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mUTWU WVX]Xcg[ X�XcSXiTU [ b[^k[VWX^UeW[ _X kScgX _U kV[W[b[c[T �jq�|�q ~�VXeTk[VW

j[eWV[c qV[W[b[c�|X_S[ �Se� qV[W[b[c� \WScS�Xe_[ X UTWVXWhfSX o|� ~o\W[^XWSb |UkUXW |Ui
r\UTW� �t]VS_[ e[ kV[W[b[c[ |�q T[]VU \^ UecXbU TU^ �[ jRpo ~j[_U RS�STS[e p\cWSkcU
obbUTT�u � bXeXc h ^[_UcX_[ b[^[ TUcUWS�[ U^ {VUr��ebSX b[^ _UT�XeUbS^UeW[ _[ WSk[
|X�cUSfgu neWUV{UV�ebSX _U ^�cWSkc[ XbUTT[� kUV_X _U kUVb\VT[ Usk[eUebSXc� T[^]VUX^UeW[
c[fe[V^Xc U UVV[ e[ b[eWV[cU _U k[W�ebSX TZ[ WX^]h^ b[eTS_UVX_[Tu o UTWVXWhfSX o|� �ti
]VS_[ b[eTSTWU _U \^ T\]TSTWU^X adj ~a[V�XV_ dVV[V j[VVUbWS[e� b[eWS_[ U^ \^ TSTWU^X
o|�u |UT\cWX_[T� XeXctWSb[T U TS^\cX_[T� ^[TWVX^ r\U [ \T[ _X WhbeSbX o|� �t]VS_[ ^Ui
cg[VX [ _UTU^kUeg[ _[ TSTWU^Xu �X�Z[ _U _X_[T U XWVXT[ ^h_S[ _U TUf^UeW[T �jq TZ[ [T
kXV�^UWV[T _U _UTU^kUeg[ XeXcSTX_[T e[ UecXbU VU�UVT[ _U \^ TSTWU^X jRpo ^\cWSbUc\cXV�
b[^ \T\�VS[T _STWVS]\t_[T \eS{[V^U^UeWU U^ \^X bhc\cXu

��� ¡¢£ 

ne WgST �[V� WgU kUV{[V^XebU [{ �jq�|�q ~�VXeTk[VW j[eWV[c qV[W[b[c�|X_S[ �Se� qV[iW[b[c� kV[W[b[c TWXb� \TSef WgU ��]VS_ o|� ~o\W[^XWSb |UkUXW |Ur\UTW� TWVXWUf� Se WgU
|�q kV[W[b[c ST U�Xc\XWU_ [e X jRpo ~j[_U RS�STS[e p\cWSkcU obbUTT� �SVUcUTT cSe�u �gU
bgXeeUc ST ^[_UccU_ XT {VUr\Ueb�iTUcUbWS�U �SWg |X�cUSfg {X_Sefu p\cWSkcU XbbUTT SeWUV{UVUebU�
Usk[eUeWSXc kXWgic[TT� c[fe[V^Xc TgX_[�Sef� Xe_ k[�UV b[eWV[c c[[k UVV[V XVU XcT[ b[eTS_Ui
VU_u �gU ��]VS_ o|� TWVXWUf� b[eTSTWT [{ Xe adj ~a[V�XV_ dVV[V j[VVUbWS[e� T\]T�TWU^
b[eWXSeU_ Se Xe o|� T�TWU^u oeXc�WSbXc Xe_ TS^\cXWU_ VUT\cWT Tg[� WgXW WgU \TU [{ WgU
��]VS_ o|� WUbgeSr\U S^kV[�UT WgU T�TWU^ kUV{[V^XebUu �gV[\fgk\W Xe_ X�UVXfU _UcX�
[{ WgU �jq TUf^UeWT XVU WgU kUV{[V^XebU kXVX^UWUVT XeXc��U_ [e WgU VU�UVTU cSe� [{ WgU
^\cWSbUcc\cXV jRpo T�TWU^� �SWg WgU \TUVT \eS{[V^c� _STWVS]\WU_ Se X bUccu
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�Æ¡¢Ç�£È��É ��

Ê RU\T� kUcX {[VYX _X_X eX VUXcS�XYZ[ _UTWU WVX]Xcg[u
o[ qV[{u RVu |UeXW[ }Xc_SeS aScg[� kUcX [k[VW\eS_X_U� [VSUeWXYZ[ U kXbS�ebSX _\VXeWU [

_UTUe�[c�S^UeW[ _UTWU WVX]Xcg[u
o[ qV[{u RVu jUcT[ _U oc^US_X� kUcX b[[kUVXYZ[ U XË\_XuÊ ^SegX {X^tcSX� U^ UTkUbSXc� ^U\T kXST� �W��S[ U Ì[b[VV[� ^U\T SV^Z[T� p�VcSTT[e U

pSbgXUc� U ^SegXT WSXT kUcX XË\_X Seb[e_SbS[eXc� bXVSeg[ U Xk[S[ _U_SbX_[TuÊ ^SegX eX^[VX_X ÍXVcX� kUcX b[e�XeYX� SebUeWS�[ U X^[Vu
o[T b[cUfXT _U cX][VXWÎVS[Ï �[e�Xc[� |[_VSf[� �XVbSXeX� pXfe[ U Ð[Th kUc[ b[^kXegUSi

VST^[� X^S�X_U U XË\_Xu
o[T X^Sf[T _X lmnjopqÏ ocUsXe_VU� qX\c[� �SeXc]UV� �Uc_UV� d\cUV� ÐXr\UcSeU� ÌhVfS[�

�XVbS[� �t�S[� �cX\b[� �\bXT� ocSeU U a�]S[� kUcX XfVX_��Uc b[e�S��ebSX _\VXeWU UTWU kUVt[_[u
o[ ^U\ X^Sf[ �cX\bS[� kUcX XË\_X U ^[WS�XYZ[u
ofVX_UY[ ` joqdÌ� j[[V_UeXYZ[ _U okUV{USY[X^UeW[ _U qUTT[Xc _U mt�Uc Ì\kUVS[V� kUc[

Xk[S[ �eXebUSV[u
l^ XfVX_UbS^UeW[ UTkUbSXc� X[T X^Sf[T �[e�Xc[ U |[_VSf[� r\U _U {[V^X S^kVUTbSe_t�Uc

XË\_XVX^ eX b[ebc\TZ[ _UTWU WVX]Xcg[� XWVX�hT _U T\fUTWÑUT U b[egUbS^UeW[T b[^kXVWScgX_[TuÊ W[_XT XT kUTT[XT r\U _U Xcf\^X {[V^X b[eWVS]\tVX^ kXVX X VUXcS�XYZ[ _UTWU WVX]Xcg[ U
r\U k[V �UeW\VX U\ WUegX UTr\UbS_[ _U ^UebS[eXVu
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Ô ÕG/10I.Ö×0 Ô
�u� RUTbVSYZ[ _[ qV[]cU^X u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �
�u� �]ËUWS�[ _[ WVX]Xcg[ u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �
�uØ �VfXeS�XYZ[ _[ �VX]Xcg[ u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Ø

Ù D ÚEÛ/FzH ÜÝÞ- ß
�u� neWV[_\YZ[ u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �
�u� j[ebUSW[T jRpo u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u à

�u�u� jXkXbS_X_U _U obUTT[ p�cWSkc[ u u u u u u u u u u u u u u u u u u u u u á
�u�u� qV[WUYZ[ b[eWVX neWUV{UV�ebSX p\cWSkUVb\VT[ u u u u u u u u u u u u u u á
�u�uØ qVS�XbS_X_U u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u á
�u�u� |UËUSYZ[ ` neWUV{UV�ebSX u u u u u u u u u u u u u u u u u u u u u u u u u u á
�u�uà jXkXbS_X_U ¹©·¯âã®°°¯©³ u u u u u u u u u u u u u u u u u u u u u u u u á
�u�uá }XSsX qV[]X]ScS_X_U _U neWUVbUkWXYZ[ u u u u u u u u u u u u u u u u u u ä

�uØ �hbeSbXT _U p[_\cXYZ[ _U dTkXcgX^UeW[ dTkUbWVXc u u u u u u u u u u u u u u ä
�uØu� dTkXcgX^UeW[ k[V ÌUr��ebSX RSVUWX ~RÌ� u u u u u u u u u u u u u u u u ä
�uØu� dTkXcgX^UeW[ k[V ÌXcW[T U^ aVUr��ebSX ~a�� u u u u u u u u u u u u u ä

�u� dcU^UeW[T }�TSb[T _[ ÌSTWU^X RÌijRpo u u u u u u u u u u u u u u u u u u u ä
�u�u� |UbUkW[V |X�U u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u ä
�u�u� j[eWV[cU _U q[W�ebSX u u u u u u u u u u u u u u u u u u u u u u u u u u u å
�u�uØ Âªæ· ç®©¬ªè u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u å
�u�u� RUWUbYZ[ p\cWS\T\�VS[ u u u u u u u u u u u u u u u u u u u u u u u u u u é

�uà p[_Uc[ _[ ÌSTWU^X u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u é
ê ÝFÛFzëFGì0 I0 í10/0w0î0 ïÜí Fz ÚEÛ/FzHÛ ÜÝÞ- Ôð
Øu� o kScgX _U kV[W[b[c[T �jq�nq u u u u u u u u u u u u u u u u u u u u u u u u u u �å

Øu�u� � kV[W[b[c[ nq u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �é
Øu�u� � kV[W[b[c[ �jq u u u u u u u u u u u u u u u u u u u u u u u u u u u u u ��

�
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Øu� � kV[W[b[c[ |�q u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u ��
Øu�u� |UWVXeT^STTZ[ eX bX^X_X |�q u u u u u u u u u u u u u u u u u u u u u �á
Øu�u� qV[]X]ScS_X_U _U UVV[ _[ kXb[WU |�q u u u u u u u u u u u u u u u u u u �ä

ØuØ pU_S_XT _U _UTU^kUeg[ kXVX [ kV[W[b[c[ �jq u u u u u u u u u u u u u u u u u �ä
ØuØu� oWVXT[ ph_S[ _U TUf^UeW[T �jq u u u u u u u u u u u u u u u u u u u u �å
ØuØu� �X�Z[ _U RX_[T _U TUf^UeW[T �jq u u u u u u u u u u u u u u u u u u u �é
ØuØuØ oe�cSTU _X U�bS�ebSX _X kScgX �jq�|�q u u u u u u u u u u u u u u u u Ø�

ß - xÛ/1H/øùEH -úû üýþ1EI0 êß
�u� dTWVXWhfSXT _U j[eWV[cU _U dVV[ u u u u u u u u u u u u u u u u u u u u u u u u u Ø�

