sponse first. The design requires the relationship between the transposition of pole
and zero an({ magnitude response in order to be used to create the mathematical model of the

I
hearing defec!:t in the transfer functions (T.F.) form. Designing starts from creating all-pass filter

and the trans!position of pole and zero by using the mathematical method least square, in order to
control magnfimde response to be relevant to audiogram. Also, creating the transfer functions for
compensatioxll will be created from the transfer functions of the model of the hearing defect and
all-pass ﬁltq', which are connected together based on their differences then. The experiment
result is that{ transfer functions of the hearing defect created by using proposed principles are

accurate and relevant to audiogram, and the transfer functions for compensation can compensate

the defect accurately.
r ,
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" An example presbyacusis (sloping high-frequency hearing loss) synonymous with the

ageing process.
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1 4 a o
DUADN (Digital to Analog Converter : D/A) Fszuvlszinanadygnanduay JunurRaag
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HIki ARERIEE:

x(n) Disotete-time ¥n)
) System
Input signal | - % Cutput signal
or excitation OF response

51 2.3 Teezunsuvesszuuuuy lidelile

A D & e 1y A
wo  x(n) li-]u i!jliy‘lmﬂu?!ﬂﬁiﬂ Excitation m€]~153'ﬂﬂ!!‘u'ﬂbhlﬁﬂluﬂ@
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2.2 Mmsuasusn (z-Transform) [2,3,4,5]

ar 4 1 4 a ] 4
nsmlasuyavesdygran bidellesamisalivegluslusseynsueiiud (Power

{ P ~ Y J
Series) AqauMIn (2.1) FINAUMSN (2.1) i mamlasranuunsg (Direct z-Transform)

& a
o z 9

X(2)= i x(n)z™"

ﬁ"mﬂ; 1Faou (Complex Variable)

x(n) fio ﬁ’lﬁﬂﬁ'igﬁlu“lm (Sequence Signal)

(2.1)



QU

uadIns

! o e v oA a Yo
VILVUULUUY Causal ﬂ‘lillﬂﬁﬂll“lfﬁ‘ilmﬁi\ﬁmmﬂ‘luﬂﬂmﬂdﬂ‘lmimﬂwuulﬂﬂﬁ

=y

|
o | - £ a
AUNITN (2.2) 1FEAAUNTITN (2.2) UN msulausaduien (One-Side z-Transform)

X(2)=3 x(n)z™ Q)

QU Tt 4 é Q 4
msulnwaavesdagnauuuy hideissdisuny ladngluuunii deaunmsh 2-3)

X(2) = Z{x(n)} 2.3)

¥
LY

; 4 ' o @ o o
gaznInaumsi (2.2) uas (2.3) semiu lahwansuilassranfiesynsuetiud auiuesl
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X(z) mimaoulai5enaA1 z 1191 Region of Convergence (ROC) Taoa1 z fazdian

dusruFadou

2.2.1 puandavesnmsmlasuya

2.2.11 aaenidanrudiuFudu (Linearity Property) ttaafsaumsh (2.4)

221

uilag z ve9

Z{ax,(n) + bx,(n)] = aX,(z) + bX,(2) 24

2 guieanianmsdou (Shift Property) AWMUATH y(n) =x(n—m)m=0 M3

V() =Y(z) Mouunuld §aaumsi (2.5) uag (2.6)

Y(2)= i y(m)z™" (2.5)
Y(2)= i x(n—-m)z™" (2.6)

n=—w

!

o [ { o W = g 3 A
mﬁuﬂ‘l;ﬁ'szuuﬁmmwmmui‘lussummu Causal A3UUAUNITN (2.6) AP IRELTCITNT]

Tnalladaan

| ¢
15l (2.7) B (2.10)
1

|
|
{

Y(2)= ix(n -m)z™" 2.7

n=0

Y (Zl) =27 [x(0)+ x()z" + x(2)z7 +...+ x(n)z™"] 2.8)




5 ¥(z)=2"3 x(m)z”" 2.9)
. n=0

Y(2)=X(z)z™" (2.10)

22.1.3  quanlianisdszay (Convolution Property) 9inaumskanmisilszany lu

Aunsf (2.11) ¥59 (2.12)

Yy =3 hk)x(n—k) @.11)

k=—o

y(n) = h(n)* x(n) (2.12)

Mnsuad z x(m),h(n) Wiy x(2), H(z) 92 18msilseau dsaunisi (2.13)

Y(z)= H()X(2) (2.13)
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Entry Discrete—fTime Sequence z-Transform Region of Convergence
number X(2) of X(z)
1 aln] 1 Al z
| 1 1
2 uln] P lz|>1
3 ~ul-n~1] — 2| <1
: 1-z
! All z except 0Gif m > 0)
4 o[n—m| z" )
| F or © (ifm<0)
5 ai" u[n] ! I |z| >l
i 1-az”
6 —a"u[-n-1]} ! . |z| <]
, 1-az”
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Entry :iscrete-:Time Sequence z-Transform Region of Convergence
number i X(z2) of X(z)
-1
7 na"uln) _az—_lz |2| > a|
(1-az™)
-1
8 —na"u[-n-1] _az__l_z_ || <lal
* (-az™)
9 [(i:os wunluln] I-[cosa ]j—l = |2|>1
| 1-[2coswylz™ +2z
10 [éin wynlufn] [sina, ]z:: = |Z |>1
| . 1-[2cosmy)z™ +z
11 [rg-" cos wonluln] Solg oo a)o—l] = 22 Izl R
1 1-[2rcosamy)z” +r°z
12 [l" sin @ nuln] Ir oy ]i—l 2,2 |z| >r
! . 1-[2rcosw,]z™ +r°z
5 {a, OSnSJ\./'—l L‘Lzl" 450
|0, otherwise 1-az
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03 05 8 07
Normalized Frequency (xx rad/sample)

gﬂ’v’i 2.4 (AB)

2.3 HANBUAHBINIANING (Frequency Response) [2,3,5]
999N INYNINUS AT U UDN T DDNUULHAABL AUBINAINDVDITZULBUAY 2

v ' ]
auiufandunieTou H(z) taassaums (2.14)

b +bz +bz
H(z)= r n (2.14)
1+az +a,

' g 4 p— ia)
mmﬂmmmnszmmwﬂ'hlms::mwmmmﬁ ﬁﬂsﬁnumstmu z=e malu H(z)

AITUNITN (2.15)

b +be +be "
H(@)= o (2.15)
ltae = +age

seiu 18 naunsh (2.15) Ysznou lldreamtiusuaues suazadlus uausadou

Faemnindwounon ldseaunsi (.16)
H(a))=HR(w)+H1(a)) (2.16)

Taoh  H, (o) A0 iy nIuese

uag H, (@) fio fi'lﬁlﬂﬂihﬂ’]ﬂliﬁ“ﬁﬂ“
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HampUTUBIMIANNDsIMsAueenily 2 Anvuzhe
2.3.1 HANBUTMBIMIVMIA (Magnitude Response) f1udas ldvindumiisvoalna-a1s

Y - aa a 9 -
duwdnvesns Inailia 910310 2.5 9z 1dnaneuaueImaving mwaunsi (2.17)

Imaiinary
K
N
@
> H (@)
(1)
—P» Real
H, (@)

it 2.5 mansdumis Inalunsmvinadiens Inuiia

IH(w)|=\[H;(w)+H: (@) (2.17)

232 waneuaHeImiuvla (Phase Response) Auanldnndumisveslna-§1s A
nanvesns Inadia 910314 2.5 9t 1dnaney aussmuna auaumsh (2.18) HaABUTUBY

mamaszgrunudie ZLH (o) 130 O(w)

H, (@)

tan(@) =
H (@)
(2.18)
H, (®)

=1

O(w)=ZLH(®)=tan
H (@)
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f Im(z)
; z=J
1
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4
o \"'\
2 oT z=0
! S
| 5l D5 Re(z)
i 50, 10,
‘ 8
z=—j Sa)s
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Frequency (Hz%) Y @ rad/s YN oT (rad)
0 0 0
f:s /8 ; ws /8 /4
fs /4 : @ /4 72
3/, /8 | 3o_/8 37 /4
fsl /2 : o /2 x




14

i

2.5 Tnssaesanseadiaay [2,3,5]
| f

o

o | a . . " £ A 2
ﬁ'JﬂﬁﬂQTﬂluiy'lﬂ{l‘]Nlﬁm (Dlgltal Filter) lﬁuﬁ'.lﬂiQQEﬂl!ﬂUﬁuQﬁQﬂﬂ@ﬂuuﬂ llﬁgﬁ%"lqmu

Taveesasaen i laesunsunsiaudegilil 2.7 namdganaeuaen x(2) Wudyana

a

! 9
BUNAVDIAINT O Fyanafiwgndwiuassulasdyanasuaenhilludygyudinen

@ an

‘=y 1 s/ ) 1] ~ 9/ o
x(n) unzdqapadiasatiszgadudrlidnnalumiinlzinans mailévnmsdmon
1

