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defghifjk lm kgieh neop noqe rhifjk soeiqtqklk lm khukel
vhjk wkkr mhehp kikefxky fr oeyke io hfy gopmheflorl hgeoll
lm khuke hry hgeoll goemql z hry io thfr frlftvi frio ivk
meoyqgifor p kgvhrflp l qryke{| frt ivk {hrtqhtk}lm kgf~g
jhefhiforl � �vk mhehp kikel z ykefjky neop mekjfoql liqy}
fkl z ghmiqek loqegk}ek{hiky gvhrtkl noe ivk poli mhei hl
mekyfgiky � noe ivk lqlihfrky nefghifjk z ivk| h{lo lkmhehik
nefghifjkl w| m{hgk �

� ��ab���ca���
�l mhei on oqe or}tofrt liqy| on soeiqtqklk nefghifjkl z
�k vhjk ykjk{om ky goemoeh ivhi frg{qyk ekh{ �oeyl hrymvoro{otfgh{{|}mollfw{k rorlkrlk �oeyl z hry mkenoep kyhgoqlifg hrh{|lfl on ekgoeyfrtl on noqe rhifjk lm khukel �sefrgfm {k ~ryfrtl ekmoeiky io yhik frg{qyk ykjofgfrt onjofgky nefghifjkl z klm kgfh{{| fr ykliekllky l| {{hw{kl � �r{|�� � hmmkhel fr ~rh{ �oey molfifor z wqi oivke nefghifjklghr hmmkhe rkhe{| �oey}~rh{{|z no{{o�ky w| or{| h ekyqgkyjo�k{ ��� ��vk pq{ifm{k gopmheflorl mollfw{k fr lqgv h liqy|zhgeoll lm khukel z goemoeh z m{hgk z jo�k{ gorik�i z l| {{hw {kliekll z {o ghifor � fiv fr nefghifjk z kig �z ykp hry h l|likp hifghmmeohgv z lfrgk oqe frikekli fl mefp hef{| fr ivk meoyqg}ifor p kgvhrflp l on ivk nefghifjkl hry ivk {hrtqhtk}lm kgf~gjhefhifor on ivklk p kgvhrflp l � �k lkku h �h| on mhehp k}ikefxfrt ivk nefghifjkl ivhi p hukl qlk on oqe uro� {kytk onivk qryke{| frt hkeohgoqlifgl �� hr| �h|l on mhehp kikefxfrt nefghifjkl k� fli fr ivk{fikehiqek � � f{yk liqyfky hgoqlifg gqkl �m {hgk hryjofgky�jofgk{kll ghiktoefxhifor � fr nefghifjk}jo�k{ woqry}hefkl � � klq{il lvo�ky ivhi jofgk{kll nefghifjkl hek poekykmkrykri or jo�k{ gorik�i z hry ivhi jofgfrt orlki ifp khry noep hri lieqgiqek meojfyk fpmoeihri m {hgk frnoep h}ifor � �vk h{lo lvo�ky ivhi ivk hpm{fiqykl on nefghifjkroflk fr ekliefgiky nek�qkrg| ektforl ghr yflifrtqflv lfw f}{hril neop rorlfwf{hril ���� ��ortp hr ki h{ � �� z �� liqyfky lm kgieh{ p opkril z {o gqlk�qhiforl z ivk lm kgieh{ m khu {oghifor z hry roflk yqehiforhry hpm{fiqyk z hl gqkl io m {hgk on heifgq{hifor on �rt{flvnefghifjkl � �m kgieh{ m khu {oghifor hry roflk yqehifor yflifr}tqflvky lfw f{hril neop ror}lfw f{hril � lm kgieh{ m khu {oghiforlkmhehiky �l zx� neop �� z�� � ivk hpm{fiqyk yflifrtqflvky h{{