�u�u� dTWVXWhfSXT o|� u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Ø�
�u�u� dTWVXWhfSX adj u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Øá
�u�uØ dTWVXWhfSX o|� �t]VS_[ u u u u u u u u u u u u u u u u u u u u u u u u u ��

�u� RUTU^kUeg[ �jq�|�q \WScS�Xe_[ o|� �t]VS_[ u u u u u u u u u u u u u u u u ��
�u�u� qV[]X]ScS_X_U _U UVV[ _[ kXb[WU |�q u u u u u u u u u u u u u u u u u u �Ø
�u�u� oWVXT[ ph_S[ _U TUf^UeW[T �jq u u u u u u u u u u u u u u u u u u u u ��
�u�uØ �X�Z[ _U RX_[T _U TUf^UeW[T �jq u u u u u u u u u u u u u u u u u u u �à

�uØ oe�cSTU _[T |UT\cWX_[T u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �à
�uØu� ocWX p[]ScS_X_U u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �á
�uØu� }XSsX p[]ScS_X_U u u u u u u u u u u u u u u u u u u u u u u u u u u u u u à�

ÿ Ü0Gwî.Û�FÛ ÿð
àu� j[eTS_UVXYÑUT aSeXST u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u àå
àu� �VX]Xcg[T a\W\V[T u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u àé

- Þ0IFî0 IF ÚEz.îHÖ×0 ��
ou� RUTbVSYZ[ u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u á�

ou�u� �X�Z[ _U _X_[T u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u á�
ou�u� oWVXT[ ^h_S[ u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u á�

v -1/Eù0 �ê
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�u� dTkXcgX^UeW[ dTkUbWVXc u u u u u u u u u u u u u u u u u u u u u u u u u u u u u à
�u� �XsXT _U WVXeT^STTZ[ kXVX bX_X UWXkX _[ ^[_Uc[ u u u u u u u u u u u u u u u ��
�uØ |UbUkW[V |X�U u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u ��
Øu� �T WV�T WSk[T _U TUV�SY[T _X kScgX �jq�nq u u u u u u u u u u u u u u u u u u u �é
Øu� j[^kXVXYZ[ UeWVU [ ^[_Uc[ �Ìn U X UTWV\W\VX �jq�nq u u u u u u u u u u u u �é
ØuØ a[V^XW[ _U \^ _XWXfVX^X nq u u u u u u u u u u u u u u u u u u u u u u u u u u ��
Øu� a[V^XW[ _U \^ TUf^UeW[ �jq u u u u u u u u u u u u u u u u u u u u u u u u u ��
Øuà qScgX _U kV[W[b[c[T \WScS�X_X e[ TSTWU^X jRpo nÌiéà u u u u u u u u u u u u u �àØuá p[_Uc[ _U b[^\eSbXYZ[ jRpo TS^kcS�bX_[ \WScS�Xe_[ [ kX_VZ[ nÌiéé u u u u �àØuä �VXeT^STTZ[ _U \^ TUf^UeW[ �jq XWVX�hT _X bX^X_X |�q u u u u u u u u u u �á
Øuå �X�Z[ _U _X_[T e[V^XcS�X_X _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[i

]ScS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U _[ e�^UV[ _U VUWVXeT^STTÑUT eX
bX^X_X |�qu u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Ø�

Øué oWVXT[ ^h_S[ e[V^XcS�X_[ _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[]Si
cS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U _[ e�^UV[ _U VUWVXeT^STTÑUT eX
bX^X_X |�qu u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Ø�

Øu�� �X�Z[ _U _X_[T e[V^XcS�X_X _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ ]XSsX ^[i
]ScS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U _[ e�^UV[ _U VUWVXeT^STTÑUT eX
bX^X_X |�qu u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u ØØ

Øu�� oWVXT[ ^h_S[ e[V^XcS�X_[ _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ ]XSsX ^[i
]ScS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U _[ e�^UV[ _U VUWVXeT^STTÑUT eX
bX^X_X |�qu u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u ØØ

�u� o|� kXVXiUiUTkUVX u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Øà�u� o|� VUW[VeXim b[^ m�à u u u u u u u u u u u u u u u u u u u u u u u u u u u u Øá�uØ o|� VUkUWSYZ[iTUcUWS�X u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Øá
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�u� |UkVUTUeWXYZ[ _U kXcX�VXTibÎ_Sf[ b[^[ bUeWV[ _U UT{UVXT _U VXS[ t = b1
2
(dmin−

1)c u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u Øé�uà �X�Z[ _U _X_[T e[V^XcS�X_X _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[i
]ScS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_X kUcX bXkXbS_X_U _U
b[VVUYZ[ U _UWUbYZ[ _[ bÎ_Sf[u j[eTS_UVXiTU \^X VUWVXeT^STTZ[ e[ kV[W[b[c[|�qu u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �é

�uá oWVXT[ ^h_S[ e[V^XcS�X_[ _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[]Si
cS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_[ kUcX bXkXbS_X_U _U
b[VVUYZ[ U _UWUbYZ[ _[ bÎ_Sf[u j[eTS_UVXiTU \^X VUWVXeT^STTZ[ e[ kV[W[b[c[|�qu u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u �é

�uä �X�Z[ _U _X_[T e[V^XcS�X_X _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[i
]ScS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_X kUcX bXkXbS_X_U _U
b[VVUYZ[ U _UWUbYZ[ _[ bÎ_Sf[u j[eTS_UVXiTU _\XT VUWVXeT^STTÑUT e[ kV[W[b[c[|�qu u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u à�

�uå oWVXT[ ^h_S[ e[V^XcS�X_[ _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[]Si
cS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_[ kUcX bXkXbS_X_U _U
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�ué �X�Z[ _U _X_[T e[V^XcS�X_X _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[i
]ScS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_X kUcX bXkXbS_X_U _U
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�u�� �X�Z[ _U _X_[T e[V^XcS�X_X _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[]ScSi_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_X kUc[ e�^UV[ _U VUWVXeTi
^STTÑUTu j[eTS_UVXiTU \^ bÎ_Sf[ b[^ bXkXbS_X_U _U b[VVUYZ[ å U bXkXbS_X_U_U _UWUbYZ[ é����u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u u à�
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�u�Ø �X�Z[ _U _X_[T e[V^XcS�X_X _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[]Si
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_U b[eWV[cU _U UVV[u j[eTS_UVXiTU WV�T VUWVXeT^STTÑUT e[ kV[W[b[c[ |�qu u u u àØ�u�� oWVXT[ ^h_S[ e[V^XcS�X_[ _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ XcWX ^[]ScSi_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X� kXVX^UWVS�X_[ kUc[ WSk[ _U UTWVXWhfSX
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]ScS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_X kUcX bXkXbS_X_U _U
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cS_X_U� U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVS�X_[ kUcX bXkXbS_X_U _U
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o �VUX _U WUcUb[^\eSbXYÑUT WU^ UsUVbS_[ kXkUc {\e_X^UeWXc eX SeWUfVXYZ[ ^\e_SXcu �T
X�XeY[T WUbe[cÎfSb[T e[ bX^k[ _XT WUcUb[^\eSbXYÑUT b[eWVS]\U^ kXVX W[VeXV X Se{[V^XYZ[
^XST XbUTTt�Uc� [ r\U UTWS^\cX [ kV[fVUTT[ Ub[eG^Sb[ U T[bSXc kVSebSkXc^UeWU U^ kXtTUT U^
_UTUe�[c�S^UeW[u mUTTU kXe[VX^X� XT b[^\eSbXYÑUT ^Î�UST W�^ TU _UTWXbX_[ k[V XcbXeYXV
X kUeUWVXYZ[ _[ ^UVbX_[ �s[ b[e�UebS[eXc U^ \^ kUVt[_[ _U WU^k[ ^\SW[ b\VW[ U k[V
XkVUTUeWXV e[�[T TUV�SY[T eZ[ S^XfSeX_[T X k[\b[T Xe[T XWV�Tu
HIH �������J! K! )�!LM� �
�T TSTWU^XT _U b[^\eSbXYZ[ ^Î�Uc bUc\cXV XkVUTUeWXVX^ \^ bVUTbS^UeW[ �UVWSfSe[T[ eXT
�cWS^XT _hbX_XT� X[ k[eW[ _U XW\Xc^UeWU T\kUVXVU^ [T XbUTT[T �s[T b[e�UebS[eXSTu RUeWVU
UTWUT TSTWU^XT� [ TSTWU^X jRpo ~½ª¬¦ ¥¯´¯¨¯ª© /§µ·¯±µ¦ ¹««¦¨¨�� ]XTUX_[ U^ WUbe[c[fSX_U UTkXcgX^UeW[ UTkUbWVXc� ��^ TU _UTWXbXe_[ e[ bUe�VS[ ^\e_SXcu o[ cX_[ _[T V�kS_[T
X�XeY[T eX �VUX _U b[^\eSbXYÑUT TU^ �[� X k[k\cXVS�XYZ[ _X SeWUVeUW XWSefU e�^UV[T bX_X
�U� ^XS[VUTu
mUTTU e[�[ bUe�VS[� [ {[VeUbS^UeW[ eZ[ TÎ _U TUV�SY[T _U �[�� ^XT WX^]h^ _U TUV�SY[T _U

_X_[T kXVX XkcSbXYÑUT b[^[ b[VVUS[ UcUWVGeSb[ ~¦â°®¯µ�� eX�UfXYZ[ eX )¦?� WVXeT{UV�ebSX _UXVr\S�[T� XbUTT[ VU^[W[� UWbu� T[]VU VU_UT TU^ �[ �U^ fXegXe_[ bX_X �U� ^XST S^k[VW�ebSX
��u j[^hVbS[ UcUWVGeSb[ ~¦â«ª°°¦¶«¦�� S^XfUeT� ^\cWS^t_SX U UeWVUWUeS^UeW[ TUVZ[ XbUTTt�UST
b[^ r\XcS_X_U X r\Xcr\UV ^[^UeW[ U U^ r\Xcr\UV c\fXV _[ ^\e_[ XWVX�hT _U \^X UTWXYZ[
^Î�Ucu
� kV[W[b[c[ �jq ~<¶®©¨±ª¶· ½ª©·¶ªµ .¶ª·ª«ªµ�� \^ kV[W[b[c[ _U WVXeTk[VWU r\U {X� kXVWU_X ¨§N·¦ nq ~6©·¦¶©¦· .¶ª·ª«ªµ�� h [ kV[W[b[c[ \WScS�X_[ k[V W[_XT UTTXT XkcSbXYÑUTu m[ UeWXeW[�

[ kV[W[b[c[ �jq {[S kV[ËUWX_[ kXVX VU_UT �sXT� [e_U XT WXsXT _U UVV[ _[ bXeXc TZ[ ]XSsXT
U XT kUV_XT _U TUf^UeW[T TZ[ _Ub[VVUeWUT kVSebSkXc^UeWU _[ b[efUTWS[eX^UeW[ eX VU_Uu d^

