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_`ab cdcef fecgfhb d igfj gi dc efagkal bhg l`dbhal febm
gndnle opqr s gtbefuek an d bc elavl ewcefaj enhdx lgnm
hewh y _`ab hefj ab dhhfatzhek hg d c`engjengn {`efean
h`e febcgnbe gi d ngnxanedf b|bhej hg d cefagkal gf dcem
fagkal okehefj anabhal gf fdnkgj s anczh ab gchaj a}ek t|
h`e dbbabhdnle gi ngabe y ~efe {e cfguake bgj e exej enhb
gi `g{ pqr ldn te anlgfcgfdhek an ba�ndx cfglebban�
j eh`gkb y �| lgzcxan� ah { ah` �qq � {e ajcfgue h`e
ife�zenl| febcgnbe gi dn ekk| lzffenh cfgwaj ah| benm
bgf y �wcefaj enhdx febzxhb dfe cfebenhek hg udxakdhe gzf
dccfgdl` y

�� ��\]��� ^\���

pn ekk|mlzffenh benbgf ab d lgnhdlhxebb keuale {`al`
lgnbabhb an d lgax gi { afe ewlahek t| d `a�` ife�zenl|
lzffenh y _`e {gf�an� cfanlacxe ldn te febzj ek db igxm
xg{ b � {`en h`e lgax ab ewlahek t| d banzbgakdx lzffenh �
d j d�nehal vexk ab �enefdhek dfgznk ah y _`e anhfgkzlm
hagn gi d ngnj d�nehal lgnkzlhan� gt� elh ohdf�ehs anhg
h`ab vexk ankzleb ekk| lzffenhb gn ahb bzfidle � lfedhm
an� h`en dngh`ef j d�nehal vexk {`al` henkb hg gccgbe
h`e lgax �b gne o�en} �b xd{ s y _`e jzhzdx ankzlhdnle tem
h{een h`e lgax dnk h`e hdf�eh udfaeb h`en { ah` h`e �dc
cfgtemhdf�eh � dnk h`ab udfadhagn ab ewcxgahek t| d ba�ndx
lgnkahagnef an gfkef hg cfguake d j edbzfejenh gi h`ab
kabhdnle y _`ab ldn te kgne an ka�efenh j dnnefb � dnk
cdfhalz xdfx|� t| anhfgkzlan� h`e lgax an dn gblaxxdhgf �
{`al` lenhfdx ife�zenl| l`dn�eb { ah` h`e jzhzdx y

p fedx cfgt xej { ah` h`e zbe gi ekk| lzffenh benbgfb
ab h`dh h`e| dfe benbatxe hg hejcefdhzfe udfadhagnb y _`e
daj gi gzf febedfl` ab hg dhhenzdhe h`e e�elhb h`dh ldn
`due hejcefdhzfe l`dn�eb gn d kabhdnle jedbzfej enh
cfguakek t| bzl` d benbgf j dke an gzf xdtgfdhgf|� uad
bgzfle becdfdhagn j eh`gkb y �eldzbe cfeuagzb febzxhb

{ ah` xanedf an bhdnhdnegzb �qq {efe ngh cfelabe engz�`
kze hg ngabe dnk an`efenh ngnxanedfah| gi h`e febcgnbe
��� � {e cfebenh `efe febzxhb gthdanek t| zban� bgje �ank
gi pqr hg ajcfgue h`e becdfdhagn �zdxah|y _`ab {gf�
igxxg{ b h`e gne cfebenhek an ��� � an {`al` {e zbek h`e d
cfagfa �ng{ xek�e gi hejcefdhzfe an d baj axdf j dnnef y

_`e cdcef ab gf�dna}ek db ig xxg{ b y qelhagn � cfebenhb
h`e `abhgfaldx tdl��fgznk gi qhg l`dbhal rebgndnle oqr s �
bgj e kevnahagnb fexdhek hg pqr dnk fej ankb h`e jedm
bzfeb zbek hg l`dfdlhefa}e ah y pihef d tfaei anhfgkzlhagn
hg �qq � belhagn � ewcxdan `g{ ah ldn te dccxaek hg gzf
benbgf febcgnbe y qelhagn � b`g{ b znkef {`al` igfj
pqr dccedfb an h`ab cdfhalzxdf ifdj e dnk ebhdtxab`eb
h`e fexdhagnb`ac t eh{een pqr dnk �qq � {`axe nzj efam
ldx febzxhb dfe cfebenhek an gfkef hg �zdnhai| pqr zban�
anigfj dhagn j edbzfe dnk hg b`g{ ahb anhefebh {`en ah
ab lgzcxek { ah` d �qq jeh`gk y p kablzbbagn an qelhagn
� lgnlxzkeb h`ab {gf� y