@ Le | aa g \ 1) aQr Qr o
Fenududgauaiaoa y(n) mﬂuuwgﬂmmummn%suﬂmﬂmﬂpmmmﬂﬁ'sﬂu

@ | os d @ @
Fagnuewnon Tdfganaemyavesinseatludayauownen y()

| ADC
| ] Y@
Input | With Digital Output
> » DAC —
Analog Filter . Sample Processor Filter Analog
Input and hold Output

1
[ P
51t 2.7 naraslaszunsumsianvesdinsoudauauitugiu [3]

Y o ! an s g w y
dnseedyniuftneaziliznoudivesnliznauiiigiu (Basic Elements) asne lalil

1. #2130 (Adder)

2. Fnst (Multiplier)

3. ﬁ"l‘i‘iﬁ’N (Delay)

@ o o |

4 }4 1
ydnuelvesesnlsznouitugiuiia 3 @2 Awnmi 2.8

Mudtiplier Adder | accumulator Delay of unit of time
x(n) I; | x(n) S
- kx(n) x(n)+w(n) x(n-1)

w(n)

$ ' d g o o o ' o a
g1l 2.8 uanssfszauiiug e 3 MR lddudmilseneuvesinsoutuay [4]

I
|
{
i
|
|

|
Q a ‘ ] 9 a A
G‘?I'Jﬂ'iil\il‘lf\'ilﬁ?lltﬂﬁﬂﬂﬂ”lﬂlﬂu 2 ¥UAAD
o a \ 4 .
1. 9013 mmmmmn"la'lams (Infinite Impulse Response: IIR)

2. A smﬁn;mmmmaﬂ‘lam{ (Finite Impulse Response: FIR)
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@ a | o PR . o a
dnseudunuiuylelees Heidudiwlou (Transfer Function) ¥83dINTDUTURULLIY

leloo1s m%mﬁs}uﬁ‘luﬁumsﬁ (2.19)

H(z)=—"2—— (2.19)

M
1+Zakz"‘

k=0

1 "
: Qb2

amnsorih ll@oulmildaunisi 2.20)

1
|

-1 -N
_b +bz" +..+byz

H(z 2.20
@ l1+az" +..+a,z" 2.20)
|
2.6 Mmatfasudmmlna-313 veefianseutuauuuy All-pass
HsrsuasTouvesdanseaduay All-pass aunsosieldnsaumsi 2.21)
|
i 2 =1 —
LRty —2rzcosa)oz +z b
Hapj(z)—G e L] (2.21)

.—1 2 —
1—2r cos @z +rz
P P

{
[
\

s 1 [y a
) fe Henduaielouvssdnssusuausuy All-pass
= ast
fie ynweeIna-a 13 lumsesnuuy
flo szozvireszvandmiieTwa (1 3y Origin
fin |szusvinessINd e 13 (1 a Origin
fin ‘551988 (Gain)

!
!
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HOADUTUBINNVLIAYEIAINTBUTUAUIUY All-pass Wil @) =0.2,r =0.6, r, =0.6 92

18As31l7 2.9 uazdwmiamsnana-513 uaasasgili 2.10

2 T T T T ¥ ¥ T ¥ T
At e S S T
E
5 |
=
Qs — s
0 1 i i 1 1 3 1 1 i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Normalized Frequency (XTU rad/sample)

71 2.9 womBUAUBIMIVIAYBIRINTOUFUAULLY All-pass

Imaginary Part
=)
S

-1 = i 1 o

4 [ =1 0.5 0 0.5 1 1.5 2
Real Part

31 2.10 msnsdumisIna-§15vesAnsouFuauiuy All-pass

ddwmisvesdlsnfaouhl wiesnnanldd - <, daunsi 222) fmuald
@, =0.2,r =0.6,r, =0.5 HaRBUAUBINIVINAWUAAIAIUT 2.1 Tasfigaii 2.11 iflums

UAAIAMMANTTHIN 7 =7 waz 7, <r uazmInsdumina-aTsuanAagii 2.12

2 -1
r —Zrzcosa)oz +iZ

z

H (z2)=G
ap 1 2 -
1=27 cos@,z +r z
P p

5 3 <r (2-22)

P
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— 7= 1P

— 17 < TP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Normalized Frequency (XU rad/sample)

i 2.11 wameuAUBIMINING WD £ =7 Haz 7 <r

1r -
0sf ]
B
[-¥)
g 0 - -4
g
— x
Dar <
A o ]
L L L L L L A 1 o L L
-2 gl.5 -1 -0.5 0 0.5 1 1.5 p 2.5
Real Part

i 212 mamsdumisIna-&Tsdle - =r uaz 1 <r,
drdwmisvesdlinlaoulyd uieerwnan1da r, >r, dsaumsn 223) fmuald
0, =0.2,r, =0.6,r, =0.7 HaABUAUBIMIVMIASITAAIUT 2.13 Taviigald 2.13 iWlums

HERINNWANIENIN 7, =7 1Az 7, > uazmINdumisIna-Flsuansdagiii 2.14

r? —2r, cos wozf' +272

: 5 T, (2.23)

H _(2)=G
- 1- 2rp cos moz" + r,fz_

117884
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1 2.13 wamevABIMINING KlD 7, =7 uaL £ >7,

z

E T v T v v v . ¥ .
= rp
>,
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5
&

@
g
b 4
051 o
O
-1 L A A L A A o A A n
=S -1 0.5 0 0.5 1 P 2
Real Part

214 nsnsdumisTwa-&15 die 7 =y £ >,
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2.7 mmmmm’lumi%’uﬂelﬂm [6]

o v oA 4 oa M a v < a3 a

douiumdsnuedimilssaiannmsduaziieuvesing nsduasiemivezifaiiy

{ a4 & p o ;
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X

Pressure S8
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AUDIOGRAM WITH SPEECH SOUNDS
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2.8 anurndnAvesmsSuludes (hearing impairment) (6]
Aa a § a & addg 4 4 d a ' o A a

msm:mmmﬂnm wso lsnvesyiatiuilafivils Neslinansenudenssuiludoudia
dludnyazayeams ldounaalnd 11 srenses wundsznnussanuiadnfammiiives
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1. Conductive hearing impairment (M3vindsudoy) WluanuAatnfvesmsidoud
a 4 A a i A a H Ao 2 ' )
mmmummnﬂiﬂma AMANSVBIRFULDN tazMIBYFUNA N WU udIynzy, 4
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Wmuan dudu
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iosnndils ﬂ%‘af’nj'smﬁnﬁﬁﬁ"u‘lu s Oval window 1§111] 511 Alszamydeaminuien
ﬂszmwusémmﬂsﬁmszsﬁﬂ Gludu

3. Mixed hearixfxg impairment (AMMARARLIDAEY) TuauRadndveims 185udida

A a o ! a Yy A g X @ 4 )
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4' =] =) i = 4' 3 4 g ] [y 3 1]
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g A A

5. Central hearing impairment tHuanuRalnfivesns ldeufiiennainaimminisma
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1. M3 1A6UNA Normal hearing) vianen1ude M3 Indudestalioninisianis ldou
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2. Y| (Hearing loss) naneaImine ms WWGudsedaiionnts iams 185udodedes

o &4 = | Py 3 4
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Sunitiesga iflunufiunii 25 mSwa ua liifiu 90 wdiua AunAsgIUsEnITA (SO 1964)
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é q -3 s
7N (Deafness) vunenude ms lagudesdudioninisians laguduies
4@ 500, 1,000, ag 2,000 Hz Taeld3nsdugndesuds Tananundevesniu’a

untiosga ITUNT 90 1IATIUA MUIATFIUIZNINGA (ISO 1964)

AnnfoaNy 12 o dmnida

Uszinnvesnms 188y aneuse lumsil
| 500-2,000 Hz (u dB)
1A (Normal limits) -10925 lignnnlumssuflsdiya
yfariow (Mild hearing loss) 26-40 lailAguideayainn o
Q \: e F'J o [ [
yiahunate (Moderately weiszd ladyaluszdunnuds
| 41-55 \
hearing loss) naluszes 3-5 Wa
- | deayadnuiiosas 9 Teedle uad
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| 56-70 wlinnudunlumsilavasedly
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- f « Wdeseoue
< T : = Yo A
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; 71-90 i
loss) | o ua lidhla
90+ iivans Tnuf lai'laou
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2.9 MIAT