�



OPQRSTUVWS X
bXeXST TU^ �[� [e_U XT WXsXT _U UVV[ TZ[ XcWXT� [ _UTU^kUeg[ _[ kV[W[b[c[ �jq W[VeXiTUTSfeS�bXWS�X^UeWU _UfVX_X_[� _U�S_[ ` kUV_X _U TUf^UeW[T U X\^UeW[ _[T XWVXT[Tu
o \WScS�XYZ[ _U \^ ^UbXeST^[ kXVX VU_\�SV XT Seb[^kXWS]ScS_X_UT UeWVU [ kV[W[b[c[ �jq

U [ X^]SUeWU TU^ �[ W[VeXiTU S^kVUTbSe_t�Ucu � kV[W[b[c[ |�q ~%®¬¯ª 9¯©# .¶ª·ª«ªµ�� WU^TS_[ kV[k[TW[ b[^[ T[c\YZ[ kXVX UTWU kV[]cU^Xu dTWU kV[W[b[c[ h SeWV[_\�S_[ eX bX^X_X _U
UecXbU� XbS^X _X bX^X_X {tTSbX� U T\X kVSebSkXc {\eYZ[ h ^SeS^S�XV XT kUV_XT _[ kV[W[b[c[
�jq e[ X^]SUeWU TU^ �[ XWVX�hT _X T\]_S�STZ[ _[ TUf^UeW[ �jq U^ ]c[b[T ^Ue[VUTu o
�XeWXfU^ _U kV[W[b[c[T b[^[ [ |�q h T\X S^kcU^UeWXYZ[ UTWXV VUTWVSWX ` bX^X_X _U UecXbU
UeWVU X UTWXYZ[ ]XTU U XT UTWXYÑUT ^Î�UST� eZ[ gX�Ue_[ XTTS^ eUbUTTS_X_U _U ^\_XeYXT e[T
kV[W[b[c[T �jq�nq U k[VWXeW[� ^XeWUe_[ X b[^kXWS]ScS_X_U b[^ X VU_U �sXu
� _UTU^kUeg[ _[ b[eË\eW[ _U kV[W[b[c[T �jq�|�q U^ X^]SUeWUT _U b[^\eSbXYÑUT TU^

�[ jRpo WU^ UTWS^\cX_[ ��VSXT kUTr\STXT �� �� Ø� �� à�� _U ^[_[ r\U [T \T\�VS[T k[TTX^
\WScS�XV XT XkcSbXYÑUT neWUVeUW U^ VU_UT TU^ �[ _U {[V^X b[e���Ucu dskVUTTÑUT ^XWU^�WSbXT
kXVX kV[]X]ScS_X_U _U UVV[ ^h_SX _U ]SW� �X�Z[ _U _X_[T U XWVXT[ ^h_S[ kXVX [ kV[W[b[c[
�jq T[]VU [ TSTWU^X jRpo W�^ TS_[ []WS_XT á� ä� å�� {[VeUbUe_[ [VSUeWXYZ[ kXVX ^Ucg[VXV
[ _UTU^kUeg[ _[ TSTWU^Xu
l^X WhbeSbX _U b[eWV[cU _U UVV[T� bgX^X_X o|� ~¹§·ª°®·¯« %¦±¦®· %¦º§¦¨·�� h VUTik[eT��Uc kUc[ b[eWV[cU _U UVV[T XWVX�hT _U VUWVXeT^STTÑUT _U kXb[WUT e[ kV[W[b[c[ |�qu m[

UeWXeW[� X UTWVXWhfSX o|� eZ[ XkVUTUeWX \^X ][X U�bS�ebSX U^ bXeXST [e_U XT WXsXT _U UVV[
TZ[ XcWXTu mUTWUT bXeXST [b[VVU^ \^ fVXe_U e�^UV[ _U VUWVXeT^STTÑUT� b[eTUr�UeWU^UeWU
_S^Se\Se_[ [ _UTU^kUeg[ _[ TSTWU^Xu mUTTU bXT[� X b[^]SeXYZ[ _X WhbeSbX adj ~a[V�XV_
dVV[V j[VVUbWS[e� b[^ _UWUbYZ[ U VUWVXeT^STTZ[ k[_U TUV ^XST U�bSUeWU r\U [ o|� T[�Seg[u
dTWX UTWVXWhfSX� bgX^X_X _U o|� gt]VS_[ é�� k[_U VUXcS�XV \^X ^Ucg[VX TSfeS�bXWS�X _U
_UTU^kUeg[ U^ TSTWU^XT _U b[^\eSbXYZ[ ^Î�Ucu
HIY �LZ�[��! K! [��L�M\!
� []ËUWS�[ _UTWU WVX]Xcg[ h X�XcSXV X U�bS�ebSX _[T kV[W[b[c[T �jq�|�q \WScS�Xe_[ X UTWVXiWhfSX o|� �t]VS_[ e[ kV[W[b[c[ |�q b[^[ WhbeSbX _U b[eWV[cU _U UVV[u �X�Z[ _U _X_[T U
XWVXT[ ^h_S[ _U TUf^UeW[T �jq TZ[ XT ^U_S_XT _U _UTU^kUeg[ XeXcSTX_XT e[ UecXbU VU�UVT[
_U \^ TSTWU^X jRpo b[eTWSW\t_[ k[V ^�cWSkcXT bhc\cXTu oT ^U_S_XT _U _UTU^kUeg[ TZ[
X�XcSX_XT kXVX [T bXT[T _U XcWX U ]XSsX ^[]ScS_X_U _[ \T\�VS[u] b[eTS_UVX_[ \^ TSTWU^X ^\cWSbUc\cXV� U^ r\U X bhc\cX WU^ {[V^XW[ bSVb\cXV� b[^ \T\�i
VS[T _STWVS]\t_[T \eS{[V^U^UeWU eX bhc\cXu m[ bUeWV[ _X bhc\cX UsSTWU \^X UTWXYZ[ ]XTU�
r\U b[eWV[cX [T \T\�VS[T r\U VUbU]U^ [ TSeXc b[^ ^XS[V et�Uc _U k[W�ebSX e[ UecXbU _Si
VUW[u � bXeXc h TUcUWS�[ U^ {VUr��ebSX� [\ TUËX� h bXkX� _U fUVXV ^�cWSkc[T kUVb\VT[T� b[^
_UT�XeUbS^UeW[ _[ WSk[ |X�cUSfgu



OPQRSTUVWS ^
neWUV{UV�ebSX _U XbUTT[ ^�cWSkc[� kUV_X _U kUVb\VT[ Usk[eUebSXc� T[^]VUX^UeW[ c[fe[V^Xc

U UVV[ e[ b[eWV[cU _U k[W�ebSX TZ[ WX^]h^ b[eTS_UVX_[T eX Xe�cSTU _U _UTU^kUeg[ _[ TSTWU^Xu
HI_ ��`���a��J! K!  ��L�M\!
dTWU WVX]Xcg[ h XkVUTUeWX_[ U^ bSeb[ bXktW\c[T� [e_U [ kVS^USV[ bXktW\c[ XkVUTUeWX \^X
SeWV[_\YZ[ U X ^[WS�XYZ[ kXVX VUXcS�XYZ[ _UTWU WVX]Xcg[u
� bXktW\c[ � XkVUTUeWX b[ebUSW[T� UcU^UeW[T U bXVXbWUVtTWSbXT _[ TSTWU^X jRpou �^[_Uc[

_[ TSTWU^X jRpo ^\cWSbUc\cXV \WScS�X_[ e[ WVX]Xcg[ U XT b[eTS_UVXYÑUT {USWXT e[ ^[_UcXi
^UeW[ ^XWU^�WSb[ TZ[ _UTbVSW[Tu
m[ bXktW\c[ Ø _UTbVU�UiTU XT kVSebSkXST bXVXbWUVtTWSbXT _[T kV[W[b[c[T �jq U |�qu dsi

kVUTTÑUT ^XWU^�WSbXT U TS^\cXYÑUT TZ[ \WScS�X_XT kXVX XeXcSTXV X �X�Z[ _U _X_[T U [ XWVXT[
^h_S[ _[ kV[W[b[c[ �jq e[ TSTWU^X jRpou
m[ bXktW\c[ � _UTbVU�UiTU XT UTWVXWhfSXT _U b[eWV[cU _U UVV[ o|� U adj U b[^[ X Whbi

eSbX o|� �t]VS_[� XWVX�hT _X b[^]SeXYZ[ _XT _\XT WhbeSbXT XeWUVS[VUT� k[_U ^Ucg[VXV [
_UTU^kUeg[ _[ TSTWU^Xu dskVUTTÑUT XeXctWSbXT kXVX ^U_SV [ _UTU^kUeg[ _[ kV[W[b[c[ �jq
\TXe_[ \^ UTr\U^X o|� �t]VS_[ TZ[ []WS_XTu ÌS^\cXYÑUT TZ[ \WScS�X_XT kXVX VXWS�bXV XT
UskVUTTÑUT []WS_XTu
� bXktW\c[ à XkVUTUeWX XT b[ebc\TÑUT �eXST U kV[k[TWXT kXVX WVX]Xcg[T {\W\V[Tu
m[ Xk�e_SbU o h _UTbVSW[ [ ^[_Uc[ _U TS^\cXYZ[ \WScS�X_[ kXVX �XcS_XV XT UskVUTTÑUT