noqe m{hgkl on heifgq {hifor � �vk l{om k on {o gql k�qhiforlgoq{y wk qlky io yf�kekrifhik {hw foykrih{ neop ivk oivkeivekk m{hgkl on heifgq {hifor � �vk ~eli p opkri hry lmkgieh{p khr yflifrtqflvky h{{ m{hgkl on heifgq {hifor ��qllp hr � � h{lo qlky {ogql k�qhiforl or nefghifjkl wqi
� fivoqi pqgv lqggkll z h{ivoqtv ivfl ikgvrf�qk �oeuky �k{{or lioml ��jkel ki h{ � ��� liqyfky ivk hgoqlifg gvhehgikeflifgl onnefghifjkl �l� hry �� � meoyqgky w| i�o lmkhukel on �rt{flv z¡krth{f hry ¢qigv � �vk| qlky mo�ke lm kgieh gopmqikyneop h lfrt{k �� p l � fryo� m{hgky p fy}nefghifjk z hry gh{}gq {hiky ivk l{om kl on {frkhe ektekllfor {frkl ~i io lm kgiehneop � io £ �� u¤x �¥¦ � hry neop £ �� u¤x io § u¤x �¥¨ � ��vkfe eklq {il lvo�ky ivhi fi �hl mollfw {k io lkmhehik �l�neop �� � w| qlfrt ivk yf�kekrgk fr l{om k wk{o� hry hwojk£ �� u¤x z f �k �z �¥¦ © ¥¨ �ª « �¥¦ © ¥¨ �¬ � �vk l{om k yf�kekrgk
�hl lqggkllnq { fr ghiktoefxfrt ivk i�o lfwf{hril � fiv fr hehrtk on ­} �� y¡�u¤x hgeoll ivk ivekk {hrtqhtkl � � klq {ilh{lo lvo�ky ivhi ivkek fl ro jo�k{ fr®qkrgk fr ivk yflgefp }frhifor z hry ivhi ivkek fl h jhefhifor wki�kkr lm khukel �doeekli hi h{ � �£� qlky lm kgieh{ p opkril io gvhehgikefxkroep h{ lm kkgv � fiv ivk frikri on qlfrt ivkp or yfloeykekylm kkgv � �klq{il lvo�ky ivhi lm kgieh{ p opkril �oeuky �k{{io g{hllfn| lioml wqi goq{y roi yflifrtqflv h{{ nefghifjkl �¤o�kjke z ivk hqivoel qlky h jke| {fp fiky goemql ��vhy{k hry �hfe �­� qlky lm kgieh{ p opkril �hl fr �£��or h {hetk nefghifjk goemql ekgoeyky w| ork �pkefghr �r}t{flv hry ork dekrgv rhifjk lm khuke � �vk popkril ivhi
�kek ivk poli qlknq { noe yflifrtqflv frt nefghifjkl fr �£�meojky roi io w k z �vkr qlky or pq{ifm {k ioukrl z jhe| frtk�oei {kjk{l z yf�kekri jo�k{ gorik�il z hry ivekk yf�kekri{oghiforl � fivfr h nefghifjk � ��o hyyfiforh{ mhehp kikel zy|rhp fg hpm{fiqyk hry lmkgieh{ l{om k z �kek yk~rky � �vklkyfy roi yflifrtqflv ivk nefghifjkl gopm{kik{| wqi yfy jhe|
� fiv loqegk {oghifor hry k�oei {kjk{ hl mekyfgiky �

shehp kikel lfp f{he io ivolk qlky fr �­� z hry ¥¯ ° lfp f{he
io ¥¦ qlky fr ��� z �kek qlky fr iv fl liqy| fr oeyke io gop }
mhek nefghifjkl hgeoll}lm khuke z ek{hik ivk poek gorieo{{ky
meoyqgiforl �lqlihfrky hry rorlkrlk �oeyl� io ivolk on
ekh{ �oeyl z hry thfr frlftvi frio ivk meoyqgifor p kgvh}
r flp l qryke{| frt ivk jhefhiforl lm kgf~g io soeiqtqklk �
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�k vhjk qlky mhei on h {hetk goemql on soeiqtqklk nefgh}



ifjkl �n z j z l z x z � z �� z �vfgv frg{qykl lqlihfrky nefghifjkl
mekgkyky w| jo�k{l �� z � z q � ��oemql �h� z hry nefghifjkl
lqlihfrky hi yf�kekri k�oei {kjk{l ��oemql �w � � �vkek fl
h{lo h goemql on rorlkrlk �oeyl ��oemql £� z �m� �d��� z
�vkek � � fl ork on �� z � z q � z hry h goemql on ekh{ �oeyl
��oemql �� meoyqgky fr h nehp k lkrikrgk � �vk lqw � kgil
qlky fr ivfl liqy| �kek i�o p h{k ����� hry �d	��
hry i�o nkp h{k ���� hry 
���� hyq{i soeiqtqklk rhifjk
lm khukel � � kgoeyfrtl �kek p hyk fr h loqry}iekhiky wooiv
�¡ � � � �
� ��£ frgv p fg � � p neop ivk lqw � kgi hry ¡ � �
£
�
 pkhlqekp kri hpm{f~ke� z orio h �or| ��¢}¢ ­ ¢��
ekgoeyke � �jkehtky mo�ke lm kgieh �kek gopmqiky qlfrt
rfrk �� p l ¤hpp frt � fryo� l hry ifp k}hjkehtfrt noe �oe}
mql �h z �w hry � � krlkpw{k}hjkehtfrt �hl qlky hi ivk wk}
tfrrfrt z p fyy{k oe kry on ivk nefghifjkl fr ivk ekm khiky
�oeyl fr �oemql £ �poek ykihf{ fl tfjkr fr ���� �

� �^b^²³a³b��^a���
�vk mhehp kikel qlky �kek yk~rky ~eli neop pkgvhrfgh{p oyk{ eklq{il �
� hry nqeivke ykjk{om ky hl h moikrifh{ ioo{noe g{hllfn| frt nefghifjkl qlfrt ekh{ lm kkgv �­� � �vk| gorlflion p khlqekl on ivk y|rhp fg ehrtk on ivk lm kgieqp z hrylmkgieh{ l{om k z hry hek hmm{fky io ivk lm kgieqp on ivk nhe}~k{y hgoqlifg lftrh{ ��vk nhe}~k{y hgoqlifg lftrh{ fl ivk eklq {i on ivk k�gf}ihifor on ivk iehgi iehrlnke nqrgifor w| ivk loqegk �noe qr}jofgky� oe loqegkl �noe jofgky nefghifjkl� � �vk iehrlnke nqrg}ifor gorlflil on mo{kl z �vfgv hek ivk eklorhrgkl on ivk kr}ifek jogh{ iehgi z hry xkeol z �vfgv hek hrifeklorhrgkl on ivkmhei on ivk iehgi qmliekhp on ivk roflk loqegk � 
n ivk roflkloqegk fl yfliefwqiky z xkeo nek�qkrgfkl � f{{ w k goeeklmory}frt{| lp kheky � �r frikep kyfhik loqegk {oghifor �hl noe h{{nefghifjkl� h{�h|l meoyqgkl h {o� }nek�qkrg| xkeo � so{kl hryxkeol goeeklmoryfrt io whgu}ghj fi| eklorhrgkl ikry rkhe{|io ghrgk{ � �rghrgk{{ky mo{kl goeeklmory io neori ghjfi|eklorhrgkl � ivkfe lm kgieh{ meop frkrgk � f{{ ykm kry or woivivk {ollkl �klm kgfh{{| ehyfhifor {ollkl� hry ivk roflk loqegkliekrtiv hi ivkfe eklm kgifjk nek�qkrgfkl ��vk roflk loqegk lm kgieqp ykmkryl or ivk lvhmk onivk gorliefgifor z ivk iehgi yo�rliekhp on fi z hry ivk ®o�jk{ogfi| iveoqtv fi � �vk roflk loqegk lm kgieqp krjk{om kvhl fil vftvkli hpm{fiqyk hi {o� nek�qkrgfkl hry nh{{l o�lpooiv{|� 
n ivk iehgi tkop kie| ekp hfrl ivk lhp k hry ®o�jk{ogfi| fl frgekhlky z ivk roflk lm kgieh{ krjk{om k frgekhlklfr hpm{fiqyk hi h{{ nek�qkrgfkl z ��� � ��� �� �� � ��� �� � �� 
!� �"#��� �
� � �vk roflk loqegk fl �khuke fr jofgky nefghifjklivhr ivkfe qrjofgky goqrikemheil �


n oqe toh{ fl fykrif~ghifor on ivk nefghifjk lmoukr ek}they{kll on fil gorik�i oe ivk �h| fr �vfgv fi �hl lmoukr z
�k hek ivkr frikekliky fr ivk iehrlnke nqrgifor z lfrgk ivkmkhu nek�qkrgfkl o�ke g{qkl io ivk m{hgk z hry fr ivk loqegki|mk z lfrgk ivhi roi or{| yf�kekrifhikl jofgky hry qrjofgkyjkelforl z wqi z fr fryfghifrt �vkivke ivk loqegk fl {o gh{fxkyoe yfliefwqiky z hthfr o�kel g{qkl io ivk m{hgk � 
n oqe toh{frlikhy fl io yklgefw k ivk hgoqlifg jhefhifor ghqlky w| ivkgorik�i oe ivk �h| fr �vfgv h mheifgq{he nefghifjk fl lmo}ukr z �k hek ivkr frikekliky fr ivk loqegk lm kgieqp z lfrgkfi o�kel g{qkl io ivk loqegk jhefhiforl hgeoll lqw� kgi hry