N1IARIINIT

Ii)mﬂﬁau (Hearing Assessment) [6]
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2.9.1 MIn39M3 neulaeliTeades (Tuning fork tests)
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#oudosiiionldasnlundiindfie 512 uaz 1,024 Hzwszanudveudeshigelim
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m13f’f'ﬂmﬁuaﬁ'ﬁﬁqn‘l‘fmaﬁuﬁﬁnﬂtju‘lﬁ wu Jagiidunasiauds nielunszgnvesiime
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o luudh oI deadosiuniedeld
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" @ da ‘
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Weber Test (3t 2.17) ifhumsasaemstiudsamenszgn wwumaaeui 18ims 19
#uidtl a.f. 1834 Tau Emst Heinrich Weber Mansnsdmuimuimaman uazaisinen
yruwesiu dFunangihoiifinnuanlndvesns1duesie desmededvsacu
nzInanfisuz  w1ee 18w 18R luydhatianlng ﬁnymzﬁﬂﬁwﬁnﬂsmgmsﬂfﬁﬁun’h
Autophonia fie vaizii DAy 2 f1q i1ee IRBudssdaesinvaiziidlay niedilaydh
witunifter 188udosiesldaluydeiitla Kufu Jean Pierre Bonnafont wwwémmeM
S auprer3a1811101 Weber's experiment 11191ums1¥n1s3iasusenie Conductive hearing

loss 11 Sensorineural hearing loss

292 mianamilaoulael¥inTeBlaansenind (Electric Audiometry)
4 ad = : - a ' - '
159905293 TRoUHLVBIAANs etindiuiinatwyiia udaziuuniinnumjamuiolums
v [y AJ ' 2 a & ad A da ﬂ A a Y
naaeuaiy lunilsgvenaiuivansaiae lasldinsesdiannieind niiluntiouldey
Tuilegiiv
M3as9ms laouniniluilszd (Routine Audiometry)
iumsas29 10019 Electric Audiometer (31 2.18) ilemM3 s oUAZARMUAANI TN
Taeligajananodifgno
A @ = » .
1. ten1naw 1aveey lumsiufludos (Hearing acuity)
2. edanuannsavesy Nsuiudes1dlugnnnutnhavnanndeuieela
(Frequency range of hearing able to perceive by the ear)
* Ed v
3. edannuanie lumsuenidos wieunannuvinuveudoniy (Hearing

discrimination)

3 A
31 2.18 1n309A529m3 18U (Audiometer)
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Wounuifies 138 Sound proof room (31 2.19) lumisasanezilszneudae
, , - 44 P
1. Pure tone air conduction test ﬂamsmqﬂmsu'lﬁummmqmmmmm il dB
b4 v
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. A AA Yoo o a Py
2. Pure tone one conduction test ﬂﬂmsmQﬁ'nﬁu'lﬂuutﬂumsqmmqnszgn iy dB
9y ]
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3. Speech reception threshold ABMsMyATisY 1AGUIRVIYA B MAn L 1Agndeuilu dB
4. Speech  discrimination test AEMIMIANUEINTAlUMITwUNFoazdle
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T188uluydne’ld elinamsasisiaguuazimivendayu Jsdesnauydrenieynildm
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AUDIOGRAM

Frequency in Hertz (H2)
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2.9.3 MINTIVNIAY (Special Audiometic Tests)
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Impedance Audiometry (m?mmnﬂmmmmmmfunma) msnaaey laslddsaznny
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3.2.1 MISHIM ¥y Taems1¥ Least Square [10]
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b (—2 cos(@, e )

(1-H, +2H,r, cos(@,)e™™ — H,rle > )

czr
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(3.18)

o o |g ] $ g 1 Y] S
uwnudulsidmuaduinluiasluaunish (3.17) ez ldaumsienia », Asaunsh (3.19)

A
isginlun

aumsnlaa

<
JMNAUNITN

a ° Al o
Bquﬁ1ﬂ‘ﬂ1u3uﬂ11ﬂﬂﬂu1“11ﬁuﬂ1iﬂﬂﬂllﬂﬂ

az,‘r,2 +b,r, +c, =0

i
i
|
‘ a,r’+b,r.+c, =0
|
|
I
|
|

o

(3.19)

| 4 ] ' { 3
'I‘Sﬁ)ﬂﬂll‘ljUﬂﬁﬁﬂﬂﬁuﬂﬁﬂ'lﬁ‘llu'lﬂﬁuTlﬂuﬂgl'ﬂﬂrl%’ﬂﬂuﬂﬁ’mﬂ’ﬂﬂﬁ INTICRSUU

(3.20)

(3.20) aznuianuazdlussuuaun s Al IuaNMIS NN IS IR als

v [ ]
(Over Determined System) A9tiuszassyhnsiszinan -, e lfifasAanmatiosiiga 110

qUN13N (3.2

AMBI r, W1

0) wu1sadeulieglugil Matrix form I@daaunish (3.21)

P, arl+b,r +c,
‘Pz = = :
. P, a,rl+b,r, +c,
|2 = ,/P; 4o+ P2

|
Tdnnmsmadgavesiteddu (|2 )’ Tawhmsmeyiusifious -,

P

z

) = P24 P2

(

(3.21)

(3.22)

(3.23)
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FasAnnaioneyiusannsadimia ldmuaunsi (3.24)
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INTUNTIN
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UNUFUNITT

¥
NS 1ZRTUY

2 +b,r, +Cz)2 = 2(02,';2 +b,r, +cz,)(2az,rz +b,)
= (4a22,‘)rz3 +(6a,b,)r’ +(2bzr +4a8cn)rz +(2b.c,)
: (3.24)
P+br e, )2 = 2(a,r?+b,r,+c,)(2a,r, +b,)
= (4(122,,)1'23 +(6a,b,)r} +(2bfn +4a,c, )rz +(2b,¢,,)
=4 VAW Au g e v @ 14 A ] ) &’ -]
(3.24) sz ilidanls i bily - ednateda uadeiisdeanisde - aaiuis
ulsoun e lmueuns (3.25)
A =(422)
B_= (6azbz‘)
C, =(2b% +4a,c,)
D, =(2b.c..)
: (3.25)
4,=(42)
B, =(6a,b,)
. C, =(2b% +4a,c,,)
D, =(2b_c,)
(3.25) “luﬂnmsﬁ (3.24)
|
| 2
% = A +B.rl+Cor+D,
: (3.26)
2
dr,
|
| d
| 7 (P;+...+P:')=0 (3.27)
0= Az,lrz3 +B 1l +C_r,+ Dz,)+---+(Amrf +B_r2 +C_r, +D,,,) (3.28)
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aumsf (3.28) Wugumswnasw e lidwedemssuisde 1yl Seinrssunguiniuag
|

U’

o 71
mﬂumﬂumuﬂﬂwmum

A=A, ++A4,
Bz =Ba‘ +".+an
Cz =Cz+...+Cm (3.29)
D =D_+-+D_,
unuaums (3.29) aslu aun1sii (3.28) s ldaumsdmsumem
Arl+Brl+Cr,+D,=0 (3.30)

A J A slg ﬂ o v as 0 a 9 A ] o ' as
HBI9INA 1, wm'lﬂum umzmuwawis LL@\’(’N‘VIﬁﬂQﬂ'ﬁﬂﬂi&’ﬂzﬂ’lsﬁnﬂﬂ'lll.ﬁuﬂﬂlﬂﬂmii

flayn Origin M 1AINAUNIIA (3.31)

r. = JRe?*+Im> (3.31)

z z z

3.3 msnﬁﬂmﬁﬂrmamsaamnnmam‘utmmmwumszwhﬁ'ﬁﬁmmﬁﬁﬂﬁ
] 9
Tugiln 3.3 ufm‘aﬂ5w~lﬂ'mJunws’mmams"lﬁ"‘ﬁmmuﬁmm%wmrﬁ'maaums'lﬁ'ﬁu

P ~ a I's 1 U 3 3 @ W U4
TN IﬂﬂTINaﬂ'li’Jlﬂﬁ131’1ﬂ'J'IiJ‘lJﬂW'iEN'VI'Nﬂ'I'ivlﬂUui‘uumN@n& amuamuaﬂymsi‘lu 0

' g 9=l o I : 1 2
warashydnsildaudanuluarudd udseGuldsudsuingfinnudaud 1500 Hz ¥u

= o U @ o o v
lm%ﬂﬁﬂ'l'i'llﬂi13‘"ﬂ'J111‘lJﬂWSEN‘VINﬂ'I’illa{guiuu%N‘ﬂﬂ Lmuﬂiyaﬂymﬁ’lu X Llﬂﬂ\ﬂ'l‘lﬁ,l"l\‘l

) ] F4
fidsnnluynqaimd dniulunsvaassmssenuuunaneLTUa M NIUIAITYBENAIDE1S

= 9 v 3 A qv 1 & Aayve a
LﬁW'Izﬂﬁﬂﬂ‘]Jﬂuﬂ\i‘Vl'Nﬂ'J'lﬂﬂ‘llﬂﬁjﬂ'qun'llﬂ’luu Llﬁgl‘V“ﬂ‘I“ﬂﬂ'lﬂmu?thﬂ'ﬂ’lﬂ'ﬁﬁlﬂuﬂi'“‘l

T Taeld l\ricrosoﬂ Excel a1} 3.4
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31U 3.5 Ared1aHanBUAUBINIIANNDVEIRUANTBINIINS TADY

MINN31 M 0, r, 7, G YOWIHN

4

FBmssenuuy o, r r G
WAL 0.25 0.6073 0.6348 0.489303
Finumivaue 0.25 0.4612 0.6728 0.599018

Tuaisiadi 3.1 18R nsuansmidanlsurazfavesnisesnuuud o3 dunaznis
ponuuAds lnal diehai Idimuasluaunsii 3.1) s2 18 sddudhe TouveddTmua
aunsh (3.32) wazwamsirassniseenuuudieTilsunsy MATLAB ﬁqzﬂﬁ 3.6 4IUM3
ponuUUA1033 Iny 18 Fud o Toumuaumsi (3.33) uaswan1s$1a8em3 00NULUAIY