_UVS�X_XT e[ bXktW\c[ Ø U �u
� Xk�e_SbU } b[eWh^ [ XVWSf[ XkVUTUeWX_[ U^ TS^kÎTS[ VUT\cWXeWU _UTWU WVX]Xcg[u
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o WhbeSbX _U XbUTT[ ^�cWSkc[ jRpo ~½ª¬¦ ¥¯´¯¨¯ª© /§µ·¯±µ¦ ¹««¦¨¨�� ]XTUX_X eX WUbe[c[fSX_U UTkXcgX^UeW[ UTkUbWVXc� h bXVXbWUVS�X_X kUc[ b[^kXVWScgX^UeW[ _U \^X ^UT^X {XSsX _U
{VUr��ebSXT k[V ��VS[T \T\�VS[T _\VXeWU W[_[ [ WU^k[u nTW[ TÎ h k[TTt�Uc k[Vr\U bX_X \T\�VS[
\WScS�X \^X TUr��ebSX kTU\_[iXcUXWÎVSX ~bÎ_Sf[� _S{UVUeWU kXVX X WVXeT^STTZ[ _X Se{[V^XYZ[uo WhbeSbX jRpo WU^iTU ^[TWVX_[ kV[^STT[VX UeWVU XT WhbeSbXT _U XbUTT[ ^�cWSkc[ UsSTWUeWUT�X[ k[eW[ _U WUV TU W[VeX_[ X WUbe[c[fSX kVU{UVS_X kXVX [T TSTWU^XT _U b[^\eSbXYZ[ kUTT[Xc
TU^ �[ _U WUVbUSVX fUVXYZ[u
YIH ��[�!K��J!
oT [VSfUeT _X WhbeSbX _U UTkXcgX^UeW[ UTkUbWVXc Ueb[eWVX^iTU U^ TSTWU^XT ^ScSWXVUT ���u
dTWX WhbeSbX� r\U SeSbSXc^UeWU {[S _UTUe�[c�S_X kXVX eU\WVXcS�XV XT SeWUV{UV�ebSXT SeWUebS[i
eXST ~f®°°¯©³�� kV[�[\iTU XcWX^UeWU X_Ur\X_X kXVX XkcSbXYÑUT bUc\cXVUTu � T\VfS^UeW[ _[TSTWU^X jRpo _U\iTU k[V �[cWX _U �éà�� ^XT kVUbSTX^UeWU U^ �é�é� r\Xe_[ Ð[ge qSUVbU
UTbVU�U\ \^ ^U^[VXe_[ bSUeWt�b[ [e_U UcU _UTbVU�U\ \^ TSTWU^X e[ r\Xc \^ ^US[ b[^\^
WVXeTk[VWX�X TSeXST b[_S�bX_[T r\U kVUbSTX�X^ TUV TSebV[eS�X_[Tu okÎT Xcf\eT Xe[T _U kUTi
r\STX U \T[ U^ TSTWU^XT ^ScSWXVUT U _U eX�UfXYZ[� X WhbeSbX _U UTkXcgX^UeW[ UTkUbWVXc {[S
kV[k[TWX kXVX \T[ U^ XkcSbXYÑUT bUc\cXVUT k[V j[[kUV U mUWWcUW[e U^ �éäåu m[T Xe[T å��
X U^kVUTX �\Xcb[^^ Se�UTWS\ e[ _UTUe�[c�S^UeW[ _X WhbeSbX RÌijRpo ~¥¯¶¦«· Â¦º§¦©«¦
i jRpo�� XkcSbX_X eXT b[^\eSbXYÑUT ^Î�UST bUc\cXVUT� VUT\cWXe_[ e[ kX_VZ[ jRpoinÌ éà�
U^ Ë\cg[ _U �ééØu o [kUVXYZ[ b[^UVbSXc _[T TSTWU^XT nÌiéà b[^UY[\ e[ Xe[ _U �ééáu� kX_VZ[ nÌiéà� _Uk[ST _U \^X kVS^USVX VU�STZ[ U^ �ééà� {[S _Ue[^SeX_[ nÌiéàouo �UVTZ[o _XT UTkUbS�bXYÑUT U�[c\S\ kXVX [ kX_VZ[ nÌiéà}� eX r\Xc e[�XT bXVXbWUVtTWSbXT VUcXbS[eX_XT` ^XS[VUT WXsXT _U WVXeT^STTZ[ _U _X_[T� Xcf[VSW^[T _U ¨ªæ· ¾®©¬ªè U WhbeSbXT _U b[eWV[cU _Uk[W�ebSX {[VX^ SeWV[_\�S_XTu oT kVSebSkXST kV[k[TWXT kXVX TSTWU^XT _U b[^\eSbXYZ[ ^Î�Uc _U

�



g hijQklm nopq r
WUVbUSVX fUVXYZ[� jRpo���� UsjRpo ~jRpo {XSsX cXVfX�� \WScS�X^ X WUbe[c[fSX jRpo
b[^[ ]XTUu
YIY *!����[!� *�+�
m[ TSTWU^X jRpo� X bX_X \T\�VS[ h XWVS]\t_X \^X TUr��ebSX _U bÎ_Sf[ �eSbX� UTWX TUr��ebSX
h \TX_X kXVX b[_S�bXV [ TSeXc _U Se{[V^XYZ[u m[ [\WV[ cX_[� [ VUbUkW[V b[egUbUe_[ XT
TUr��ebSXT _U bÎ_Sf[ _[T \T\�VS[T� _Ub[_S�bX [ TSeXc VUbU]S_[ U VUb\kUVX [ TSeXc [VSfSeXcu
o _STWSeYZ[ UeWVU [T TSeXST UTkXcgX_[T _[T \T\�VS[T TÎ h k[TTt�Uc _U�S_[ X bXVXbWUVtTWSbX _U
[VW[f[eXcS_X_U UeWVU XT TUr��ebSXT _U UTkXcgX^UeW[u j[^[ X cXVf\VX _U ]Xe_X _[ TSeXc
b[_S�bX_[ h ^\SW[ ^XS[V r\U X _[ TSeXc [VSfSeXc� [ kV[bUTT[ _U b[_S�bXYZ[ UskXe_U ~UTkXcgX�
[ UTkUbWV[ _[ TSeXc ~aSfu �u��u o VX�Z[ UeWVU X cXVf\VX _U ]Xe_X _[ TSeXc WVXeT^SWS_[ U^
VUcXYZ[ ` cXVf\VX _U ]Xe_X _[ TSeXc _U Se{[V^XYZ[ h bgX^X_X _U fXeg[ _U kV[bUTTX^UeW[
(Gp)
Ï

Gp =
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[e_U Wt

h X cXVf\VX _U ]Xe_X _[ TSeXc WVXeT^SWS_[ U Wi
h X cXVf\VX _U ]Xe_X _[ TSeXc _U

Se{[V^XYZ[u

Frequência

Sinal espalhado espectralmenteP
ot

ên
ci
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Sinal de informação faixa−estreita

aSfu �u�Ï dTkXcgX^UeW[ dTkUbWVXc
ÌSeXST UTkXcgX_[T UTkUbWVXc^UeWU k[TT\U^ kV[kVSU_X_UT r\U _S{UVU^ _XT kV[kVSU_X_UT _[T

TSeXST _U {XSsX UTWVUSWXu oT ^XST SeWUVUTTXeWUT TZ[ _STb\WS_XT ]VU�U^UeWU X TUf\SVu
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uvuvw xyzy{|}y}~ }~ �{~��� ����|z��
pUT^[ r\U ��VS[T \T\�VS[T WVXeT^SWX^ X[ ^UT^[ WU^k[� \WScS�Xe_[ \^X ^UT^X {XSsX _U
{VUr��ebSXT _U WVXeT^STTZ[� [ VUbUkW[V XSe_X h bXkX� _U _STWSef\SV [T \T\�VS[T� STW[ k[Vr\U
bX_X \T\�VS[ \WScS�X \^X TUr��ebSX bÎ_Sf[ �eSbX r\U k[TT\S b[VVUcXYZ[ bV\�X_X �UV[ b[^
XT TUr��ebSXT bÎ_Sf[ _U [\WV[T \T\�VS[Tu o[ TU {X�UV X b[VVUcXYZ[ _[ TSeXc VUbU]S_[ b[^ X
T\X TUr��ebSX bÎ_Sf[� []Wh^iTU \^X UTWS^XWS�X _[ TSeXc _U Se{[V^XYZ[ _UTWU \T\�VS[ _UTUiËX_[� XWVX�hT _X VU_\YZ[ _X {XSsX _U {VUr��ebSXT _[ TSeXc WVXeT^SWS_[� Uer\XeW[ [T [\WV[T
TSeXST kUV^XeUbUVZ[ UTkXcgX_[Tu RUTTX {[V^X� _UeWV[ _X cXVf\VX _U ]Xe_X _U Se{[V^XYZ[�
X k[W�ebSX _[ \T\�VS[ _UTUËX_[ TUV� ^\SW[ ^XS[V r\U X k[W�ebSX _[T SeWUV{UVUeWUT ~_U^XST
\T\�VS[T�u
uvuvu ����~��� {����y ���~��~���{|y ����|z~�{����
RU�S_[ `T VU�UsÑUT U VU{VXYÑUT U^ \^ bXeXc _U V�_S[� eZ[ g� T[^UeWU \^ kUVb\VT[ UeWVU
[ WVXeT^STT[V U [ VUbUkW[Vu � TSeXc VUbU]S_[ h b[^k[TW[ _X T[^X _XT ��VSXT b[^k[eUeWUT
^\cWSkUVb\VT[Tu dTWUT TSeXST� _U _S{UVUeWUT kUVb\VT[T TZ[ W[_[T bÎkSXT _[ TSeXc WVXeT^SWS_[�
^XT b[^ _S{UVUeWUT X^kcSW\_UT� {XTUT� XWVXT[T U �ef\c[T _U bgUfX_Xu o X_SYZ[ _UTWXT b[^i
k[eUeWUT e[ VUbUkW[V k[_U TUV b[eTWV\WS�X [\ _UTWV\WS�Xu � UTkXcgX^UeW[ UTkUbWVXc k[_U
b[^]XWUV UTWX SeWUV{UV�ebSX ^\cWSkUVb\VT[� e[ UeWXeW[� STW[ _UkUe_U _X WhbeSbX \TX_X kXVX
fUVXV [ UTkXcgX^UeW[ UTkUbWVXc U _U b[^[ [T ^�cWSkc[T kUVb\VT[T TZ[ WVXWX_[T eX VUbUkYZ[u
uvuv� ��|�y{|}y}~
� TSeXc WVXeT^SWS_[ k[TT\S \^ bUVW[ fVX\ _U kVS�XbS_X_U� k[ST [ TSeXc _U Se{[V^XYZ[ k[_U
TUV []WS_[ T[^UeWU TU [ bÎ_Sf[ \WScS�X_[ kXVX [ UTkXcgX^UeW[ h b[egUbS_[ _[ VUbUkW[Vu
uvuv� �~�~|��� � ���~��~���{|y
� TSTWU^X jRpo [{UVUbU XcWX VUËUSYZ[ X TSeXST SeWUV{UVUeWUTu o[ bgUfXV X[ VUbUkW[V� \^ TSeXc
UTkXcgX_[ UTkUbWVXc^UeWU h VUTWX]UcUbS_[ XWVX�hT _X b[VVUcXYZ[ b[^ X T\X TUr��ebSX bÎ_Sf[u
der\XeW[ STT[� [ TSeXc SeWUV{UVUeWU h UTkXcgX_[� [ r\U VU_\� T\X k[W�ebSX k[V \^ {XW[V Sf\Xc
X[ fXeg[ _U kV[bUTTX^UeW[u
uvuv� xyzy{|}y}~ ������������
] TU^UcgXeWU X kV[kVSU_X_U _U VUËUSYZ[ ` SeWUV{UV�ebSX� e[ UeWXeW[� Xf[VX X SeWUV{UV�ebSX h
kV[k[TSWXc^UeWU b[c[bX_X e[ TSTWU^Xu
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uvuv¡ ¢y|£y ���¤y¤|�|}y}~ }~ ���~�{~z�y���
l^ TSeXc UTkXcgX_[ UTkUbWVXc^UeWU k[TT\S T\X k[W�ebSX W[WXc UTkXcgX_X k[V \^X {XSsX _U
{VUr��ebSXT ]XTWXeWU X^kcX� [ r\U _S�b\cWX X T\X _UWUbYZ[ U SeWUVbUkWXYZ[ k[V ^US[T b[e�Uei
bS[eXSTu
YI_  ¥������ K� +!K�M��J! K� ��¦�M\� ��[! ��¦��[��M
j[^[ X cXVf\VX _U ]Xe_X _[ TSeXc UTkXcgX_[ UTkUbWVXc^UeWU h ^\SW[ ^XS[V r\U X cXVf\VX _U
]Xe_X _[ TSeXc _U Se{[V^XYZ[� [ kV[bUTT[ _U X\^UeW[ ~UTkXcgX^UeW[� _[ UTkUbWV[ _[ TSeXc
VUbU]U X _Ue[^SeXYZ[ _U ^[_\cXYZ[ _U UTkXcgX^UeW[ UTkUbWVXc ���u dsSTWU^ ��VSXT WhbeSbXT
_U ^[_\cXYZ[ kXVX fUVXV TSeXST UTkXcgX_[T UTkUbWVXc^UeWU� TUe_[ XT _\XT {[V^XT kVSebSkXSTÏ
UTkXcgX^UeW[ k[V TUr��ebSX _SVUWX ~¥¯¶¦«· Â¦º§¦©«¦ i RÌ� U [ UTkXcgX^UeW[ k[V TXcW[T U^{VUr��ebSX ~5¶¦º§¦©«- çª±±¯©³ i a��
uv�vw §�zy�¨y©~��� z�� ª~«¬��{|y |�~�y ®ª¯
mX WhbeSbX _U UTkXcgX^UeW[ RÌ [ TSeXc _U Se{[V^XYZ[ h ^\cWSkcSbX_[ _SVUWX^UeWU k[V \^X
TUr��ebSX kTU\_[iXcUXWÎVSX b[^ \^X WXsX ^\SWXT �U�UT T\kUVS[V ` WXsX _U ]SWT _[ TSeXc [VSfSi
eXc� _U WXc {[V^X r\U [ UTkUbWV[ VUT\cWXeWU k[TT\X \^X cXVf\VX _U {XSsX b[VVUTk[e_UeWU^UeWU
UcU�X_Xu � Tt^][c[ _X TUr��ebSX kTU\_[iXcUXWÎVSX h _Ue[^SeX_[ _U «¾¯±u Tc