� � [\�^�Y [\�^ ]�[��Y� ^� � [�� �
��[\ �]�

� `dh ab qhg l`dbhal rebgndnle�  geb ew abh d zna�ze
kevnahagn gi h`ab c`engj engn� qg idf � febedfl`efb {gf�m
an� gn ah � d�fee h`dh qr ab d ngnxanedf c`engjengn oeim
ielhs gi ngabemen`dnlek ba�ndx hfdnbj abbagn y ¡h `db t een
gtbefuek igf h`e vfbh haj e � dtgzh h{enh| |edfb d�g ng{ y
_`e nghagn gi qr {db gfa�andxx| cfgcgbek db d cgbbat xe
ewcxdndhagn igf c efagkal felzffenleb an �xgtdx lxaj dhe
k|ndj alb o���s y qanle � h`ab cdfdkgw aldx e�elh `db t een
ewhenkek dnk gtbefuek an d { ake udfaeh| gi ngnxanedf
b|bhej b � bzl` db exelhfgn al laflzahb o��� � ���s gf benbgf|
nezfgn o�¢� � �£�s y

qr dfabeb znkef udfagzb igfj b � dllgfkan� hg h`e ba�m
ndxb dnk h`e ngnxanedf hfdnbj abbagn b|bhej b � dnk dlm
lgfkan� hg h`e anigfj dhagn j edbzfe {`al` ab ajcfguek
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� a�zfe �� p �enefdx bl`ej e igf rq � h`e lg`efenle tem
h{een h`e anczh bhajzxzb dnk h`e b|bhej febcgnbe ab
gchaj a}ek { ah` h`e dkk gi ngabe

uad dkkahagn gi ngabe ��� y ~g{ ldn gne kevne dnk �zdnm
hai| d qr e�elh gtbefuek ewcefaj enhdxx|�

� ��� Y� ������� [	� �
��	�� ] ������ �Y] [� � ����� �	���
� a�zfe �� ab d �enefdx bl`eje igf rq � an {`al` h`e �g{
gi anigfj dhagn h`fgz�` d b|bhej ab gchaj a}ek t| h`e
cfebenle gi d cdfhalz xdf xeuex gi ngabe y _`e anczh ba�ndx
ab �enefdxx| c efagkal dnk h`e ngabe ab gihen {`ahe dnk�dzbbadn � tzh felenhx|� rq kedxb dxbg { ah` dcefagkal
odftahfdf| s anczhb ��� y _`e rq e�elh ab lgjcgbek t|
igzf tdbal an�fekaenhb � oas dn anczh ngabe � o�s gi udfam
gzb kabhfatzhagnb o�dzbbadn � xdcxdladn � znaigfj yyys � oaas
dn anczh bhajzxzb � o�s � kehefj anabhal c efagkal gf dcefam
gkal � h`dh ldffaeb gzh h`e anigfj dhagn {e bee� hg ewhfdlh
ifgj ngabe � oaaas d �enefdxx| ngnxanedf hfdnbj abbagn b|bm
hej {`al` cfgkzleb h`e gzhczh ba�ndx � o�s dihef t ean�
ewlahek t| � o�s dnk � o�s dnk oaus d cefigfj dnle gf anm
igfj dhagn jedbzfe dtxe hg �zdnhai| h`ab c`engj engn �
an hefj b gi xa�exa`ggk teh{een h`e gzhczh dnk h`e anczh
ba�ndx y
� ���	�� � �� ��� �  �! � "# $ % & �'#( �'#' $)*"#+& $)"�+ , �)#'$'+�- �$+& "�( � �" �) % #))�.�� "# �'/+ �$)� "& � % � ! # ( $'+� ( �$)0 � .1 �' + �$)�'2 "& � ��3��#! �'% 0" '#�)� 4 567 8

9ghe dxbg � h`dh ai qr {db xaj ahek hg h`e hfedhj enh
gi b|bhej b { ah` cefagkal anczh ba�ndxb � ahb dcc xaldtaxah|
hg fedx {gfxk ba�ndxb � gihen ngh c efagkal � lgzxk t e lgj m
cfgj abek y qg � {e lgan h`e hefj pcefagkal qhg l`dbhal
rebgndnle opqr s igf l`dfdlhefa}an� qrmh|c e t e`duagf
an ewlahdtxe b|bhej b { ah` dcefagkal anczhb ���� � {`al`
ldn te :�"� ( �'�)"�+ gf  $':#( ba�ndxb ���� y

� �� � ;�����<��� <���=��� >=�	��? �@ Y []
p lxdbbaldx c efagkal qr ba�ndhzfe ab d ba�ndxmhgmngabe fdm
hag oq9rs h`dh ab ngh jgnghgne y q9r lgjczhek ifgj
h`e cg{ef bcelhfzj � tzh dxbg q`dnngn jzhzdx anigfjdm
hagn � dfe c efagkal qr jedbzfeb kevnek an h`e ife�zenl|
kgj dan y �gh` gi h`ebe j eh`gkb dbbebb h`e lg`efenle gi
h`e b|bhej febcgnbe { ah` h`e anczh ba�ndx ife�zenl|
dnk h`zb � h`e| dfe lxedfx| andccfgcfadhe igf b|bhej b
{ ah` dcefagkal anczhb y
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Samples

� a�zfe � � q`eeh hejcefdhzfe dnk benbgf febcgnbe

A #))/+#  ��$"�#' ( �$)0 �) B h`ebe Cb`dce j dhl`m
efbD jedbzfe qr cefigfj dnle {`en anczhb dfe ngh c em
fagkal ba�ndxb y _`e| kevne lfgbbmlgffexdhagn j edbzfeb
igf h`e anczh ba�ndx � o�s dnk h`e b|bhej febcgnbe db
igxxg{ b �

EF G jdw H� o� I J s� o�sK L o�s

EM G EF
�� N o�s�MON Po� o�s Q � o�ssNR MON

L

{`efe � o�s ab h`e dcefagkal o}efg j edns anczh ba�ndx � J
ab d haj e xd� dnk h`e gueftdf kengheb dn duefd�e guef
haj e y �fgj d ba�ndx cfg lebban� c efbc elhaue � j dwaj a}m
an� h`e '# ( $��S �: % #� � '# ( EM lgffebcgnkb hg j dwm
aj a}an� h`e b`dce jdhl`an� teh{een h`e anczh bhajzxzb� o�s dnk h`e b|bhej febcgnbe � o�s � {`efedb jdwaj a}m
an� h`e % #� � '# ( EF lgffebcgnkb hg hd�an� dllgznh
gi tgh` ba�ndx djcxavldhagn dnk b`dce j dhl`an� o���� �
����s yTh`ef pqr cefigfj dnle j edbzfeb cfgcgbek an ��U�
igf t akaj enbagndx ba�ndxb oaj d�ebs dfe �

V G � �W� N� N dnk E G � � Q � ���X o� s��X o� s Y o�s

V dnk E kevne h`e '# ( $��S �: + #))/+#  ��$"�#' dnk
h`e '# ( $��S �: + #))/+#3$ �$' +�� febc elhauex|y _`ebe
j edbzfeb `due t een zbek hg akenhai| dn rq e�elh an
bcdhadx ba�ndxb an gchalb y �e { axx b`g{ izfh`ef � `g{
d cefigfjdnle j edbzfe kec enkb gn h`e lgnhewh gf gn
h`e daj gi h`e ewcefaj enhdx ifdj e � { ah` febc elh hg h`e
kevnahagn �auen an h`e cfeuagzb bztbelhagn y

Z � Z [[ ZY^[\]����

_`e gt� elhaue gi bgzfle becdfdhagn ab hg becdfdhe j awek
bgzfleb � o�s abbzek ifgj fedx c`engj end � ifgj d �auen
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� a�zfe � � � xdbbaldx igfj gi d xaihmg� lzfue

nzjtef gi benbgfb febcgnbeb {`al` feleaue dn anbhdnm
hdnegzb j awan� � o�s gi h`ebe bgzfleb y _`ab ab h`e baj m
cxebh igfj gi h`e bgzfle becdfdhagn cfgtxej y � `en h`e
becdfdhagn kgebn �h dbbzje dn| bcelavl d cfagfa �ng{ xm
ek�e gn h`e bhfzlhzfe gi h`e bgzfleb dnk fexaeb gnx| gn
h`eaf bhdhabhaldx ankec enkenle � h`ab cfgt xej ab ldxxek
� xank qgzfle qecdfdhagn o�qqs dnk {db anhfgkzlek t|
~ �efdzxh eh �zhhen ���� y �qq ab gihen fexdhek hg ¡�p �
h`dh ldn te lgnbakefek db h`e znkefx|an� jdh`ej dhaldx
hel`na�ze igf bgxuan� d �qq cfgtxej dnk {db vfbh kem
uexgcek an d fa�gfgzb j dnnef t| � aeffe �gjgn ���� db d
�enefdxa}dhagn gi h`e hel`n a�ze gi � fanlacdx �gjcgnenh
pndx|bab o��ps� lgnlech h`dh cfguakeb gnx| kelgffem
xdhek lgjcgnenhb y �e { axx lgnbakef h`e ngab| anbhdnm
hdnegzb jgkex � h`dh ldn te keblfatek an jdh`ej dhaldx
hefj b db ig xxg{ b �

� o�s G � � o�s I � o�s L o�s

{`efe � ab dn � � � uelhgf gi gtbefudhagnb � � ab dn � � �
uelhgf gi bgzfleb { ah` bhdhabhaldxx| ankecenkenh lgjcgm
nenhb dnk � ab h`e zn�ng{n lgnbhdnh j awan� j dhfaw �
a ye y {e bzccgbe h`dh � ab bhdhagndf| guef haj e � y ~efe �
� ab dn dkkahaue � � � ngabe uelhgf ankecenkenh { ah` � �
gihen lgnbakefek hg te �dzbbadn y ¡h ab {exx �ng{n ng{
h`dh ai h`e ngabe ab fedxx| �dzbbadn � h`e bgzfleb ldn
te felguefek dh t ebh zc hg d bldxe � ba�n dnk cefjzhdm
hagn y ¡i h` ab ab ngh h`e ldbe � c efigfjdnleb ldn kelfedbe �
tzh gne ldn dccx| lxdbbaldx �qq jeh`gkb ai ng d cfagfa
�ng{ xek�e ab dudaxdtxe dtgzh h`e ngabe bhdhabhalb y

Z ��� ���? �=���	 ����� ���� ��� �� Z[[
¡n gzf cfgtxej � h`e vfbh bgzfle hg ebhaj dhe { axx t e
ndhzfdxx| h`e kabhdnle X y _`en � lgnbakefan� h`dh znm
kef ngfj dx lgnkahagnb h`e benbgf ab zbek dh d feiefm
enle hejcefdhzfe 	 G 
�� � {e l`ggbe h`e hejcefdm
hzfe �dc J	 G 
 Q 
� � db h`e belgnk bgzfle y �e ldn
ngh lgnbakef kafelhx| h`e hejcefdhzfe db d bgzfle tem
ldzbe gi h`e h`efj dx kaxdhagnb h`dh ldzbe h`e c xdhe dnk
lgax { akh` hg anlfedbe � lfedhan� h`en d fexdhagn teh{een