Tisunsu MATLAB a1l 3.7

0.1971749387 — 0.43926823022—l + 0.4893029992_2
H. ()= (3.32)

- 1—0.8537607276z ' +0.36445369z
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31 3.8 uamsnsulisuiisuraneuAUBINVIATEHINAAUILY TTAULAZIT Inai

M99 3.2 ManuAanaia lumseenuuy

Frequency | H( z)l lH P b (z)l |H i (z)l Error old (%) | Error new (%)
0.03125 0.5308844 0.4964 0.5317 6.495651 0.15363
0.0625 0.530884 0.478 0.5202 9.961498 2.012492
0.09375 0.5128613 0.4712 0.5015 8.123307 2.215277
0.125 0.501187 0.462 0.4769 7.818838 4.845896
0.1875 0.446683 0.4404 0.4224 1.40659 5.432694
0.25 0.3981071 0.43 0.3981 8.01114 0.001783
0.375 0.501187 0.4725 0.5119 5.723812 2.13753
0.5 0.530884 0.513 0.6431 3.368721 21.1376
0.75 0.473151 0.5396 0.7505 14.0439 58.6174
1 0.421696 0.5444 0.7722 29.0977 83.1177

4 ' 4 =] ' ad a {
1ng1i 3.8 uaza lumsnei 3.2 sz ldhmsesnuuudioiBdudiumsimaoa v
9 v @ 9 ' - ' 9 -~ ld' U ' n’: 1 = Vv d' Id'
TndissnudmrdunnuuasziimIndifisaios lufaumniulasmanuranaaissngaogi
" a { 1A 1 aa 1 n’: g
1.40659 % Lazmranaanniigasgi 29.0977% damlumseonuuudeds Ininueziud
1 ' v A L 4 o 4 o ' _ o W
finlndiRealusausngda 7 ar dadhusnennudvesfaiduiudensflaludiamlszdriu
1 a v :{ n:; J - "9 (K = U o
TaosiRanaaiooNgaagh 0.001783% Fedieiniesnn uamanuranaialy 3 Amdalm

' 4 H J ' 'A ' o
Aoudagelaommemigaiionigade 83.1177% Faflusmiaanainnn uaddaunaunu
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HARNNUA ﬂiﬁ]\‘ll‘lﬁm‘il"lﬂ'lﬂﬂ'li LU All-pass Iﬂﬂﬁ a, ﬂlﬂ\iﬂ’]ﬂiﬂ\i‘ﬂ\iﬂﬂﬂaﬂ@m'lﬂu 1Y

Ji 3.9
2 i |

r —2rcos(m )z +:z

% Hap(z)= X . 0—1 2 =2
1752n cos(@, )z +rp z

X(@)_ %)

r; —2r, cos(@, )z—l 4z

» A, (2)= -1 2 =2
l—°2rp cos(@, )z +r;, z

1 3.9 msdeswiuludnuusHad1sveIiINsoUTUAULLLY All-Pass

.Y [.Y] d’d 1 A=y
UazaINg ENﬁﬂgi}‘l‘lﬂlﬂuﬂ’nﬂﬂﬂwﬁﬂﬂﬂ'bﬂﬂ'ﬁblﬁﬂu

Tumsmilsdduce louvesivasedayanannuunnismiems 1oy awnsontldenaums

# (3.34) 83 (3.38)
. H@=[H,0-8,0] (3.34)

r, —'2rp cos(@, )z--l +z7 '}2 —2r, cos(@, )2—1 4+
H ()= - (3.35)
c 2 =2

-1 2 -2
l—irp cos(@, )z +rp z 1—'2rp cos(®, )z +r z
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| -1 2 =2
! 1— 2rp cos(®, )z + rz

)= (rp2 _"zz)‘l'Z(rz -r, )cos(coo)z_l

-1 2 —2
1— 2rp cos(®, )z + rz

|1+ [2 (r,=r, Jeos(ay,)/ (1} -1 )] z”

~2

-1 2
1-2r,cos(@y)z +1,2

Y ' 9
2] ﬁ"J‘Ifm‘lmﬂ'mmﬂwsmmams‘lﬁﬂu (Compensate)

p

ANVUNNIBINTINTG IASUAITUMIN (3.38) HASHARBLIAWBININVIAAIATHH 3.10

H.(z)

l: ~0,14373700477919996 —0.17925469274570635z"" :I

1-0.65223529496647148z" +0.2127054427*
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(3-.36)

(3.37)

(3.38)

o TouvosiraIssduananNuUANI0In1ams laguluaunish (3.38)

25,r =0.4612,r, =0.6728,G =0.599018 vz ldleddusreTouvesirvme

(3.39)
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° 1+|:2(rz—r,,)cos(a)‘,)/(r;—rf)]z'1
=)= 1-2r, cos(@,)z” +r2z
Y(2) Y(z)
r: —2r, cos(@, Yz 2
H, @= -1 2 —2
1=2r, cos(@ )z + rz

ﬂ' v ) o g d‘ ‘-3, )
§1]7I 3.11 m'smsmﬂu'luaﬂymzwammmwamnaummwmwa%’ww“lﬁn

AUNANDUTUBINNYHIAVBIRITAFIANULANI DININT lADY

(3.40)
H ()=[H (+H,(2)]
2 2 =1 = =
('}9 B )|+|:2(rz —rp )cos(a)o )]z rz2 —2rz cos(a)0 )z : +z 2
H_ (z)= | YT + SR W (3.41)
1—2r cos(a)0 )z + rp z 6= 2rp cos(a)0 )z + rp z
2

‘ )+|:2(rz —rp )cos(a)o ):Iz—l +rz2 —2r2 (:os(a)0 )z-1 +z
HS (2)= . TITHS S (3.42)
1—2r cos(@ )z +r’z

P 0 P

—
'bwm
|
NN

(‘r2 —r2+r2)+[2(r —-r —r )cos(a) ):|z_.1+z_-2
P z z z p z 0
H (z2)= N (3.43)
1—2r cos(@®.)z +r'z
p 0 P

2 —1 —2
r —2rp cos(a)o)z +z

Hs (2)= 5 (3.44)

1— 2rp cos(d)o )z__1 +rp22—
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0.53506799999999999 —0.14861962697507014z"" +0.010728413038082

H(2)|=
I ()l 1-0.64417977216884181z" +0.10784656000000002z 2
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71 4.4 msufSouiisusgnisdunuuiuwanssiassvesimaaouAud 1

M3 4.1 Woufioust Amplitude NAIWDAN 9 voINATBUAUT 1

Normalized Frequency (xpi rad/sec) |H ()| |H,, ()] Error %
0.03125 0.794328 0.8527 7.3486
0.0625 0.841395 0.8414 0.0005%94
0.09375 0.831764 0.8234 1.005574
0.125 0.822243 0.8001 2.693
0.1875 0.707946 0.7431 4.96563
0.25 0.630957 0.6814 7.99468
0.3125 0.616595 0.6231 1.05499
0.375 0.595662 0.5722 3.938811
0.4375 0.530884 0.5297 0.223024
0.5 0.473151 0.4953 4.68117
0.5625 0.462381 0.4678 1.17198
0.625 0.457088 0.4462 2.382036
0.6875 0.451856 0.4295 4.947594
0.75 0.446684 0.4168 6.690188
0.8125 0.436516 0.4076 6.62427




3197 4.1 (A.) 1fSoufvun1 Amplitude NAUD

A9 9 YIRMATOUAUN 1

Normalized Frequency (xpi rad/sec) |H(w)| |H . (@)| Error %
0.875 0.398107 0.4012 0.77693

0.9375 0.389045 0.3976 2.19897

1 0.375837 0.3964 5.47125

A Y o ° = ' a o J =S
e Iurams$1asawanouaUBINIANUDYBIFUANS BIN19NT TRBUNFALIWAY T
o Al o o 1 1] A ﬂ'
Tadimsulasamanmisiiassndvueglunite dB - ¥elugzili 4.5 uaasmsnlSoudioy

THINAULDUNARBLTUBINWAIUDYORVANTBINIINS 1RGUAUAIT 108 IHARD Y AUBY

mavina wazlumsai 4.2 fumsuSoumous Amplitude ¥o3RuLVBIAZAITIAD

250 500 750 1000

Hearing Loss Audiogram

1500 2000 3000 4000 6000 = 8000

51 4.5 msnlSvudienssnihsdunvuiagdaioesluniioo dB vesdnageunu 1

M1 4.2 n3ouifioua Amplitude Tuniing dB inudiaie 9 vosdnadeuaud 1

Amplitude (dB)
Frequency (Hz) p . Error %
ALY 1N
250 20 13.84075 0.307963
500 15 14.9995 3.33E-05
750 16 16.87783 0.05486
1000 17 19.37115 0.13948
1500 30 25.79055 0.140315
2000 40 33.31957 0.167011