VUkVUTUeWX X
_\VXYZ[ _U \^ bgSku � b[^]XWU ` SeWUV{UV�ebSX ^\cWSkUVb\VT[ eUTWX WhbeSbX ]XTUSXiTU e[{XW[ _U r\U X TUr��ebSX bÎ_Sf[ _U bX_X \T\�VS[ WU^ {\eYZ[ X\W[b[VVUcXYZ[ S_UXc� STW[ h� X
{\eYZ[ _U X\W[b[VVUcXYZ[ h �UV[ r\Xe_[ \^X _XT TUr��ebSXT UTW� XWVXTX_X U ^�sS^X r\Xe_[
XT TUr��ebSXT UTWZ[ XcSegX_XTu
uv�vu §�zy�¨y©~��� z�� ªy���� ~© °�~«¬��{|y ®°±¯
mX WhbeSbX _U UTkXcgX^UeW[ a� X {VUr��ebSX _X k[VWX_[VX� eX r\Xc [ TSeXc _U Se{[V^XYZ[ h
WVXeT^SWS_[� h �XVS��Uc U^ {\eYZ[ _U \^X TUr��ebSX kTU\_[iXcUXWÎVSXu ÌU X {VUr��ebSX _[TTXcW[T {[V T\kUVS[V ` WXsX _U ]SWT _U Se{[V^XYZ[� WU^iTU X S^kcU^UeWXYZ[ _U \^ TSTWU^X a�i
ÌÌ ~5¶¦º§¦©«- çª±±¯©³âÂ±¶¦®¬ Â±¦«·¶§°� V�kS_[� bXT[ b[eWV�VS[� WU^iTU X S^kcU^UeWXYZ[ _U\^ TSTWU^X a�iÌÌ cUeW[u
YI² �M� ��[!� '����!� K! ���[� � ��³*�+�
uv�vw �~{~z��� �y´~
d^ \^ bXeXc ^\cWSkUVb\VT[� [ TSeXc WVXeT^SWS_[ [VSfSeXc T[{VU VU�UsÑUT U^ []TW�b\c[T� WXST
b[^[� kVh_S[T U ^[eWXegXT� _U WXc {[V^X r\U [ VUbUkW[V VUbU]U ��VSXT bÎkSXT _[ TSeXc b[^
_S{UVUeWUT XWVXT[Tu ÌU UTTUT TSeXST ^\cWSkUVb\VT[ bgUfX^ b[^ kUc[ ^Ue[T \^ bgSk X{XTWX_[T



g hijQklm nopq µ

\^ _[T [\WV[T ~kUVb\VT[T VUT[c�t�UST�� [ VUbUkW[V |X�U k[_U b[^]Se�ic[T b[e�UeSUeWU^UeWU
kXVX WUeWXV VUfUeUVXV [ TSeXc [VSfSeXcu
� VUbUkW[V |X�U b[eTSTWU _U \^ VX^[ VUbUkW[V kXVX bX_X TSeXc ^\cWSkUVb\VT[u d^ bX_X

VX^[� [ TSeXc VUbU]S_[ h b[VVUcXbS[eX_[ k[V \^X TUr��ebSX _U UTkXcgX^UeW[� X r\Xc h XWVXTX_X
_U Xb[V_[ b[^ X b[^k[eUeWU ^\cWSkUVb\VT[u RUk[ST _U VUb\kUVX_[T� [T TSeXST TZ[ k[e_UVXi_[T U b[^]SeX_[T \TXe_[� k[V UsU^kc[� b[^]SeXYZ[ _U ^�sS^X VX�Z[� [\ TUËX� bX_X TSeXc
^\cWSkUVb\VT[ h k[e_UVX_[ kUc[ fXeg[ _[ kUVb\VT[ ~{XW[V _U XWUe\XYZ[�u
uv�vu x������~ }~ �����{|y
m[ UecXbU VU�UVT[ _U \^ TSTWU^X RÌijRpo� [ b[eWV[cU _U k[W�ebSX h eUbUTT�VS[� k[V bX\TX _XSeWUV{UV�ebSX _U XbUTT[ ^�cWSkc[u d^ \^ TSTWU^X RÌijRpo� W[_[T [T \T\�VS[T WVXeT^SWU^
\TXe_[ X ^UT^X cXVf\VX _U ]Xe_X U X[ ^UT^[ WU^k[� _UTTX {[V^X [T \T\�VS[T SeWUV{UVU^
\eT b[^ [T [\WV[Tu RU�S_[ X[ ^UbXeST^[ _U kV[kXfXYZ[� [ TSeXc VUbU]S_[ k[V \^X UTWXYZ[
]XTU kV[�UeSUeWU _U \^X UTWXYZ[ ^Î�Uc kVÎsS^X kV[�X�Uc^UeWU TUV� ^XST {[VWU r\U [ TSeXc
VUbU]S_[ kV[�UeSUeWU _U \^X UTWXYZ[ ^Î�Uc c[bXcS�X_X e[T cS^SWUT _X bhc\cXu oTTS^� [ TSeXc
{[VWU _U \^ \T\�VS[ kVÎsS^[ _X UTWXYZ[ ]XTU k[_U kVU�XcUbUV T[]VU [ TSeXc {VXb[ _U \^
\T\�VS[ _STWXeWUu nTW[ h _Ue[^SeX_[ _U U{USW[ ©¦®¶âæ ¦®¶uqXVX ^XsS^S�XV [ e�^UV[ _U \T\�VS[T e[ TSTWU^X� W[_[T [T TSeXST� Se_UkUe_UeWU^UeWU
_X _STW�ebSX _UcUT U^ VUcXYZ[ ` UTWXYZ[ ]XTU� _U�U^ bgUfXV eX UTWXYZ[ ]XTU b[^ X ^UT^X
k[W�ebSXu � b[eWV[cU _U k[W�ebSX WUeWX ^XeWUV X k[W�ebSX ^h_SX VUbU]S_X kUcX UTWXYZ[
]XTU b[eTWXeWU kXVX bX_X \T\�VS[u � b[eWV[cU _U k[W�ebSX h \^ _[T {XW[VUT bV\bSXST eX
_UWUV^SeXYZ[ _X bXkXbS_X_U _U \^ TSTWU^X RÌijRpou
uv�v� ¶·̧ � ¹��º·»
ç®©¬ªè h X WVXeT{UV�ebSX _U \^X UTWXYZ[ ^Î�Uc _U \^ bXeXc _U �[� kXVX [\WV[� r\Xe_[X r\XcS_X_U _U WVXeT^STTZ[ bXS X]XSs[ _U \^ bUVW[ cS^SWUu � kV[bUTT[ _U ¾®©¬ªè U^ \^TSTWU^X jRpo _S{UVU _[T [\WV[T TSTWU^XT U^ ^\SW[T XTkUbW[Tu R[ ^UT^[ ^[_[ r\U e[T
[\WV[T TSTWU^XT� XT UTWXYÑUT ^Î�UST U^ \^ TSTWU^X jRpo W�^ \^ kXkUc S^k[VWXeWU e[
kV[bUTT[ _U ¾®©¬ªè� X[ {X�UVU^ ^U_S_XT U VUcXWXVU^ [T VUTkUbWS�[T VUT\cWX_[T kXVX X UTWXYZ[]XTU� r\U k[V T\X �U� \WScS�X UTWXT ^U_S_XT kXVX _UWUV^SeXV r\Xe_[ \^ ¾®©¬ªè h eUbUTT�VS[uo _S{UVUeYX UTW� e[ {XW[ _U r\U e[T [\WV[T TSTWU^XT X kXVWSbSkXYZ[ _X UTWXYZ[ ^Î�Uc UTWX
VUTWVSWX ` ^U_S_XT U VUcXWÎVS[T� Uer\XeW[ e[ TSTWU^X jRpo [ kV[bUTT[ _U ¾®©¬ªè k[_UTUV SeSbSX_[ kUcX UTWXYZ[ ^Î�Ucu � kV[bUTT[ _U ¾®©¬ªè WU^ SetbS[ r\Xe_[ X UTWXYZ[ ^Î�Uc�]XTUX_[ eX Xe�cSTU _U T\XT ^U_S_XT� VUb[egUbU r\U [ ¾®©¬ªè _U�U TUV VUXcS�X_[ ���um[ ¨ªæ· ¾®©¬ªè X UTWXYZ[ ^Î�Uc h b[eUbWX_X ` ^XST r\U \^X UTWXYZ[ ]XTU TS^\cWXeUX^UeiWUu � ¨ªæ· ¾®©¬ªè h \TX_[ U^ jRpo kXVX VU_\�SV X SeWUV{UV�ebSX _UeWV[ _U [\WVXT bhc\cXT