0$5%/(�%$6(
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� a�zfe � � �wcefaj enhdx behzc igf kabhdnle$hejcefdhzfe
becdfdhagn

h`e j edbzfek kabhdnle dnk h`e cxdhe hejcefdhzfe dnk
xedkan� h`zb hg d kecenkenl|y �e `due zbek d (0�"�/!  �%0�'+1 )�')# jdke gi h{g gf h`fee � xdccmgblaxxdhgfb
iznlhagnan� guef ka�efenh fdn�eb gi ife�zenl| { ah` h`e
bdj e lgax exej enh y _`e znkefx|an� aked tean� h`dh igf
ka�efenh ife�zenlaeb � h`e cenehfdhagn kech` gi h`e ekk|
lzffenhb an h`e hdf�eh ab ngh h`e bdj e dnk � an h`e bdje
j dnnef � h`e hejcefdhzfe e�elh gn benbgf febcgnbeb ab
ka�efenh y _`zb � edl` gblaxxdhgf cfguakeb d ka�efenh j awm
an� gi gzf h{g bgzfleb y

Z �� � � �& �@ '�����(�	��
¡n gfkef hg ldxatfdhe h`e benbgf � {e j d�e {`dh {e ldxx d �! � �' +� ��! "/#) +0 3�� cfguakan� zb h`e ife�zenlaeb gi
edl` gblaxxdhgf lgffebcgnkan� hg h`e kabhdnleb j edbzfek
t| dn ewhefndx anhefiefgj ehfal xdbef b|bhej o� a�zfe �s y�gf gne gblaxxdhgf � h`ab febcgnbe � *+,- ab h|caldxx| ngnm
xanedf dnk kelfedbeb ewcgnenhadxx| { ah` anlfedban� lgaxm
hdf�eh kabhdnle X y �jcafaldxx|� ah ldn te {fahhen db

� *+,- G � *+,-F o� Q . N ewc oQ/ MX Q / N XN sN s0MON L o�s

� *+,-F tean� h`e gblaxxdhgf ife�zenl| { ah`gzh hdf�eh y �gf
d �auen kabhdnle X � {e `due dxbg gtbefuek h`dh h`e
ife�zenl| febcgnbe � * gi dn gblaxxdhgf an�zenlek t|
l`dn�eb an hdf�eh hejcefdhzfe lgzxk te dccfgw aj dhek
t| h`e ejcafaldx j gkex �

� * G � *+,- oX s I J	 �1 M I 1N ewc oQ o� I 12J	 sX� Y o�s

_`ab j aw an� gi gzf h{g bgzfleb lfedhek an edl` gblaxxdm
hgf ab `a�`x| ngnxanedf dnk ldn ngh t e zbek db ah ab ai {e
{dnh hg igxxg{ h`e jgkex o�s y �e dxbg `due hg xanedfa}e
ah dh t ebh t| feuefban� e� y o� s gf t ehhef t| vhhan� h`e
lzfue { ah` d ieek igf{dfk nezfdx neh{gf� � an gfkef hg
�eh dn ebhaj dhek kabhdnle igf d �auen ife�zenl|y �|
j d�an� h`e dbbzjchagn h`dh h`ab j eh`gk tfan�b dcm
cfgw aj dhex| d xanedf anbhdnhdnegzb j aw an� ejtekkek
an ngabe � an`efenh hg dn| fedx {gfxk cfgtxej dnk an



120

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

50

100

150

200

250

300
Mean error on the distance estimate

D
is

ta
nc

e 
pr

ob
e−

ta
rg

et
 (µ

m
)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0.97

0.975

0.98

0.985

0.99

0.995

1
ASR performance measure : C

Noise amplitude

noise amplitude : 0.06 

noise amplitude : 0.045 

� a�zfe � � �ugxzhagn gi � dnk kabhdnle effgf

gzf ldbe dkkahagndxx| kze hg jgkexa}dhagn effgfb � {e
`due hfaek hg dccx| d �qq dx�gfah`j gn d fdnkgj kabm
hdnle ba�ndx an�zenlek t| hejcefdhzfe udfadhagnb gi
h`e cxdhe y _`e vfbh febzxhb {efe cfgj aban� teldzbe {e
lgzxk febhahzhe d kabhdnle dnk d hejcefdhzfe cfgv xe �
tzh h`ebe gneb {efe ngh cfelabe engz�` teldzbe gi bztm
babhan� ngnmxanedfahaeb ��� y ~g{euef � h`e dbbzjchagn gi
h`e xanedf j aw an� ab ngh hghdxx| idxbe dnk {e ldn b`g{
h`dh ah ldn te d fedx xanedf gne ai {e lgnbhfdan h`e benm
bgf febcgnbe hg igxxg{ h`eaf jedn te`duagf ��¢� y � `en
zban� d bajcxe xanedf jgkex � d bgxzhagn h`dh �aue �ggk
dnk dllzfdhe febz xhb ab hg zbe h`e d cfagfa �ng{ xek�e
gi h`e hejcefdhzfe ��� � tzh h`ab ab febhfalhaue t eldzbe ah
ajcxaeb h`e zbe gi d hejcefdhzfe benbgf y �e h`zb kem
uexgcek dngh`ef bgxzhagn zban� ngabemen`dnlek ba�ndx
cfgcd�dhagn � ew`at ahan� h`en d bhgl`dbhal febgndnle eim
ielh y