Maf 4.2 (Ae) 1lSvuifioum Amplitude Tuniioe dB Nawda1e 9 vesdnadeunun 1

Amplitude (dB)
Frequency (Hz) - " Error %
AULUY LAGE]
3000 45 48.49043 0.07757
4000 65 61.02633 0.061133
6000 70 76.01446 0.08592
8000 85 80.37327 0.054432
; Magnitude Response
09
08
07
06
E 05
04+
03
02
0.1
OO 0.1 02 03 04 0.5 06 07 08 09

Normralized Frequency (ot radfsanple)

511 4.6 wan s VAFOWAADUAUBINIIAINDYDIANADDIAUN 1

0] 0.1 02 03 04 05 06 07 08 09
Normalized Frequency (xr rad/sanple)

71 4.7 wameUAUBIMIVINARURITAIIAINUANIBINIIMS TATUIAZHAM T ¥AIYY

ANULANIBINNS TRBUVBIRNARBIAUT 1
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4.1.2 AI1BL1IHANBLAUBINIIANNIVBIENATBUAUTN 2
: o ; i 4
Tuzi 4.8 naasdredananouaueInIenNudvesdnaaauAui 2 ¥3910013
a d 5 ' a : v 4
ANTZHHOADUAUBINNANND uaasidnadeuszisuy Idowdsannasda@nud 1500 Hz
P a A ] n'; v 9 - U
uazinNuBszana 3000 Hz 92153 1 1By umneanuhdnaaeuiinnuuanseanams

2, 2
@tudaua 1500 Hz ¥u'l

Hearing Loss Audiogram

250 500 750 1000 1500 2000 3000 4000 6000 8000

|

1N 4.8 HARBLAUDINNANVDVBIRUANIBINIIMS 1a0u TN dB vosdnaaouAun 2
9

08

0.6

04

02 +——— — _— = — —

0 0.1 02 03 04 0.5 0.6 0.7 08 09 1

Normolize Frequency (xpi rad/sec)

31N 4.9 wareuAUBIMIIANNIYEIRUINI DIN1IMS TABUYBINATaUALT 2

" @ 3 d o
MAMYTAN ) ©=0.031257, r, =0.3144, r, =0.1379, G =0.537015 M1 TVOUHINFU

o Tou ldawaunsn 4.4

0.53701500000000002 —0.1473955529491093z " +0.01021209741615z*

H =
| (Z)I 1-0.62577215613147741z"" +0.098847360000000009z

4.2)
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1
09
08
07
06
E 05
04
03
02
01
0

0 01 02 03 04 05 06 07 08 09
Normrelized Frequency (xx rad/sanple)

31 4.10 waneuAUBIMIVINANIATUSUATN MATLAB vosgnaaeunui 2

- danny —¢— drna |
0.9 — - - s S — - =N - SR

0.8

0.7

0.6

04

g

g
|

02 03 04 0.5 0.6 0.7

Normalized Frequency (xpi rad/sec)

08 09 1

51 4.1 msnfSeufouszndusuuuazdisians vesdnaaeuaud 2

19197 4.3 nfSouifioua) Amplitude inUDA 9 voEMATOUALT 2

Normalized Frequency (xpi rad/sec) [H(w)| [H,, ()| Error %
0.03125 0.841395 0.8414 0.000594
0.0625 0.794328 0.8303 4.528608
0.09375 0.776247 0.8128 4.708939
0.125 0.749894 0.7901 5.361558
0.1875 0.691831 0.7352 6.268727
0.25 0.630957 0.6763 7.185385
0.3125 0.595662 0.6207 4.203391
0.375 0.562341 0.5722 1.753207




M990 4.3 (@8) 1f5vuifisn Amplitude INWAA1 9 VoIFMATOUAUN 2

Normalized Frequency (xpi rad/sec) |H(w)| |H,, (@)] Error %
0.4375 0.501187 0.5316 6.068194
0.5 0.473151 0.4986 5.378621
0.5625 0.451856 0.4722 4.502319
0.625 0.431519 0.4513 4.584039
0.6875 0.412098 0.4351 5.581682
0.75 0.398107 0.4228 6.202604
0.8125 0.40738 0.4137 1.551377
0.875 0.412098 0.4075 1.115754
0.9375 0.416869 0.4039 3.111046
1 0.421697 0.4028 448118

Hearing Loss Audiogram | —#— s ——hsa|

250 500 750 1000 1500 2000 3000 4000 6000 8000

a a B T w”e ' 7 3 5
j‘ll‘n 4.12 msuﬁ'tmmtmsz‘n’mﬁ'mmuuazn'mamluﬂmu dB VIHNATDUAUN 2

M 3197 4.4 1fSouifiouat Amplitude Tumiite dB inuBA1 9 vesdnadouaud 2

Amplitude (dB)
Frequency (Hz) = = Error %
AULLUY LRGIIR]
250 15 14.9995 3.33E-05
500 20 16.15299 0.192351
750 22 18.00326 0.18167
1000 25 20.46359 0.181456




M990 4.4 (Ae) 1fSouiiiou1 Amplitude Tuniiae dB inudA1 9 vosgMATBUALN 2

Amplitude (dB)
Frequency (Hz) " Error %
AU 31909
1500 32 26.7189 0.165034
2000 40 33.97212 0.150697
3000 50 48.49043 0.030191
4000 65 60.44955 0.070007
6000 80 74.773 0.065338
8000 P 78.98211 0.05309
, Magnitude Response
09
08|
0.7
06
B 05
04
03
02
01
0O 01 02 08 04 05 06 0.7 08 09

Norrralized Frequency (o rad/saple)
31 413 WONTYAIFIHARBUAUBINNAIMDVBIANADBIAUN 2

0 01 0.2 03 04 05 06 07 08 09
Normalized Frequency (»at rad/sanple)

910 4.14 wareUAUBIMIVINARUMIFATEAINUANTBIN1MS TATULDZHANT ¥AIYY

' P ) ~
ﬂ'n‘J“UﬂWiﬂﬂ'WNﬂ’li1ﬁUu‘llﬂ\".Wlﬂﬁﬂ\1ﬂuV| 2
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gl g 4 v <
4.1.3 @781 INANBLAUBINIIANNDVBINATBUAUN 3
' - 4 ;4

Tugii 4.15 uaasdled1awanpUAUBINIIANUDVBIANATBUAUN 3 F9910N135
a : ' 4 I : 4
AInTzvivanpUaUBINIIAND taasdnadeuszisy 18t wdosduanud 5000 Hz ¥u'ly
o Y = ' a .’.’ 1 Ao J - aa
e NEMaaouiinuuans 0an1ems 14ou Aswaanuddivu llsudnnudi

5000 Hz

Hearing Loss Audiogram

250 500 750 1000 1500 2000 3000 4000 6000 8000

o

8

Amplitude (dB)
8

80 -

koo 2 . 11
71 415 waneuauBIMInWIVBIFUINI BINIINS TATY Tumioe dB

9 ~
vaagmaamun 3

0 0.1 0.2 03 04 0.5 0.6 0.7 08 0.9 1

| Normolize Frequency (xpi rad/sec) J‘

11 4.16 wamoUAUBINIANLAVBIUANIBININS IABUYBINATOUALN 3

oo 3 dao 1
MANlsA1Y 0 =0.757, r, =0.5185, r, =0.1463, G =0.614306 aNIOWEUTIAFUIIM

Tou'ldmuaunsn 4.3

0.61430600000000002 + 0.127099569953480462 "' +0.0131484151891400022

4.3
1+0.733269732090449662 ' +0.268842249999999952 3}

|H@)|=
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1
09
08

07

06
E 05
04
03
02

01

0
0 01 02 03 04 05 06 07 08 09

Normralized Frequency (ot rad/sanple)
71/ 4.17 wamouauBIMIVINA 910 T1I5UNH MATLAB vodnadounui 3

0~2 T T T T L, T T
0 0.1 02 03 04 0.5 0.6 Qa7 08 09 1
Normalized Frequency (xpi rad/sec)

g 418 msnlFouiiouszuisdunuuiasdisiansvesdnadeunun 3

M197 4.5 nf5ouifoun Amplitude inUDA 9 voMATBUATN 3

Normalized Frequency (xpi rad/sec) |H (o) [H,, (@)] Error %

0.03125 0.421697 0.3774 10.50436

0.0625 0.421697 0.3791 10.10122

0.09375 0.436516 0.3819 12.51176

0.125 0.436516 0.3859 11.59542

0.1875 0.446684 0.3979 10.92129

0.25 0.457088 0.4161 8.967239

0.3125 0.473151 0.4419 6.604919

0.375 0.501187 0.4778 4.666367




M40 4.5 (@8) 1f5uuifisnn1 Amplitude WA 9 VosgMATBUAUN 3

Normalized Frequency (xpi rad/sec) |H(o)| |H,, (@)| Error %
0.4375 0.530884 0.5269 0.750529
0.5 0.562341 0.5934 5.5231
0.5625 0.630957 0.6808 7.899529
0.625 0.749894 0.7878 5.054818
0.6875 0.891251 0.8983 0.790918