g hijQklm nopq ¼

U ^Ucg[VXV [ _UTU^kUeg[ XWVX�hT _U ^XbV[ _S�UVTS_X_U ~WVXeT^STTZ[ _X ^UT^X Se{[V^XYZ[
XWVX�hT _U _S{UVUeWUT bXeXST� �STW[ r\U X UTWXYZ[ ^Î�Uc k[_U ^XeWUV b[^\eSbXYZ[ TS^\cW�eUX
b[^ ��VSXT UTWXYÑUT ]XTU�u
uv�v� ~�~{��� ����|���½�|�
|UbUkW[VUT jRpo TZ[ ]XTUX_[T e[ kVSebtkS[ _[ VUbUkW[V |X�U� [ r\Xc b[eTS_UVX [ TSeXc
_U [\WV[T \T\�VS[T b[^[ SeWUV{UV�ebSXu RUTTX {[V^X� X bXkXbS_X_U _U TSTWU^XT RÌijRpo
\TXe_[ VUbUkW[V |X�U h cS^SWX_X U^ SeWUV{UV�ebSXu nTW[ TSfeS�bX r\U ` ^U_S_X r\U e[�[T
\T\�VS[T UeWVX^ e[ TSTWU^X� X r\XcS_X_U _U TUV�SY[ _U W[_[T [T \T\�VS[T _S^Se\Su o _UWUbYZ[
^\cWS\T\�VS[� X[ \WScS�XV XT Se{[V^XYÑUT _U W[_[T [T \T\�VS[T kXVX ^Ucg[VXV X _UWUbYZ[ _U
bX_X \T\�VS[ Se_S�S_\Xc^UeWU� {[VeUbU ^US[T kXVX VU_\�SV [ U{USW[ _X SeWUV{UV�ebSX _U XbUTT[
^�cWSkc[� U k[VWXeW[ X\^UeWXV X bXkXbS_X_U _[ TSTWU^Xu
YI¾ +!K�M! K! ���[� �
� ^[_Uc[ _[ TSTWU^X jRpo b[eTS_UVX_[ eUTWU WVX]Xcg[ h b[eTWSW\t_[ k[V C bhc\cXT U N\T\�VS[T _STWVS]\t_[T \eS{[V^U^UeWU U^ bX_X bhc\cXu o Xe�cSTU _U _UTU^kUeg[ _[ TSTWU^X
h VUXcS�X_X e[ UecXbU VU�UVT[ _U \^X bhc\cX UTb[cgS_X� bgX^X_X _U bhc\cX Xc�[u �[_XT XT
bhc\cXT k[TT\U^ {[V^XW[ bSVb\cXV U e[ bUeWV[ _U bX_X bhc\cX UsSTWU \^X UTWXYZ[ ]XTU ~d}�
b[eWV[cXe_[ XT UTWXYÑUT ^Î�UST ~dpT�u
� bXeXc TUcUWS�[ U^ {VUr��ebSX kV[_\� L kUVb\VT[T� [e_U bX_X kUVb\VT[ XkVUTUeWX _UT�XieUbS^UeW[ _[ WSk[ |X�cUSfgu j[_S�bXYZ[ _U bXeXc� ^[eSW[VXYZ[ _[ TSeXc _[ \T\�VS[ k[V ��VSXT

UTWXYÑUT ]XTU TS^\cWXeUX^UeWU� kUV_X _U kUVb\VT[ Usk[eUebSXc� T[^]VUX^UeW[ c[fe[V^Xc U
UVV[ e[ ^UbXeST^[ _U b[eWV[cU _U k[W�ebSX TZ[ {UeG^Ue[T WX^]h^ b[eTS_UVX_[Tu
o aSfu �u� XkVUTUeWX XT WXsXT _U WVXeT^STTZ[ U^ bX_X UWXkX _[ ^[_Uc[ b[eTS_UVX_[u

mX bX^X_X _U XkcSbXYZ[� [ TSeXc _U Se{[V^XYZ[ h Ue�SX_[ X \^X WXsX Rb = 1
Tb

� [e_U Tb
h

[ SeWUV�Xc[ _U ]SW _[ TSeXc _U Se{[V^XYZ[u d^ TUf\S_X� XkÎT kXTTXV k[V \^ b[_S�bX_[V _U
WXsX rc

� X WVXeT^STTZ[ kXTTX X TUV VUXcS�X_X ` WXsX _U Rbc = 1
Tbc

� [e_U Tbc
h [ SeWUV�Xc[ _U ]SW

b[_S�bX_[ _X_[ k[V Tbc = rcTb
u okÎT X b[_S�bXYZ[� [ TSeXc h UTkXcgX_[ T[]VU \^X cXVf\VX

_U ]Xe_X Wc = 1
Tc

u okÎT UTTX UWXkX� X WXsX _U WVXeT^STTZ[ h _X_X k[V Rc = 1
Tc

u � fXeg[
_U kV[bUTTX^UeW[ _[ TSeXc eZ[ b[_S�bX_[ h _X_[ k[V G = Tb

Tc

U [ fXeg[ _U kV[bUTTX^UeW[ _[
TSeXc b[_S�bX_[ h _X_[ k[V Gc = Tbc

Tc

u
� ^[_Uc[ kXTTXi]XSsXT _[ TSeXc WVXeT^SWS_[ b[^kVUUe_Ue_[ N \T\�VS[T U^ bX_X \^X_XT
C bhc\cXT h _X_[ k[VÏ

s(t) =
CN
∑

n=1

sn(t) ~�u��
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Espalhamento

Aplicação

rc

Rb = 1
Tb

Rbc = 1
Tbc

Rc = 1
Tc

aSfu �u�Ï �XsXT _U WVXeT^STTZ[ kXVX bX_X UWXkX _[ ^[_Uc[
[e_U sn(t) VUkVUTUeWX [ TSeXc WVXeT^SWS_[ kUc[ ©ihTS^[ \T\�VS[Ï

sn(t) = Aλny(n)dn(t − τn)cn(t − τn)ejφn ~�uØ�
[e_U A VUkVUTUeWX X X^kcSW\_U _[ TSeXc WVXeT^SWS_[� λn

VUkVUTUeWX [ UVV[ e[ ^UbXeST^[ _U
b[eWV[cU _U k[W�ebSX� dn

VUkVUTUeWX \^ ]SW _U Se{[V^XYZ[ ~dn
h XeWSk[_Xc� [\ TUËX� XTT\^U

�Xc[VUT U^ {+1,−1}�� cn
h X TUr��ebSX _U UTkXcgX^UeW[ UTkUbWVXc ~cn

h WX^]h^ XeWSk[_Xc��
τn
h [ XWVXT[ _U kV[kXfXYZ[� φn

h X {XTU SeSbSXc U y(n) VUkVUTUeWX [ T[^]VUX^UeW[ c[fe[V^XcU X kUV_X _U kUVb\VT[ _X_[ k[V ���Ï

y(n) =















1, n ∈ ÁdpT SeWUVeXT ` bhc\cX Xc�[Â
^Se

b={1,2,3}

(

r
ϑ/2
cn

10ξcn/20

)

10ξ0n/20

r
ϑ/2
0n

, n ∈ ÁdpT UsWUVeXT ` bhc\cX Xc�[Â
~�u��

[e_U ϑ h [ Usk[UeWU kUV_X _U kV[kXfXYZ[� rcn
h X _STW�ebSX _[ ©ihTS^[ \T\�VS[ c[bXcS�X_[ eX

«ihTS^X bhc\cX XWh X T\X d}� r0n
h X _STW�ebSX _UTTU ^UT^[ \T\�VS[ XWh X d} _X bhc\cX Xc�[�

ξcn
b[VVUTk[e_U X[ T[^]VUX^UeW[ UeWVU [ ©ihTS^[ \T\�VS[ c[bXcS�X_[ eX «ihTS^X bhc\cX XWhX T\X d}� ξ0n

b[VVUTk[e_U X[ T[^]VUX^UeW[ UeWVU UTTU ^UT^[ \T\�VS[ XWh X d} _X bhc\cX
Xc�[� [e_U ξ VUkVUTUeWX \^X �XVS��Uc XcUXWÎVSX �X\TTSXeX _U ^h_SX �UV[ U _UT�S[ kX_VZ[ σs

�
X^][T _X_[T U^ _}u � WUV^[ 10

ξ
20
VUkVUTUeWX \^X �XVS��Uc XcUXWÎVSX c[fe[V^Xc r\U ^[_UcX

[ T[^]VUX^UeW[u
j[eTS_UVXiTU r\U \^X dp h ^[eSW[VX_X kUcXT WV�T d}T ^XST kVÎsS^XT� _Xt [T �Xc[VUT

b = 1, 2, 3 eX UskVUTTZ[ ~�u��u oTTS^� X dp TUV� b[eWV[cX_X kUcX d} r\U UsS]SV ^XS[V et�Uc



g hijQklm nopq ¿¿
_U k[W�ebSX VUbU]S_X U eZ[ eUbUTTXVSX^UeWU kUcX d} ^XST kVÎsS^X �Ø�u
o Ur\XYZ[ ~�u�� WVXWX TUkXVX_X^UeWU \T\�VS[T SeWUVe[T U UsWUVe[T ` bhc\cX Xc�[u dpT