goemql � 
r ivfl liqy| �k hek mefp hef{| frikekliky fr ivk{hiike toh{ �d ftqek � f{{qliehikl ivk noqe mhehp kikel ivhi �k gor}lfyke fr ivfl mhmke � $ fl ivk nek�qkrg| on ivk lm kgieh{ m khuwki�kkr � �� hry £� u¤x vhjfrt p h�fpqp hpm{fiqyk � �vky|rhp fg hpm{fiqyk z %& z fl ivk yf�kekrgk fr hpm{fiqyk wk}i�kkr ivk p frfpqp hpm{fiqyk oggqeefrt wki�kkr � hry£ u¤x z hry ivk hpm{fiqyk hi $ � ��o {frkhe ektekllfor {frklhek ~i io ivk lm kgieqp � ¥¯ ° fl ivk l{om k on ivk {frk ~i io h{{ivk mofril neop ��� ¤x io $ z hry ¥¯ fl ivk l{om k on ivk {frk~i io h{{ ivk mofril neop $ io £� u¤x �

0 2 4 6 8 10 12 14 16 18 20
−60

−50

−40

−30

−20

−10

0

10

20

SpSp’Ad

A
m

pl
itu

de
 (

dB
)

F
Frequency (kHz)

'()*+, -. ¢|rhp fg hpm{fiqyk %& z hry ektekllfor {frklqlky io gh{gq {hik {o� nek�qkrg| ���� ¤x io $ u¤x� l{om k¥¯ ° �yhlvky {frk� hry vftv nek�qkrg| �$ u¤x io £� u¤x�l{om k ¥¯ �lo{fy {frk� � �qlihfrky nefghifjk �� � ��oemql �h�meoyqgky w| �mkhuke 
��� �
	 fjkr ivklk yk~rfiforl z �k ghr p huk ivk no{{o� frt mek}yfgiforl � �vk mhehp kike $ lvoq{y wk ek{hiky io m{hgk onivk nefghifjk z ykgekhlfrt hl m{hgk pojkl molikefoe{|� �vkmhehp kike %& lvoq{y wk p h�fp fxky noe h {ogh{fxky loqegk zhry noe vftvke loqegk liekrtiv z hl fr lfwf{hril z hry qr}jofgky nefghifjkl � �vk mhehp kike ¥¯ lvoq{y wk ek{hiky ioivk loqegk liekrtiv � � {ivoqtv ivk eklorhrgk mkhul � f{{ hn}nkgi ivk {frk ~i z ivk| lvoq{y h�kgi ivk ~i fr ivk lhp k �h|noe � fiv fr}nefghifjk gopmheflorl � �vql z noe h tfjkr nefgh}ifjk �vkek iehrlnke nqrgifor � f{{ jhe| or{| l{ftvi{| neopioukr io ioukr z ¥¯ lvoq{y frgekhlk z f �k � w kgop k {kll rkt}hifjk z hl ®o� jk{ogfi| iveoqtv ivk gorliefgifor frgekhlkl ���oei {kjk{ hry l| {{hw {k liekll lvoq{y wk goeek{hiky � fivfrgekhlky ®o� jk{ogfi| � ivk jk{ogfi| lvoq{y h{lo w k hi hp h�fpqp p fy}nefghifjk z �vkr gorliefgifor hekh fl lp h{{klihry mekllqek hgeoll ivk gorliefgifor vftvkli � �vk mhehp }kike ¥¯ ° lvoq{y wk lfp f{he io %& � doe h nefghifjk � fiv h{ogh{fxky loqegk hry molikefoe m {hgk z ¥¯ ° � f{{ w k ivk {hetkli �� fiv fr h nefghifjk z frgekhlky ¥¯ ° lvoq{y wk goeek{hiky � fivkfivke poek molikefoe m{hgk �yqk z noe frlihrgk z io h poekeoqryky jo�k{ gorik�i� oe tekhike loqegk liekrtiv �
�k ivkeknoek mekyfgi ivhi or hr ¥¯ ° jl � ¥¯ m{oi z khgv