0.75 0.977237 0.9772 0.003809
0.8125 0.966051 0.9977 3.276134
0.875 0.954993 0.9753 2.126447
0.9375 0.944061 0.9462 0.226587
1 0.912011 0.9342 2.432993

1 Hearing Loss Andiogram | —4— duan) 8 han|

250 500 750 1000 1500 2000 3000 4000 6000 8000

i S I I L 1 ! I 1 |
0 ‘

- = i SRS S — —

31 419 manfSeuiisyszniedunuuuazdisiaelumion dB vesdnagouaui 3

M99 4.6 WSoufiouat Amplitude Tuming dB Anwdiane 9 vosdnadounui 3

Amplitude (dB)
Frequency (Hz) > Error %
AU 91004
250 75 84.63962 0.12853
500 75 84.24924 0.12332
750 72 83.61007 0.16125




M3 4.6 (A8) nfSouifionar Amplitude Tumiiae dB DA 9 vesdnadounui 3

Amplitude (dB)
Frequency (Hz) " Error %
Aunu #1009
1000 72 82.70504 0.14868
1500 70 80.04521 0.1435

2000 68 76.16046 0.12001

3000 60 64.15077 0.06918

4000 50 45.33049 0.09339

6000 g4 2.003308 0.00165

8000 8 5.912027 0.260997

1 Magnitude Respanse
0. 9‘
08
07
06
g 05,
04
03
02
0.1
OO 01 02 03 04 05 06 07 08 09

Normalized Frequency (>or rad/sanple)

3111 4.20 HONITIABOHAADUALDINIANUDVBIANARBIANN 3

08

Eoe

04

0.2

0
0 01 02 03 04 05 06 07 08 09

Normrelized Frequency (ot rad/sarmple)

1 4.21 HOABUAUBIMIVINATUAIFAIFIAIIUUANITDININS IABUIDZHAN I FAITY

' ya ~
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4.1.4 f0H1IWANBUTUBINIIANHDVOIYNATBUAUT 4
P o d { & a
Tug1li 4.22 uamsiedsnaneuauBIN AR YR IANATELALN 4 HIINMTAATIEH
4 J 1 z ' 4 J
HanBUAUOINNANND uaasngnaaouss lildgudoaniunng dwanaud 8000 Hz yu'ly

q'; "9 - U 4'
WunmeauNgnageuiinnuunnseaniams 1doulunng anud

Hearing Loss Audiogram

250 500 750 1000 1500 2000 3000 4000 6000 8000

(=]

Jf e A |

g1l 422 wameuAuBIMIANURYEIRUANIBIN1IMS 180U Tuniioe dB vesdnadeunu 4

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Normolize Frequency (xpi rad/sec)

|

31 4.23 wameuAUBINIAIAYBIFUNNTBINIIMS IABY YesimATOUALN 4

MANISAN 0 =03757, 7, =0.2390, 7, =0.3884, G =0.475312 Asodouileiduniv

Tou'ldauaunmsn 4.4

0.47531200000000001 - 0.14129528064303237z " +0.0717029826227200132 "
1-0.18292268067051293z " +0.0571209999999999982

|H(2)|= (4.4)



4
09
08
07
06

g os\J—
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02
01
0

0 01 02 03 04 05 06 07 08 09
Norrelized Frequency (xx rad/sanple)

311 4.24 wamoUAUBINMIVLIAYINTISUNSH MATLAB Yosinadeunui 4

02 T T ‘ T T ‘ ‘ ' T !

0 0.1 02 03 04 05 0.6 0.7 0.8 09 1
Normalized Frequency (xpi rad/sec)

51 425 nsnlSoufisusznheduiuunazdriaesvesdnanounui 4

a a ' 3 a o ) P
MINN 4.7 ﬂﬁﬂnlﬂﬂvﬂ“ Amphtude NANUDAN ) ”ﬂQE“ﬁﬁﬂ‘Uﬂu“ 4

Normalized Frequency (xpi rad/sec) |H(w)| |H e (@)] Error %

0.03125 0.501187 0.4634 7.539544
0.0625 0.501187 0.4613 7.958549
0.09375 0.501187 0.458 8.616986

0.125 0.501187 0.4536 9.494901
0.1875 0.473151 0.4425 6.417811

0.25 0.473151 0.4309 8.929757
0.3125 0.446684 0.4227 5.369257
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M319M 4.7 (Ae) WSvuifisum Amplitude NAMWDA 9 YOINATOUAUN 4

Normalized Frequency (xpi rad/sec) |H(w)| |H,., (@) Error %
0.375 0.421697 0.4217 0.000829
0.4375 0.446684 0.4296 3.82454
0.5 0.473151 0.4452 5.907468
0.5625 0.501187 0.4656 7.100587
0.625 0.530884 0.4872 8.228616
0.6875 0.562341 0.5073 9.787886
0.75 0.595662 0.5244 11.96352
0.8125 0.609537 0.5379 11.75268
0.875 H15=0.616595 0.5475 11.2059
0.9375 H16=0.623735 0.5532 11.30846
1 H17=0.630957 0.5551 12.02258

r E . N -

250 500 750 1000 1500 2000 3000 4000 6000 8000

|

310 4.26 msnfSouiiusznedusuunazdisiasslunmioo dB vesnadeuau 4

M50 4.8 0f5oudioun Amplitude Tuniing dB Hn1udid1e q vesimadeunui 4

Amplitude (dB)
Frequency (Hz) = = Error %
AULLUY 1004
250 60 66.80879 0.11348

500 60 67.20331 0.12006




M3197 4.8 (Ae) 1f5vuifivus1 Amplitude Tuniiae dB NnNudA1 vosdnadeunui 4

Amplitude (dB)
Frequency (Hz) Error %
AuuL $1009
750 60 67.8269 0.13045
1000 60 68.66539 0.14442
1500 65 70.81734 0.0895
2000 65 73.1247 0.125
3000 75 74.99928 9.6E-06
4000 65 70.28897 0.08137
6000 45 56.06746 0.24594
8000 40 51.12575 0.27814
Magnitude Response
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Normalized Frequency (> rad/sanple)

51 427 wamsyaHARBUAUBINIIANNDYBIRNARDIAUT 4
Megnitude Response

g e

04
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02 hearing-impaired conpensator
haro b :

0
0 01 02 03 04 05 06 07 08 09

Normalized Frequency (> rad/sanple)
i 4.28 HAABLAUDINIVUIANUAIFAIYIAWLANIBINWNS IATUIAZHANIFAIFY

ANVUANTBIN1INS [AOUYDIINARDIALTN 4
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v 4 d
A08197 1
k4 ¥
Tunauil 1: MAMTAN 9 0 =0.06257, r, =0.3284, r, =0.1416, G = 0.535068

HAandunioTou

0.53506799999999999 —0.14861962697507014z"' +0.010728413038082 "

H(z) =
l ()| 1-0.64417977216884181z" +0.107846560000000022 >

b4
d

~ 1 a Y a o A
Jupouf 2: mdulszanivesdansoudeleloors AD £ =16kHz, £ = S00H:z

r, =0.3284, r, = 0.1416, G = 0.535068

1 Numerator: b, =0.53506799999999999

b, =-0.14861962697507014
b, =0.01072841303808

f1 Denominator:  a, =1

a, =-0.64417977216884181
a, =0.10784656000000002

4 '
Yunoui 3: wamsnlisumey
s
09‘
08
07
06
g -
04
03
02
01
DO on 02 03 04 05 06 07 08 09 1
Noneiized Frequency (xx radfsanple)
51/ 4.30 wamouaUBINIIVIIA 1IN T151NTH MATLAB ¥836106191 1
Freq Resp 2:1
1

Magnitude

0
0 Hz 8 kHz

511 4.31 WaRBLALBINIIVUIATINNITAE19959VD9AIBE1NT 1



#20819% 2
v '
Tunaui 1: MAWUTAN 9 0 =0.031257, r, =0.3144, r, =0.1379, G = 0.537015

Harduoiolou
0.53701500000000002 — 0.1473955529491093z"" +0.010212097416152

H(z)| =
I ( )I 1-0.62577215613147741z"" + 0.098847360000000009z >

: ~ " W a @ a o A
Yumouh 2: mdulszansvesdniousileloers A8 1 =16kHz, £ = 5004z

r,=03144, r, =0.1379, G = 0.537015

fi1 Numerator: &, = 0.53701500000000002

b, =-0.1473955529491093
b, =0.01021209741615

f1 Denominator: ay=1

a, =-0.62577215613147741
a, =0.098847360000000009
k4

Vuaoun 3: wamsnlSsumon

1
09
08

0.7

0 01 02 03 04 05 06 07 08 09 1
Norrrelized Frequency (x radfsanple)