� � Y [] ^��;��� � �\� Z [[

�fgj e�zdhagn � � gzf benbgf ife�zenl| febcgnbe ldn te
hfdnbigfj ek gn d kabhdnle j edbzfej enh � dihef ebhaj dm
hagn gi h`e gchaj dx cdfdj ehefb beh �� G ��. L �/ M L �/ N � zbm
an� d feiefenle xaihmg� lzfue y �gnbakef ng{ h`e b|bhej
gi � a�zfe ¢ � {`efe h`e anczh ba�ndx � ab h`e ife�zenl|
febcgnbe gi h`e ekk| lzffenh benbgf � � ab dn dkkahaue�dzbbadn {`ahe ngabe dnk h`e b|bhej gzhczh � ab h`e
kabhdnle lgaxmhdf�eh ebhaj dhek uelhgf � dihef dccxaldhagn
gi d �qq jeh`gk y � `dh ab h`en anbake h`e 9� txdl�
tgw � Ttuagzbx|� h`ab tgw lgnhdanb d bhdhal ngnxanedfah|�
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� a�zfe £ � �ugxzhagn gi r�_ dnk �zfhgbab

h`dh ab h`e ngnxanedf jgkex �auen t| e� y o� s dnk d cfgm
lebban� txg l� � h`dh ab d �qq dx�gfah`j � bzl` db �p �
��£� y _`e j dan aked {db hg � bgj e`g{ � ngabemen`dnle
h`e hfdnbj abbagn gi h`e anczh ba�ndx � � {`al` lgnhdanb
h`e anigfj dhagn dtgzh h`e kabhdnle X h`dh {e {dnh hg
ebhaj dhe � t| dccx|an� d bgzfle becdfdhagn jeh`gk y _`e
febzxhb cfguakek t| h`ab jeh`gk dfe �zahe bzfcfaban� y

� �� � �&� ���< �	� ' ���= '	�
_`e ewcefaj enhdx behzc lgnbabhb an d jguan� dxzj anzj
cxdhe ohdf�ehs � {dfj ek zc gn ahb tdl� bake � idlan� d �dh
bcafdx lgax oh`e cfanlacdx exej enh gi gzf benbgfs {`al` ab
en�fduek gn d cfanhek laflzah tgdfk ��� � y _{g ewhefndx
keualeb oanhefiefgj ehef xdbef b|bhej dnk hejcefdhzfe
benbgfs cfguake jedbzfej enhb gi X dnk 
 y _`e {`gxe
keuale ab dxbg c xdlek an dn guen � fe�zxdhek an hejcefdm
hzfe dnk `zj akah|� bg db hg j an aj a}e h`e lgnhfatzhagn
gi h`e gh`ef enuafgnj enhdx l`dn�eb � db b`g{n an � a�m
zfe � y �gf gzf ewcefaj enh � {e zbek h`fee gblaxxdhgfb
{ ah` lenhfdx ���� � L� 	X�
� L ��� � ife�zenl| udxzeb gi
���� L ��� L ��� � � � febcelhauex|y _`e hdf�eh {db jgum
an� an d �U L �UUU ��� fdn�e {`axe ahb hejcefdhzfe {db
udf|an� y _`e l`gale gi kabhdnle an haj e ab dft ahfdf|
{ ah`an ah dnk `enle � ahb kabhfatzhagn ab dxj gbh zn aigfj y� a�zfe � b`g{ b h`e benbgf febcgnbe dh `a�` ife�zenl|
dnk h`e cxdhe hejcefdhzfe cfgv xe y

pihef ldxatfdhagn gi gzf benbgf o�� y�s � {e dccxaek
�p � dx�gfah`j hg d j awhzfe uelhgf { ah` h{g lgjcgm
nenhb � {`al` dfe kabhdnleb kekzlek ifgj h`e ife�zenl|
febcgnbe uad h`e jgkex gi e�zdhagn o� s y �zh � teigfe dcm
cx|an� h`ab ngnxanedf hfdnbigfj dhagn � {e dkkek d �dzbm
badn {`ahe ngabe � o�s { ah` djcxahzke udf|an� an �U L U Y��
an gn x| gne ife�zenl| febcgnbe lgjcgnenh y � a�zfe �
bzjjdfa}eb h` ab cfg lebban� bhec � `dnk{fahhen ��M L �N �dfe h{g gi h`e h`fee dudaxdtxe ife�zenl| febcgnbeb gi
h`e benbgf � h`eaf kabhdnle hfdnbigfj b �XM L XN � tean� h`e
j awhzfe hg h`e �qq � {`axe h`e bgzfle becdfdhagn dx�gm



121

f( t)

n( t )

g( t )  = d
I�
I�

+

G�

G�
���������	
���
�����

ν

^

� a�zfe � � � fg lebban� �g{

fah`j cfguakeb h{g bgzfle ebhaj dheb � �X {`al` lgffem
bcgnkb hg h`e kabhdnle cfgv xe dnk � � d ngabe uelhgf
{`al` henkb hg {`ahe ngabe { ah` anlfedban� � o�s ngabe
djcxahzke � teldzbe h`e anigfj dhagn dtgzh h`e hejcefm
dhzfe bgzfle 
 ab guef{`exj ek t| h`e dkkahaue ngabe y