TSW\X_XT e[ SeWUVS[V _X bhc\cX Xc�[ TZ[ b[eWV[cX_XT kUcX d} TSW\X_X e[ bUeWV[ _UTWX bhc\cXu
dTWX d} kV[b\VX b[^kUeTXV X kUV_X _U kUVb\VT[ Usk[eUebSXc U [ T[^]VUX^UeW[ c[fe[V^Xc
_[ bXeXc XWVX�hT _U \^ ^UbXeST^[ _U b[eWV[cU _U k[W�ebSXu dTWU ^UbXeST^[ _U b[eWV[cU _U
k[W�ebSX h XTT\^S_[ eZ[ S_UXc� U TU\ UVV[ h ^[_UcX_[ k[V \^X �XVS��Uc XcUXWÎVSX c[fe[V^Xc
á�u �[f[� X �\W\XYZ[ _[ et�Uc _U k[W�ebSX _[ TSeXc _[T \T\�VS[T SeWUVe[T ` bhc\cX Xc�[
[b[VVU _U�S_[ ` S^kUV{USYZ[ _[ ^UbXeST^[ _U b[eWV[cU _U k[W�ebSXu Ð� [T \T\�VS[T UsWUVe[T
` bhc\cX Xc�[� XkVUTUeWX^ Xch^ _[ UVV[ e[ ^UbXeST^[ _U b[eWV[cU _U k[W�ebSX� T[^]VUX^UeW[
c[fe[V^Xc� k[ST UTWUT \T\�VS[T TZ[ b[eWV[cX_[T k[V [\WVXT d}Tu � T[^]VUX^UeW[ c[fe[V^Xc
_[T \T\�VS[T UsWUVe[T h {[VWU^UeWU VU_\�S_[ r\Xe_[ h X_[WX_[ [ b[eWV[cU _U k[W�ebSX _X
UTWXYZ[ ^Î�Uc k[V ��VSXT d}T �Ø�u
�\Xe_[ \^ TSeXc h WVXeT^SWS_[ XWVX�hT _U \^ bXeXc b[^ ^�cWSkc[T kUVb\VT[T �XVSXeWUT

e[ WU^k[� [ TSeXc VUbU]S_[ TUV� b[eTWSW\t_[ k[V ��VSXT bÎkSXT bXVXbWUVS�X_XT k[V XWUe\XYÑUT U
XWVXT[T _S{UVUeWUTu oTTS^� [ bXeXc _U ^�cWSkc[T kUVb\VT[T �XVSXeWUT e[ WU^k[ h bXVXbWUVS�X_[
XWVX�hT _U T\X VUTk[TWX X[ S^k\cT[Ï

h(τ, t) =
L

∑

l=1

αl(t)e
jψl(t)δ(τ − lTc)

~�uà�
[e_U L = Wt

∆fc

VUkVUTUeWX [ e�^UV[ _U bX^Seg[T VUT[c�t�UST� Wt = 1
Tc

h X cXVf\VX _U ]Xe_X
_[ TSeXc kXTTXi]XSsX WVXeT^SWS_[� ∆fcÃ h X cXVf\VX _U ]Xe_X _U b[UV�ebSX _[ bXeXc� αl(t)h [ _UT�XeUbS^UeW[ _[ bXeXc ^[_UcX_[ b[^ _STWVS]\SYZ[ |X�cUSfg U ψl(t)

VUkVUTUeWX X {XTU
SeWV[_\�S_X kUc[ bXeXc ^[_UcX_X b[^[ \^X �XVS��Uc XcUXWÎVSX Se_UkUe_UeWU U \eS{[V^U^UeWU
_STWVS]\t_X e[ SeWUV�Xc[ [0, 2π]

u
ÌU X cXVf\VX _U ]Xe_X _[ TSeXc WVXeT^SWS_[ h ^\SW[ ^XS[V r\U X cXVf\VX _U ]Xe_X _U

b[UV�ebSX _[ bXeXc� [ bXeXc h b[eTS_UVX_[ TUcUWS�[ U^ {VUr��ebSX� _UTTX {[V^X WU^iTU L > 1b[^k[eUeWUT ^\cWSkUVb\VT[Tu
ÌU [ WU^k[ _U _\VXYZ[ _U Tt^][c[ h ^\SW[ ^Ue[V r\U [ WU^k[ _U b[UV�ebSX _[ bXeXc�

[ _UT�XeUbS^UeW[ h b[eTS_UVX_[ cUeW[� c[f[ k[_UiTU b[eTS_UVXV r\U eZ[ UsSTWU �XVSXYZ[ _XT
bXVXbWUVtTWSbXT _[ _UT�XeUbS^UeW[ _UeWV[ _[ SeWUV�Xc[ _U Tt^][c[� VUT\cWXe_[ U^ αl(t)e

jψl(t) =

αle
jψl
u
oTTS^� [ TSeXc VUbU]S_[ h _X_[ k[V ���Ï
Ä
∆fc Å Æ ÇÆÈÉÆ ÊË ÇÌËÍÎÏÐÑÈÆÒ ÓÐÊË ÓÑÓÌÌË ÆÔÕËÌÆÖ×Ó ØÐÈÇÓÌÙË ÊË ÆÙÚÔÈÕØÊË ÊÆÒ ÑÓÙÚÓÐËÐÕËÒ ËÒÚËÑÕÌÆÈÒÊÓ ÒÈÐÆÔÛ



g hijQklm nopq ¿X

r′(t) = h(τ, t) ∗ s(t) + nw(t) ~�uá�
=

L
∑

l=1

CN
∑

n=1

αlne
jψlnsn(t − lTc) + nw(t) ~�uä�

[e_U ∗ VUkVUTUeWX b[e�[c\YZ[ U nw(t) VUkVUTUeWX X Ue�[cWÎVSX b[^kcUsX _[ V\t_[ X_SWS�[�X\TTSXe[ ]VXeb[ b[^ _UeTS_X_U UTkUbWVXc _U k[W�ebSX N0
u

oTT\^Se_[ r\U X {XTU SeSbSXc _U bX_X \T\�VS[ ~φn
� TUËX e\cX� X[ T\]TWSW\SViTU ~�uØ� U^

~�uä� WU^iTUÏ

r′(t) =
L

∑

l=1

CN
∑

n=1

Aαlne
jψlnλny(n)dn(t − lTc − τn)cn(t − lTc − τn) + nw(t) ~�uå�

o �XVS��Uc _U _UbSTZ[ TUV� []WS_X X[ X^[TWVXViTU [ VUT\cWX_[ _X b[VVUcXYZ[ _X TUr��ebSX
kTU\_[iXcUXWÎVSX _[ \T\�VS[ _UTUËX_[ ~n = 1� b[^ [ TSeXc VUbU]S_[u o aSfu �uØ ^[TWVX \^VUbUkW[V _[ WSk[ |X�U \WScS�X_[ kXVX b[^]SeXV [T L kUVb\VT[T b[e�UeSUeWU^UeWUu deWZ[Ï

c1(t − τ1)
TcTcTc

α11e
−jψ11 α21e

−jψ21 αL1e
−jψL1

∑

r′(t)

∫ |UÁuÂ
r(Tbc)

_UWUbW[V _U cS^SXV d̂1

aSfu �uØÏ |UbUkW[V |X�U

r(Tbc) = Re

[

L
∑

k=1

∫ Tbc+kTc+τ1

kTc+τ1

r′(t)c1(t − kTc − τ1)αk1e
−jψk1dt

]

~�ué�
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[e_U Re[.] VUW[VeX X kXVWU VUXc _[ TU\ XVf\^UeW[uÌ\]TWSW\Se_[ ~�uå� U^ ~�ué� U _Uk[ST VUXcS�Xe_[ ^XeSk\cXYZ[ Xcfh]VSbX� k[_UiTU UskVUTTXV
[ TSeXc VUbU]S_[ b[^[Ï

r(Tbc) = λ1ATbc

L
∑

k=1

α2
k1 + g1(Tbc) + g2(Tbc) + Re[N(Tbc)]

~�u���
o kVS^USVX kXVbUcX _X Ur\XYZ[ b[VVUTk[e_U X[ TSeXc _[ \T\�VS[ Xc�[ ~n = 1�u o TUf\e_XkXVbUcX g1(Tbc)

VUkVUTUeWX X SeWUV{UV�ebSX fUVX_X kUc[T ^�cWSkc[T kUVb\VT[T _[ \T\�VS[ Xc�[ U
h _X_[ k[VÏ

g1(Tbc) =
L

∑

k=1

L
∑

l 6=k

αk1αl1Aλ1I1lk(Tbc, τ1)cos(ψk1 − ψl1)
~�u���

[e_UÏ

Inlk(Tbc, τn) =

∫ Tbc+kTc

kTc

dn(t − lTc − τn)cn(t − lTc − τn)c1(t − kTbc − τ1)dt ~�u���
] T\k[TW[ r\U W[_XT XT TUr��ebSXT _U UTkXcgX^UeW[ TZ[ TUr��ebSXT XcUXWÎVSXT ]Se�VSXT

Se_UkUe_UeWUT b[^ �Xc[V ^h_S[ e\c[� [\ TUËX Inlk(Tbc, τn) = 0
u och^ _STT[� [ {[V^XW[ _[

k\cT[ _U bgSk h XTT\^S_[ TUV VUWXef\cXV ���� _XtÏ

I2
nlk(Tbc, τn) =

2GcT
2
c

3
~�u�Ø�

[e_U Gc = rcG
u

o WUVbUSVX kXVbUcX b[VVUTk[e_U ` SeWUV{UV�ebSX _U ^�cWSkc[T kUVb\VT[T fUVX_X kUc[T _U^XST
\T\�VS[T _[ TSTWU^XÏ

g2(Tbc) =
CN
∑

n 6=1

L
∑

k=1

αk1

L
∑

l=1

αl1Aλny(n)cos(ψln − ψk1)Inlk(Tbc, τn) ~�u���
j[^[ N À 1

� X SeWUV{UV�ebSX _U�S_[ X[T ^�cWSkc[T kUVb\VT[T _U XkUeXT \^ \T\�VS[ h
^\SW[ ^Ue[V r\U X SeWUV{UV�ebSX _U W[_[T [T [\WV[T \T\�VS[T _[ TSTWU^X� [\ TUËX� g1(Tbc) ¿
g2(Tbc)

u oTTS^� k[_UiTU _UTb[eTS_UVXV g1(Tbc)
u

� WUV^[ g2(Tbc)
VUkVUTUeWX \^ T[^XWÎVS[ _U CN �XVS��UST XcUXWÎVSXT Se_UkUe_UeWUT _U^h_SX e\cXu q[VWXeW[� _U Xb[V_[ b[^ [ WU[VU^X bUeWVXc _[ cS^SWU� kXVX CN fVXe_U� g2(Tbc)k[_U TUV b[eTS_UVX_X \^X �XVS��Uc XcUXWÎVSX �X\TTSXeX _U ^h_SX e\cX U �XVS�ebSX σ2

g2

� _UT_U
r\U b[e_SbS[eX_X X[T kUT[T _[T VX^[T _[ VUbUkW[V U X[ UVV[ e[ b[eWV[cU _U k[W�ebSX _[
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\T\�VS[ Xc�[u
j[^[ cos(ψln − ψk1) = 1

2
h XTT\^S_[ r\U [ UVV[ e[ ^UbXeST^[ _U b[eWV[cU _U k[W�ebSX

XkVUTUeWX X ^UT^X _STWVS]\SYZ[ kXVX W[_[T [T \T\�VS[T� λ2
n = λ

� U r\U W[_[T [T \T\�VS[T
T[{VU^ \^ _UT�XeUbS^UeW[ b[^ X ^UT^X _STWVS]\SYZ[� α2

ln = α2
l

� X �XVS�ebSX _U g2(Tbc)
h

_X_X k[VÏ

σg2
2

=
GcT

2
c

3
A2

L
∑

k=1

α2
k1

L
∑

l=1

α2
l λ2[(N − 1) + mI ]