314 4.32 wamouaueIMIIVIIA 91N T1f5UNTU MATLAB ¥83@106197 2

Freq Resp 2:1
1

Magnitude

0
0 Hz 8 kHz

31 4.33 WoABUAUBINIIVNIAINMITES1995998IA Y17 2



A28813% 3

9 v

Juaoui 1: MAWIAN 9 0 =0.757, r, =0.5185, r, =0.1463, G =0.614306
HandudoTou

I H (Z)I _0.61430600000000002 +0.127099569953480462 ' +0.013148415189140002z
1+0.73326973209044966z ' +0.268842249999999952

o’: - 4 a o = =)
Junouh 2: mdulseAnsvesinsoussleloors AD 1 = 16kHz, £ = 6kH:

r, =0.5185, r, =0.1463, G =0.614306

1 Numerator: b, = 0.61430600000000002
b, =0.12709956995348046
b, =0.013148415189140002
f1 Denominator: a, =1

a, =0.73326973209044966
a, = 0.26884224999999995

v '
Junoui 3: wamsuSeumou

02

0
0 1 z 3 4 5 6 &
Frequency (kHz)

31 4.34 woameuaUBINIIVLIA 10 T1)51N5H MATLAB v83A206197 3

Freq Resp 2:1
1

Magnitude

0
0 Hz 8 kHz

51 4.35 HaneUAUBINIIVIANINMIAS 1995 9UBIRI0E19N 3



A20819N 4

v '

Tuaoun 1: MAIAN 9 o, =0.3757, r, =0.2390, r, =0.3884, G = 0.475312
AsndunieTou

l H (Z)I _0.47531200000000001 - 0.14129528064303237z "' +0.071702982622720013z 2
1-0.18292268067051293z " +0.057120999999999998z

b
o

VUADU

o«

' a O a A
2: mdulsedAnsvesinsousaleloons A £ =16kHz, £ = 3kHz

=

r, =0.2390, r, =0.3884, G =0.475312

fi1 Numerator: b, = 0.47531200000000001

b =-0.14129528064303237
b, =0.071702982622720013

1 Denominator: a, =1

a, =-0.18292268067051293
a, =0.057120999999999998

v v
Tuasui 3: wvamsuSouou

1
098
08
Q.7
06

os\v/”_—

04

Magnitude
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02
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0

0 1 2 3 4 5 6 7
Frequency (k)

31 4.36 warouAUEIMIIVIIA NN T1SINTY MATLAB ¥09d108197 4

Freq Resp 2:1
1

Magnitudle —————u

0
0 Hz 8 kHz
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o 1 Ay = LY '
Tudret1eiinamsiSoumeuyeIm a3 1A IFAFIANUUANTBINKIMT 1ATY YB3

Feona 1 Taetidsnsuaiolou

0.4649320000000001-0.49556014519377167z " +0.097118146961920018z

H(z)|=
| ( )l 1-0.64417977216884181z" +0.107846560000000022 2
1 Magnitude Response
09
08
07
06
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OO 0.1 0.2 03 04 05 086 Q7 08 09

Frequency (o ple)

1 4.38 wopouAUBIMIMNA 910 T1)5UNTW MATLAB YBI#20619% 5
Freq Resp 2:1

1

Magnitude

0
0 Hz 8 kHz

311 4.39 WoABUALBINIIVUIANINNTA3 1993 9VBIAIBINTN 5
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Abstract-—This paper proposes the methods designed to
p the hearing defect on hearing alds for hearing-
Impaired persons. Each hearing aid is suitably used for & certsin
person by adjusting sound signals for better hearing. The result
of ndjusung volume levels of sound depends on the expertise of
each ENT medical technician. To solve this problem, an IIR filter
has been designed to compensate the signal defect. However, the
hearing defect data of hearing-impaired people is in the form of
Audiogram, so it is necessary to simulate the hearing defect in the
form of Mngnltude Response first. The design requires the
relati the tr ition of pole and zero and
Magniludle Response in order to be used to create the
mathematical model of the hearing defect in the transfer
functions| (T.F.) form. Designing starts from creating Abl-pass
filter ln‘i the transposition of pole and zero by using the
mathematical method, Least Square, In order to control
Magnitude Resp to be rel to Audlogram. Alse, creating
the transfer functions for ¢ fon will be created from the
transfer functions of the mode] of the hearing defect and All-pass
filter, which are connected together based on their differences
then. The experiment result is that lransfer functions of the
hearing defect d by using proposed principles are accurate
and relevant to Audlogmm, and the transfer functions for
can the defect accurately.

Keywords: Hearing Aid, Hearing Loss, DSP, IIR Filter

1. INTRODUCTION

After receiving treatment from the specialists, hearing-
impaimcf patients will be tested by their physicians by using
various tools and methodologies. One of those methods is to
check w:th audiometer performed by the ENT-medical
(echmcmns The test requires the patient to enter a specially-
desxgned soundproof room and to wear the headphone with
penphe{al devices linking with an audiometer. After that, the
physician will release audio signals at these frequencies: 250,
500, 1000 2000, 4000, 6000, 8000 Hz each. The test starts
with the volume level of sound that the patient cannot hear.
Then tllle volume will be increased by 10 dB each until
reaching the point that the patient begins to partially hear the
lightest| sound. After that, the volume will be decreased by
5 dB each but will be increased by 10 dB each in case the
sound is unable to be heard. This will be repeatedly adjusted

1C2IT2011
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back and forth until reaching the point: Hearing Threshold.
After testing all of these frequencies, the ENT medical
technician will obtain the audiogram and use it for the analysis
of the hearing defect. The normal levels of sound volumes that
hurhans can hear are 0-20 dB. If the Audiogram result at any
frequency is over the normal levels, that tested patient is
defective in hearing. The physician will recommend him or
her to use hearing aids in order to compensate the hearing
defect. The ENT-medical technicians will use the Audiogram
figures to adjust sound. The result of adjusting sound is up to
the expertise of each ENT-medical technician. In order to
obtain the more effective signal adjustment of hearing defect,
this paper presents the methods of designing the hearing defect
compensator. Previously, it used to be proposed by using FIR
Filter. Since the significant property of this filter is Linear
Phase Response. designing Magnitude Response is
controllable. However, the signal compensation by using FIR
Filter still has the limitation: a required large number of filter
orders. This leads the implementation to require DSP with
high qualities.

Due to all of these problems, we present Two-pole IIR
Filter design based on the relationship between the positions
that pole-zero and Magnitude Response are put. Nevertheless,
because the data of the hearing defect of hearing-impaired
persons is in the form of Audiogram, we have to simulate the
outcome in the form of Magnitude Response first. The
principles of simulating Magnitude Response begin with
creating All-pass filter. The next step is to transpose pole-zero
by using Least Square methods in order to control Magnitude
Response to be relevant to Audiogram. After obtaining the
model of hearing defect, we have to design hearing-impaired
compensator that requires connecting the model of hearing
defect and All-pass filter. From the experiment, we found that
the model of hearing defect and hearing-impaired compensator
which is designed by using the proposed principles can
efficiently compensate hearing defect of hearing-impaired
people.
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1. THEPRINCIPLES OF THE DESIGN

A The Design of ihe Hearing-Impaired Model

The principles used in the design of the hearing-impaired
model!bcgin with designing the Transfer Function of All-pass
. filter ilirst as in an equation (1). From this equation, there are 4
independent variables: an angle of pole-zero in the

dsigx{(a)o), a distance between the positions of pole and

origin spot(rp) , a distance between the positions of zero and
. origin spot(r,), and Gain(G). Consequently, this paper
presents the principles of calculating to find out the proper

values of the variables for the design of the hearifig-impaired
model. )
. 1=2r cos(@, ) +riee

H =G 5
1=2r, cos(a,)e ™ +rje” /™

m
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Inpot,
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Fig.1 The flowchart of designi

igning the hearing-impat

d model
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This presented methods of Magnitude Response designing
start with calculating the value of Amplitude from Audiogram,
which is used as a model, to find out the values of other
variables. Firstly, find out the value of @, from the mos

obvious minimum or maximum values of Amplitude. Next.
bring the values of @, and r, to calculate to find out the value

of r, by using Least Square methods. Then use the value of
r, to calculate to find out the value of r, by applying Least
Square. Next, take that computed value of r, to calculate 1o
find out the value of the new r,. After that, use it for
computing to find out the value of the new r.. Repeat these

. methods until the values of7;, and 7, are static. Finally, use the

values of r,, r,, and @, to calculate to find out the value of
G. All of these methods are shown as the flowchant of
designing the hearing-impaired model in fig.1.
1) Caiculating to Find Out the Value of 7, by Using
Least Square Methods
Equation (1) can be rearranged in the form of r, as
shown in an equation (2)

(.2 )i7 +(-2H  cosl@y)e ™ )r,

) (2
+(H, -1+2r. cos(@,)e* —rle™ ) =0

According to the equation (2), there is only the value of r.
that is unknown; therefore, it is necessary to set all variables

whose values are available to be the new variables as shown in
equation (3).
a,= (H,e""" )
b, =(-2H, cos(@,)e " ) (3)
e =(H, 1427, cos(@y)e /™ ~r7e™/ )

Replace these new set variables in equation (2). However,
since the presented design of Magnitude Response has to use

_the values of various frequencies, the obtained equations have

to match all frequencies which are iised in the design.
Consequently, the equation for calculating to find out the
value of 7, will be obtained as shown in equation (4).