� �� � �� 	
 �� Y [] �

�dfagzb bajzxdhagnb `due t een fedxa}ek hd�an� dxx c gbm
bat xe lgjtandhagnb igf ��M L �N � y � afbh � � o�s {db d �dzbm
badn {`ahe ngabe �enefdhek { ah` h`e bdje beek igf edl`
hfadx y �gf d �auen anhenbah| xeuex gi h`e anczh ngabe � {e
`due lgjczhek h`e cefigfj dnle j edbzfe E o�� y�s db
{exx db h`e ,�)�:0$� A #))"$�� oVE 	 s teh{een h`e ewm
dlh kabhdnle jedbzfej enh dnk ahb ebhaj dhe dihef �qq yVE 	 ab d lgjjgn cefigfjdnle lfahefagn an bgzfle becm
dfdhagn kevnek t| oan X� s �

VE 	 o�s G �U xg� MF � Po�� Q �sNR
� ��N � L o¢s

{`efe �� ab h`e ebhaj dhe gi gne bgzfle � y _`e jgfe
h`e baj axdfah| t eh{een � dnk �� anlfedbeb h`e jgfe r�_
henkb hg{dfkb Q� y p b h`e bgzfle gi anhefebh an h`ab cdfm
halzxdf lgnhewh ab X � {e dxbg lgjczhek dh edl` hfadx � h`e
ebhaj dhagn effgf t| lgnbakefan� h`e j edn gi h`e dtbgm
xzhe udxzeb gi h`e ka�efenle teh{een ewdlh kabhdnle udxm
zeb dnk ebhaj dhek gneb cfguakek t| �p � � dihef lenm
hefan� dnk febldxan� h`e djcxahzke xeuexb gi h`e bgzfle
dnk ahb ebhaj dhe y

�gf� cfebenhek an ��� kedxh { ah` h`e bdj e anczh
ba�ndxb { ah` d }efg ngabe djcxahzke dnk h`e kabhdnle
ebhaj dhagn effgf cfguakek t| �p � {db dfgznk �UU��
{ah` fe�dfk hg h`e l`gale gi ��M L �N � y �| dkkan� ngabe
db keblfat ek dtgue � h` ab effgf kfdj dhaldxx| kelfedbeb
hg �� L ��� igf dn �gchaj dx � ngabe djcxahzke gi U YU¢ y
_`ab ab dxbg t ehhef h`dn h`e effgf cfguakek t| h`e xedbh
cefhzftek benbgf ife�zenl| febcgnbe � h`dh ab ���� dnk
gi h`e bdj e gfkef h`dn h`e gne cfguakek dihef �qq zban�
h`e d cfagfa cxdhe hejcefdhzfe �ng{ xek�e y

_`e pqr cefigfj dnle j edbzfe E hd�eb ahb j dwam
jzj udxze igf dn gchajzj anczh ngabe djcxahzke giU YU�� � an h`e ldbe h`dh � ab h`e uelhgf lgnbhahzhek t|
h`e j ekazj dnk h`e `a�` benbgf ife�zenl| febcgnbe
o� a�zfe �s y p b hg VE 	 � ah hd�eb ahb j an ajzj udxze igf
dn � o�s gi gchajzj djcxahzke udxze U YU�� o� a�zfe £s �

{`al` ab lxgbef hg h`e gne lgffebcgnkan� hg h`e j anam
jzj kabhdnle ebhaj dhagn effgf y _`e eugxzhagn lzfueb
gi E dnk VE 	 jdhl` h`e l`dfdlhefabhal lzfueb gi qr y
� eecan� an j ank h`dh h`efe ab ng ewcxalah ewcfebbagn igf
h`e cg{ef ngfj EF dnk h`dh E ab d cgbbatxe tzh ngh
zna�ze pqr cefigfj dnle j edbzfe � {e ldn zbe VE 	
db dn pqr anigfj dhagn jedbzfe {exx dkdchek hg gzf
ewcefaj enhdx lgnhewh dnk uef| {exx lgzcxek { ah` �qq
jeh`gkb y ��"&  �)% �+" "# "& � :�� '�"�#' 2 �3�' �' �� 85-"& � #.)� 3�: % & �'#( �'#' +& $ $+"� �S �) #'� #! "& � 3$ /�#0) ! # () #! �*, 8Tne anhefebhan� iedhzfe ab h`e eugxzhagn gi h`e �zfm
hgbab {`al` ab }efg igf d �dzbbadn udfadtxe y �gg�an� dh
h`e eugxzhagn gi h`e becdfdhek kabhdnle �zfhgbab � gne
ldn bee h`dh ah |aexkb h`e udxze gi h`e fedx kabhdnle
ba�ndx o� Y��s igf h`e bdj e anczh ngabe djcxahzke xeuex
h`dn h`e gchajzj gne an h`e VE 	 benbe y _dtxe � y�
�aueb bgj e febzxhb gi gzf bajzxdhagnb y