m{hgk � f{{ g{qlike lkmhehik{|z � fiv jofgky ioukrl vhjfrt
{o�ke ¥¯ ° wqi lfp f{he ¥¯ ek{hifjk io ivkfe qrjofgky goqr}
ikemheil �
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dftqek £ lvo� l hjkehtk ektekllfor {frk ~il �neop $ io£� u¤x� io ivk lm kgieh on ivk lqlihfrky nefghifjkl fr �oe}mql �w � �hgv tehmv goeeklmoryl io h lfrt{k m {hgk z hrylvo� l {frkl noe ivekk k�oei {kjk{l z jofgky hry qrjofgky �
� {khe{|z khgv m{hgk vhl h yf�kekri �nhp f{|� on rkhe{|}mheh{{k{ {frkl � vftvke k�oei {kjk{ frgekhlkl hpm{fiqyk lft}r f~ghri{| hry l{om k l{ftvi{|z hl mekyfgiky � �vk nhp f{fkl on{frkl noe ivk jofgky hry qrjofgky nefghifjkl h{�h|l ojke{hm z
� fiv ivk jofgky ghlkl p oli{| {o�ke fr hpm{fiqyk hry og}gqm|frt h lp h{{ke ehrtk on hpm{fiqykl ivhr ivk qrjofgkyghlkl �d ftqek � lvo� l ¥¯ jl � k�oei {kjk{ noe lqw � kgi ��� ��thfr z l{om k tkrkeh{{| frgekhlkl � fiv frgekhlky k�oei {kjk{ zivoqtv ivfl mhiiker fl pqgv poek gorlflikri noe qrjofgkynefghifjkl � �vfl fl gorlflikri � fiv eklq {il fr �­� �doe h{{ lqw � kgil z �oemql �h hry �w z �l z x z � z �� vhjk hvftvke � & ivhr �n z j � z hl mekyfgiky � iv fl mhehp kike h{loyf�kekrifhikl w ki�kkr jofgky nefghifjkl hry ivkfe qrjofgkygoqrikemheil � �r hr %& jl � ¥¯ m {oi z lqlihfrky nefghifjklnoep i�o yflifrgi g{qlikel z on lfwf{hril hry �n zj� �dftqek � lvo� l ¥¯ ° jl � ¥¯ jh{qkl m {oiiky noe goemql �h zlqw� kgi �d	� � �klq{il noe lm khukel ���� z �d	� hry

��� z gor~ep ivk ~ryfrtl on �jkel ki h{ � ��� z f �k �z ivhi fifl m ollfw {k io lkmhehik �l� neop �� � � 
r nhgi z noe ivklk lqw}
� kgil z nefghifjkl �n zj� z �l zx� hry �� z�� noep g{qlikel fr ivknkhiqek lmhgk z f �k �z ivk| hek lkmhehiky w| m{hgk � hl mek}yfgiky z ivk jofgky ioukrl on khgv vhy {o�ke ¥¯ ° hry lfp f{he¥¯ ivhr ivkfe qrjofgky goeek{hikl � doe ��� ivk jofgfrt ek}{hiforlv fm �hl p hfrihfrky z wqi �l zx� ioukrl nk{{ frw ki�kkrivk �� � hry ��� ioukrl �
� �± 
�	���	��� 	
 c�
����


r dftqek � z %& hry ¥¯ hek m{oiiky jl � {o ghifor on ivk hrh{|}lfl � fryo� � fiv fr ivk nefghifjk noe �oemql £ z lqw � kgi ���� �doe �n zj� ivkek fl ro gorlflikri mhiiker � eklq {il fr �§� fryf}ghik ivhi ivk jo�k{ gorik�i p h| m{h| poek on h eo{k �� l noe ivk lqlihfrky nefghifjkl z %& lkmhehikl lfw f{hrilneop �n z j� � %& fl v ftvke or hjkehtk hi ivk p fyy{k on ivknefghifjk ivhr hi ivk wktfrrfrt hry kry noe �l z x z � z �� z hlmekyfgiky �
sek{fp frhe| gopmheflorl on liekllky hry ykliekllky

nefghifjkl fryfghik ro oe {fii{k gvhrtk fr %& hry ¥¯ z roi hl
mekyfgiky � �k roik z ivoqtv z ivhi l| {{hw{k liekll fl lieort{|
goeek{hiky � fiv ivk hpoqri on ykjofgfrt z hry lfrgk soe}
iqtqklk nefghifjkl ykjofgk fr ojke ork vh{n on �oeyl ��� z ivkek
p h| wk lop k frikehgifor on ivklk mhehp kikel �

� c��c��`���`
�vk mhehp kikel lm kgieh{ l{om k z nek�qkrg| on p h� fpqp hp}
m{fiqyk z hry y|rhp fg hpm{fiqyk z �kek ykjk{om ky io gvhe}
hgikefxk nefghifjk lm kgieh z hry hmm{fky io goemoeh ekgoeyky
w| noqe rhifjk soeiqtqklk lm khukel � �vk mhehp kikel w k}
vhjky hl mekyfgiky noe gvhrtkl fr k�oei {kjk{ z jofgfrt z hry
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