2 &
a.r, +b_r +c, =0

(S

Equation (4) could be seen as the equation system that has
more numbers of equations than the numbers of variables
(Over Determined System). Therefore, it is mecessary 10
estimate the value of 7, to aveid an emor by calculating t0

find out the minimum value of the function by differentiating
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by comparing with r, . The outcome is shown in an equation
5-9). : '
d
E;(aﬂ"; +bar, +CF)1
P
= 2( 1,,5’ +b,r, +cp)(2amr' +b_)
=(4“’z.)’i +(6"an)¢ +(m’fn +4ancn)rp +(2chF)

)
d 3 3
Ip(aer‘ +b’,r, +c‘_)
=2(aﬂr: +bFrP +cﬂ)(zaﬂrp +bF)
=(4‘1;)r: +(60FbP')r: +(2b:' +4aﬂ'cﬂ)rﬂ +(2bﬂcl") '
Ay =(4a:=u )
' BF = (6anbm)
C,. =(26}, +4a,¢c,.)
D,= (prcru)
: ©)
Ay, =(4a;,)
B.= (Gal-bpn )
C= (Zb; 3 4apncr~)
DP" =i (ZbP'cP“)
dF; By
dr, = A.r +E’,rp +CFr’ +Dp
)
‘:‘: = A +Br +Cir +D,
P
d -
EUH +E,)=0 ®
0=(4 7 +B.74Cr+D )+ +{A 7 +B2+Cr4D,) ()
A=A kA
B,=B,+--+B,
C,=C,++C, 9
D,=D, ++D,

Then replace equation (10) into equation (9), so there
would be an equation for calculating to find out the value of

.

1C2IT2011

2 -
A,r” +Br +Cyr,+D, =0 (11)

2) Calculating to Find Out the Value of r, by Using
Least Square Methods
The calculating method is the same as the computing way
to find out the value of r, ; however, there is a difference of
setting an equation for calculating to find out the value of r,
as shown in equation (12-13). Also, there would be an
equation for computing to find out the value of r, as shown in

equation (14).

et +(—2 cos(m, )e™* )r=

+1-H, +2H 1, cos(@,)e ™ ~ H,rle™%) =0 -
a = ( Pt )
~2cos(a,)e ) a3)

b, =(
¢, =(1-H, +2H,r, cos(@,)e '™ - H rle’ V™ )

AR +Br}+Cr, +D,=0 (14)

B. The Design of the Hearing-Impaired Compensator

The design of the hearing-impaired compensator (H,(z))
require the principles of connecting on the differences of a
model of Magnitude Response (H,(z)) with the All-pass
Filter (Ha’(z)) on the condition of the equal values of @, of
both filters.

7 =2 cort@,):" +:7
UG .-‘ )
1=2¢ coslay, )z "1z

X(z) Yiz=)

a 7 = cod)z” +2
1= = =
l-!r’wddl_):—‘+r:: .

Fig. 2 The co-connection based on the differences of (H (znand (H_(2)

H,(3)=[H ()-H,(2)] (15)

e S N e N e 16
1%, o) 4Rz | |1-2, cosay ezt | (16)

H,(z)=[

2 () =[(’3 -r)+2(x —’r)“’sfa’o))"'] an

-1 2, -2
1-2r, cos(@,)z™" +r,2
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C. Hearing-Impaired Compensation

It 'is possible to check the result of designing
hmnng-xmpaued compensator whether it could
compensaw the hearing defect or not by connecting the
hcanng-xmpmred model and the hearing-impaired
compensator together based on their differences as
shown in the figure 3.

—lrwl. +n

[( =)l Jose »r]

e i)

r,‘ =~ conl@ )5 427
L S
1=2r cosl,)e " hrs

Fig.STheco-eomecﬁonhasadon!hesunn?aﬁmof(” (=) ad (H,(2))

H(z)=[H_ ()+ H ()] (18)
R A ’)cos(q.)) £} =2r cos{e )z +27
Htar= [ 1= 21, cos{ay )= 4172 - =2r, cos(ay )z 41727 (19)

=2r, ¢08(m, )=’ tya? ] (20)

HS‘:) —_‘f‘
1-2r, cos(an, )= +1,=

When (H,(z)) is Magnitude Response compensating the
hearing impairment, according to equation (20), it can be seen
that Ithe equation was equal to the transfer function of All-pass
Fﬂte'r This shows that Magnitude Response is set as 1 in all
ﬁ'eqummcs However, since the hearing-impaired simulator
based on the proposed principles still has some ervors, the
value of Magnitude Response compensating hearing defect
becomes equal to the difference of Audiogram and the

hmnng-xmpam:d model.

II. EXPERIMENT

Flgure 4 shows Magnitude Response characteristics of the
heax;mg-xmpaucd simulator from MATLAB program used to
design the hearing-impaired compensator. According to the
prox:)osed principles, the available values of variables of the
hearing-impaired model are @, =0.0625, r,=04726,
r =,0.3203 and G =0.551047. This could be written in the
form of the transfer function as an equation (21).

0.056533063 - 0.346217898z~" +0.551047z2

H(z)= Y} =)
1-0.9270382472"" +0.223350762

@1
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0 Wl a2 @ aé a5 gé &l ok oy

Normebzod Froqensy (X ralsanpes
Fig.4 The hearing-impaired simulator from MATLAB program

The design of the hearing-impaired compensator based on
the proposed methods could be written in the form of the
transfer function as equation (22). Also, Figure 5 shows
Magnitude Response of the hearing-impaired compensator
from MATLAB program.

0.1668176965 - 0.58082034842™' +0.44895322

Hn)= 1-0.9270382472"" +0.223350762

@n

s

Megrteke

"ﬂ ol a2 a) o4 as s a7 oR a9
Nonmalian] Freqeenty (X radsanpkl
Fig. 5 The hearing-impaired compensator from MATLAB program

Also, Figure 6 shows the comparison between Magnitude
Response of the hearing-impaired model, the hearing-impaired
compensator, and the result of hearing-impaired
compensation.

02 03 aé ['X] neé a7 ox o9
Nosmalcd Freaueacy (X T radsamet)
Figure 6 The ison b Magnitude Resp of the hearing-

mwmdmodd mehmmg-mwmdconqamsamfand
the result of hearing-impair

P

201



The 7th Intemational Conference on Computing and Information Technology IC2IT2011

IV. RESULTS Freq Resp 2:1

In order to show that the design of the hearing-impaired !
compensator based on the presented principles could be
practically used in hearing aids for the hearing-impaired
persons, the actual creation is done by using DSP board
(version TMS320C31) and shown the result by using Dynamic
Signal Analyzer (version Agilent 35760A). The test is done by Magnitude
connecting DSP board with tools and equipments as shown in
Figure 7 showing all equipments used in the experiment.

0
0 Hz 8 kHz

Fig.9 The hearing-impaired simulator from the actual creation

og.05 201¢ 20 O

Fig.7 All equipments used in the actual creation

Figure 8 and Figure 9 show the comparison between the 3 % % 4 < 3 3 $

hearing-impaired simulator in the form of kHz unit obtained Froquency (ki
from MATLAB program and the actual creation. Also, Figure Fig. 10 The hearing-impaired compensator from MATLAB program

10 and Figure 11 show the comparison between the hearing-

impaired compensator in the form of kHz unit gained from

MATLAB program and the actual creation. Finally, Figure 12 Freq Resp 2:1
and Figure 13 show the comparison between the hearing- .

impaired compensation result in the form of kHz unit obtained

from MATLAB program and the actual creation respectively.

0 .=
0 Hz 8 kHz

Fig.11 The hearing-impaired compensator from the actual creation

R T N B 1 o
Frapany !
Fig.8 The hearing-impaired simulator from MATLAB program 3

@ --------mpt g .o 4

L)
L] ! 2 3 4 5 ¢

¥ Freauency (k2
Fig.12 The result of the hearing-impaired compensation from MATLAB
program
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Freq Resp 2:1
13
Megnimde
[}
0 Hz 8XHz
Fig.]3 The result of the bearing-impaired comp from the actual

creation

V. CONCLUSIONS

The experimental results of designing Two-pole Filter to
be sumlar to Magnitude Response of the hearing-impaired
peoplc based on the proposed principles could design
Magmtude Response to resemble Magnitude Response of the
heanng-mrpmred people relatively pmcueally However, since
the pnncnplts that are proposed in this paper present only
Two—pole 1R Filter, designing Magnitude Response is limited
by the limitation of Two-pole IIR Filter’s capabilities. Chosen
Magmtude Response of the hearing-impaired people can be
dcs:gncd consequently, the outcome of simulation is greatly
sumlar to the original one. The procedure of the actual
creation by using DSP board has the error only in the case of
high| frequencies because the output of DSP board has

-223-
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Lowpass Filter. Nevertheless, this problem could be solved by
calculating to find out the value of Bandwidth that is suitable
for each designed filter.

The way for the further development is to find out the
mathematical method that is less complicated but highly
precise for calculating to design the variables in order to be
able to design Magnitude Response of more various hearing-
impaired people, or it is also possible to increase the orders of
filter.
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