9gabe djcxahzke �ffgf o�� s
� �� o�N L �2 s U ��� Y£E o�N L �2 s U YU�� �� Y�VE 	 o�N L �2 s U YU�� �� Y�
� �� o�M L �2 s U ��U Y¢E o�M L �2 s U YU¢ �U � Y£VE 	 o�M L �2 s U YU£ �� YU�

_dtxe � y� � 9zjefaldx febzxhb
¡n h`ab hdtxe � ��M L �N L �2 � keba�ndheb h`e

����� L� 	X�
� L ��� � benbgf ife�zenl| febcgnbe �
h`e lgxzjn �ngabe djcxahzke � �aueb h`e gchajzj anczh
ngabe djcxahzke igf h`e cefigfj dnle jedbzfeb {e
zbek o{`al` ab U igf lxdbbaldx �qq jeh`gks dnk h`e
h` afk lgxzjn lgffebcgnkb hg h`e dbbg ladhek kabhdnle
ebhaj dhagn effgf y �fgj h`ebe febzxhb � ah ab gtuagzb h`dh
h`e lgnkahagn an� gi h`e j aw an� ab ajcfguan� t| zban�
d ngabemen`dnlek ba�ndx hfdnbj abbagn j eh`gk y qaj axdf
febzxhb {efe gthdanek {`en h`e �dzbbadn {`ahe ngabe
{db �enefdhek { ah` ka�efenh beekb igf edl` hfadx y _`e
eugxzhagn gi tgh` cefigfj dnle j edbzfeb dfe jgfe
{du|� tzh t| xanedf anhefcgxdhagn � gne gthdanb h`e
bdj e qr l`dfdlhefabhal lzfueb eugxzhagn db dtgue y

� � � �[^� [[���
¡n h`ab {gf� {e `due kejgnbhfdhek ewcefaj enhdxx| dn
pqr e�elh {`al` � {`en lgzcxek { ah` d �qq jeh`gk
ajcfgueb h`e febcgnbe gi dn ekk| lzffenh cfgw aj ah|
benbgf y ¡nbhedk gi zban� d lxdbbaldx �qq dccfgdl` h`dh
cfguakeb ngh uef| dllzfdhe febzxhb kze hg h`e `a�` ngnm
xanedfah| gi h`e j aw an� � �dzbbadn {`ahe ngabe ab dkkek
hg gne gi h`e lgjcgnenhb gi h`dh xdhef � dnk {e `due been
h`dh � igf dn gchaj dx udxze gi h`e anczh ngabe djcxahzke �
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h`e effgf gn h`e ebhaj dhagn gi h`e kabhdnle cfgt emhdf�eh
fedl`eb d j anajzj y �e `due dxbg b`g{n � h`dh h`e
rebakzdx �fgbbhdx� ldn te d bzahdtxe pqr anigfjdhagn
j edbzfe � {`en h`e daj ab hg j dwaj a}e ah gf j anaj a}e
ah dllgfkan� hg h`e ewcefaj enhdx lgnhewh y

_`e febzxhb cfebenhek `efe cfgue h`e anhefebh gi h`ab
dccfgdl` � db ah kfdj dhaldxx| ajcfgueb h`e dllzfdl| gi
h`e �qq kabhdnle ebhaj dhe y �gjcdfdhauex| hg cfeuagzb
ngn txank dccfgdl`eb gf euen vxhefan� ��� � h`efe ab ng
neek hg `due dn d cfagfa �ng{ xek�e dtgzh h`e bgzfleb
dnk |eh � h`e febzxhb gthdanek bg � dfe gi h`e bdj e gfkef
gi cfelabagn y _`ab jgkefn dccfgdl` gi prq an hefj b gi
anigfjdhagn j edbzfe lgz xk t e dccxaek an udfagzb {d|b
an gh`ef kgjdanb gi ngnxanedf ba�ndx cfg lebban� {`al`
kedx { ah` fedx {gfxk ba�ndxb y

� � ]���]�� ^�[
��� � y ~ dfahgcgzxgb � � y 9dzkeh � � y �dbbezf � p y � axxdh �Cp�¡ � �gnhfatzhagn �d xd q �ecdfdhagn ke � xzlhzdm

hagnb kzeb �d xd _ejc �efdhzfe kdnb xd r �ecgnbe k �zn
�dchezf ke � fgw aj ah �e �d �gzfdnhb ke �gzldzxhD �
�  #+8 #! �,� �*	 
�� � �dnnebm�fdnle � qechejtef
���� y

��� � y ~ dfahgcgzxgb � � y 9dzkeh � � y �dbbezf � p y � axxdh �C�whfdlhagn gi   abhdnle �fgj dn �kk|m�zffenh
qenbgf rebcgnbe t| d qgzfle qecdfdhagn _el`m
na�ze � �xank �gnhewh gf p � fagfa �ng{ xek�e �D �
�  #+8 #! 	�� A*	��� A*AA 
�� � ph`enbm� feele �
�zx| ���� y

��� r y �en}a � � y �dfaba � p y qzhefd � p y �zxcadna �Cp _`egf| gi qhg l`dbhal rebgndnle an � xaj dhal
�`dn�eD � *	�� �#0 '$� #' �%% ���: � $"& �( $"�+) �
ugx y �� � ng y � � cc y �¢�m�£� � �zne ���� y

��� � yq y pnab`l`enlg � � yp y qdigngud � � yT y �`zd �Cqhg l`dbhal febgndnle an h`e ngndzhgngjgzb
�`zd �b laflzahD � �#0 '$� #! A� +0�")- *1)"�( ) $':A#(% 0"� ) � ugx y � � cc y ���m�£� � ���� y

��� � y �gkauaef � � y rg� dbm�dfexd � � y�`dcedzm
� xgnkedz � C9gabemdbbabhek ba�ndx hfdnbj abbagn uad
bhg l`dbhal febgndnle an d kagke ngnxanedfah|D �
� ��+" #'�+ ��""� ) � ugx y �� � cc y �¢¢¢m �¢¢� � ���£ y

�¢� p y �zxbdfd � � y� y �dlgtb � _ y �`gz � � y � gbb � � y
� abb � Cqhg l`dbhal febgndnle an d ban�xe nezfgn
jgkex � _`egf| dnk dndxg� bajzxdhagnD � �#0 '$�#! �& �# �"�+$� � �#�#2 1 � ugx y ��� � cc y �� �m��� � ��� �y

�£� � y�`dcedzm� xgnkedz � � y �gkauaef � C_`egf| gi
bhg l`dbhal febgndnle an ba�ndx hfdnbj abbagn t|
bhdhal ngnxanedf b|bhej bD � �&1)�+$� , �3��� � � ugx y
�� � cc y ��£�m ���� � ���£ y

��� � y �gkauaef � � y�`dcedzm� xgnkedz � C�d f �ebgndnle
bhg l`dbha�ze gz xe ba�ndx idugfab �e cdf xe tfzah �
pccxaldhagn dzw ba�ndzw �d �eu �enej enhb kablfehbD �
�  #+8 #! "& � � �� /)�% "� ��( � +#� �#%0� �,� �*	 � cc y�¢�m�¢� � �dnnebm�fdnle � qechejtef ��m �£ � ���� y

��� � y� y �gxxanb � � y� y �`g{ � _ y_ y ¡j`g� � Cpcefagkal
qhg l`dbhal rebgndnleD � �&1)�+$� , �3��� � � ugx y �� �
ng y � � cc y r����mr���� � Tlhgtef ���� y

��U� � y�`dcedzm� xgnkedz � C�d f �ebgndnle bhg l`dbm
ha�zeD � � +#�� :�) ��+&'�%0�) � 3$'+ ���) �' *�2'$�/
	($2 �/� $ #�� :� � �'#.��� qebbagn � tab � qa�ndx
eh 9gnm�an �edafe � � fengt xem�fdnle � pz� y � �mqech y
� � ���� y

���� � y� y �gxxan b � � y� y �`g{ � p y� y �dcexd � _ y_ y ¡j`g� �Cpcefagkal qhg l`dbhal rebgndnleD � �&1)�+$� , �/3��� � � ugx y �� � ng y � � cc y ��£�m���� � 9guejtef
���¢ y

���� � y �gkauaef � C�d f �ebgndnle bhg l`dbha�ze kdnb xd
hfdnbj abbagn ngn xan �edafe kz ba�ndxD � _` �ebe ke
 glhgfdh ke x ��nauefbah �e k �pn�efb � ���£ y

���� � y ~ene�`dn � � y� y �`g{ � � y� y �gxxanb � _ y_ y
¡j`g� � q y� y �g{en � � y� y _eal` � C¡nigfj dhagn
� edbzfeb �zdnhai| an� pcefagkal qhg l`dbhal rebm
gndnleD � �&1)�+$� , �3��� � � ugx y �� � ng y � � cc y
r����mr ��� �� ���¢ y

���� � y ~ �efdzxh � � y �zhhen � � y pnb � C  �ehelhagn ke
�fdnkezfb cfaj ahaueb kdnb zn jebbd�e lgjcgbahe
cdf zne dfl`ahelhzfe ke ldxlzx nezfgj aj �eha�ze en
dccfenhabbd�e ngn bzcefuab �eD � an �  #+8 �,� �*	 ��fdnle � ���� � cc y �U �£m �U�U y

���� � y �gjgn � C¡nkec enkenh lgjcgnenh dndx|bab � d
ne{ lgnlech �D � *�2'$� �  #+�))�'2 - � �) �3�� � bc em
ladx abbze gn ~ a�`efmT fkef qhdhabhalb � ugx y �¢ � pcf y
���� � cc y ��£m� �� y�  #+�))�'2 � � feele � ���£ y

��¢� � y 9dzkeh � � y ~dfahgcgzxgb � p y �axxdh � Cp baj m
zxdhagn jgkex igf ajcfguan� d benbgf ngnmxanedf
febcgnbe zban� xanedf bgzfle becdfdhagnD � hg te
cfebenhek an � �*	� A�/�666 � _djcefem� an xdnk �
qechejtef �UUU y

��£� � ym� y �dfkgbg dnk p y qgzxgzj adl � C�xank
tedjigfj an� igf ngn �dzbbadn ba�ndxbD � 	��
�  #+��:�'2 )/� � ugx y ��U � cc y �¢�m�£U �  elejtef
���� y

���� � y �dbbezf � C�hzke ke idabdtaxah �e k �zn ldchezf anm
hexxa�enh ke k �ecxdlej enh �d lgzfdnhb ke �gzldz xhD �
_` �ebe ke x ��nauefbah �e ke reaj b �`djcd�nem
pfkenne � ��� �y