~�u�à�
[e_U mI =

∑CN
N+1 y(n)2 h X ^h_SX _X SeWUV{UV�ebSX UsWUVeX �Ø�u neWUV{UV�ebSX UsWUVeX h XSeWUV{UV�ebSX b[eTS_UVX_X eX UTWXYZ[ ]XTU _X bhc\cX bUeWVXc _U�S_[ XT UTWXYÑUT ^Î�UST r\U

eZ[ UTWZ[ TUe_[ b[eWV[cX_XT k[V UTWX UTWXYZ[ ]XTUu
o �cWS^X kXVbUcX _X dru ~�u��� h \^X �XVS��Uc XcUXWÎVSX �X\TTSXeX b[^ ^h_SX e\cX U

�XVS�ebSX _X_X k[VÏ

σ2
nw

= N0Tbc

L
∑

k=1

α2
k1

~�u�á�
q[VWXeW[� r(Tbc)

k[_U TUV ^[_UcX_[ b[^[ \^X �XVS��Uc XcUXWÎVSX �X\TTSXeX _U ^h_SX mrU _UT�S[ kX_VZ[ σr
� b[e_SbS[eX_X X[ UVV[ e[ ^UbXeST^[ _U b[eWV[cU _U k[W�ebSX _[ \T\�VS[

Xc�[ U X[T _UT�XeUbS^UeW[T _U�S_[T X[T ^�cWSkc[T kUVb\VT[T� _X_[ k[V ���Ï

r(Tbc) = N(mr, σ
2
r)

~�u�ä�
[e_UÏ

mr = λ1ATbc

L
∑

k=1

α2
k1

~�u�å�

σ2
r = A2T 2

bcc
L

∑

k=1

α2
k1 + N0Tbc

L
∑

k=1

α2
k1

~�u�é�
U

c =
1

3Gc

L
∑

l=1

α2
l λ2[(N − 1) + mI ]

~�u���
� UVV[ e[ b[eWV[cU _U k[W�ebSX h ^[_UcX_[ k[V λ = 10

x
10
� [e_U x h \^X �XVS��Uc XcUXiWÎVSX �X\TTSXeX _X_X U^ _}� _U ^h_SX �UV[ U _UT�S[ kX_VZ[ σx
u o {\eYZ[ _UeTS_X_U _U

kV[]X]ScS_X_U _U \^X �XVS��Uc c[fe[V^Xc h _X_X k[VÏ
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pλ(λ) =
1√

2πσλλ
e
− 1

2

(

ln(λ)−µλ
σλ

) ~�u���
[e_U µλ

U σλ
TZ[ X ^h_SX U [ _UT�S[ kX_VZ[ c[fXVtW^Sb[T� VUTkUbWS�X^UeWUu

o ^h_SX U [ _UT�S[ kX_VZ[ U^ _} k[_U^ TUV bXcb\cX_[T k[V µλ,dB = 10
ln 10

µλ
U σλ,dB =

10
ln 10

σλ
� VUTkUbWS�X^UeWUu �Xc[VUT bXVXbWUVtTWSb[T kXVX X^][T TZ[Ï µλ,dB = 0

_} U σλ,dB = 1_}u � �Xc[V r\X_V�WSb[ ^h_S[ _[ UVV[ e[ b[eWV[cU _U k[W�ebSX h _X_[ k[VÏ λ2 = e2σ2
λ
�Ø�u

� _UT�XeUbS^UeW[ h ^[_UcX_[ b[^[ \^X �XVS��Uc XcUXWÎVSX _[ WSk[ |X�cUSfgÏ

pαl
(αl) =

αl

σ2
αl

e
−

α2
l

2σ2
αl

~�u���
� �Xc[V ^h_S[ U [ �Xc[V r\X_V�WSb[ ^h_S[ _[ _UT�XeUbS^UeW[ TZ[ _X_[T k[V αl =

√

π
2
σαlU α2

l = 2σ2
αl

� VUTkUbWS�X^UeWU� [e_U σαl

h [ _UT�S[ kX_VZ[ _X �X\TTSXeX r\U fUV[\ X �XVS��Uc
|X�cUSfgu
j[eTS_UVXe_[ ^[_\cXYZ[ }qÌÍ ~,¯©®¶- .¾®¨¦ Â¾ ǣ · Å¦-¯©³�� X kV[]X]ScS_X_U _U UVV[_U ]SW b[_S�bX_[ b[e_SbS[eX_X X[ _UT�XeUbS^UeW[ U X[ UVV[ e[ ^UbXeST^[ _U b[eWV[cU _U

k[W�ebSX h _X_X k[V ���Ï

Pbc(e | λ, α)] = Q(
√

2γbc)
~�u�Ø�

[e_U Q(.) h X �VUX T[] X bX\_X _U \^X {\eYZ[ �X\TTSXeX� _U�eS_X k[VÏ

Q(x) =
1√
2π

∫ ∞

x

e−t2/2dt, x ≥ 0 ~�u���
U α =

∑L
i=1 α2

l
VUkVUTUeWX \^X �XVS��Uc XcUXWÎVSX bgSir\X_VX_X bUeWVXc� b\ËX {\eYZ[ _UeTS_X_U_U kV[]X]ScS_X_U h _X_X k[VÏ

pα(α) =
1

(L − 1)!(α/L)L
αL−1e−

α
α/L ~�u�à�

[e_U α = Lα2
l
U γbc

h X VUcXYZ[iTSeXciV\t_[i^XSTiSeWUV{UV�ebSX k[V ]SW b[_S�bX_[ _X_X k[V á�Ï

γbc =
λ2α

I
~�u�á�

TUe_[ r\U I VUkVUTUeWX X SeWUV{UV�ebSX ^h_SX T[{VS_X kUc[ \T\�VS[ Xc�[Ï
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I = 2c +
2N0

A2Tbc

=
4Lσ2

αl
e2σ2

λ

3rc

[

(N − 1)

G
+

mI

G

]

+
2N0

A2Tbc

~�u�ä�
o kV[]X]ScS_X_U _U UVV[ _U ]SW ^h_SX h []WS_X kUc[ _UTb[e_SbS[eX^UeW[ _U ~�u�Ø� U^

VUcXYZ[ X[ _UT�XeUbS^UeW[ U X[ b[eWV[cU _U k[W�ebSXÏ

Pbc =

∫ ∞

0

∫ ∞

0

Q(
√

2γbc)pλ(λ)pα(α)dλdα ~�u�å�
o VUcXYZ[ TSeXciV\t_[i^XSTiSeWUV{UV�ebSX k[V ]SW b[_S�bX_[ ^h_SX h []WS_X kUc[ _UTb[e_Si

bS[eX^UeW[ U^ VUcXYZ[ X[ UVV[ e[ ^UbXeST^[ _U b[eWV[cU _U k[W�ebSX U X[ _UT�XeUbS^UeW[
|X�cUSfg _[ TSeXc� STW[ h�

γbc = Eλ{Eα{γbc}} =
1

2
3rc

[

(N−1)
G

+ mI

G

]

+ N0

Ebrc

~�u�é�

[e_U X VUcXYZ[ TSeXciV\t_[ k[V ]SW h _X_X k[VÏ

Eb

N0

=
A2Tbcσ

2
αl

e2σ2
λL

N0

~�uØ��
qXVX []WUViTU X kV[]X]ScS_X_U _U UVV[ _U ]SW ^h_SX� _UTb[e_SbS[eXiTU kVS^USVX^UeWU X dru

~�u�Ø� kUcX �XVS��Uc XcUXWÎVSX bgSir\X_VX_X VUT\cWXe_[ U^ ���Ï

Pbc(e | λ)] =

(

1 − ν

2

)L L−1
∑

m=0

(

L − 1 + m

m

)(

1 + ν

2

)m ~�uØ��
[e_UÏ

ν =

√

Eα{γbc}
Eα{γbc} + L

~�uØ��
U

Eα{γbc} =
λ2

e2σλ
2

rc

[

2
3

[

N−1
G

+ mI

G

]

+ ( Eb

N0
)−1

]

~�uØØ�
� kVÎsS^[ kXTT[ h [ _UTb[e_SbS[eX^UeW[ kUcX �XVS��Uc XcUXWÎVSX c[fe[V^Xc r\U ^[_UcX [

UVV[ e[ b[eWV[cU _U k[W�ebSXÏ
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Pbc = Eλ[Pbc(e | λ)] =

∫ ∞

0

Pbc(e | λ)pλdλ
~�uØ��

m[ UeWXeW[� UTWX Ur\XYZ[ eZ[ k[TT\S {[V^X {UbgX_X� ^XT k[_U TUV VUT[c�S_X e\^UVSbXi
^UeWUu
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mUTWU bXktW\c[� XkVUTUeWXiTU XWVX�hT _U UskVUTTÑUT XeXctWSbXT U _U TS^\cXYZ[ [ b[^k[VWXi
^UeW[ _[ kV[W[b[c[ �jq ~<¶®©¨±ª¶· ½ª©·¶ªµ .¶ª·ª«ªµ� r\Xe_[ T\]^UWS_[ ` \^ bXeXc TU^�[ jRpou � kV[W[b[c[ |�q ~%®¬¯ª 9¯©# .¶ª·ª«ªµ� h \WScS�X_[ b[^[ {[V^X _U ^Ucg[VXV XU�bS�ebSX _[ �jqu qXVX X�XcSXV [ _UTU^kUeg[ _[ kV[W[b[c[ �jq� \WScS�XiTU �X�Z[ _U _X_[T
U XWVXT[ ^h_S[ b[^[ ^U_S_XT _U r\XcS_X_U _U TUV�SY[u
_IH � ¦�M\� K� ¦�![!�!M!�  *)à�)
o kScgX _U kV[W[b[c[T �jq�nq ~<¶®©¨±ª¶· ½ª©·¶ªµ .¶ª·ª«ªµá6©·¦¶©¦· .¶ª·ª«ªµ� h \^ b[eË\eW[_U kV[W[b[c[T \WScS�X_[ eX SeWUVeUWu � �jq�nq T\kcXeW[\ [\WV[T b[eË\eW[T _U kV[W[b[c[T
~Ìmo ~n}p�� mUW}n�Ì�mUW}dln ~pSbV[T[{W� U nqâ�Ìqâ ~m[�Ucc�� _U�S_[ X[ TU\ bXV�WUV
X]UVW[ ~[ bÎ_Sf[ {[eWU k[_U TUV XcWUVX_[�� Ë� r\U eZ[ g� eUeg\^X fVXe_U U^kVUTX XTT[bSX_X
X[ TU\ _UTUe�[c�S^UeW[u nTW[ k[TTS]ScSW[\ X T\X S^kcU^UeWXYZ[ U \WScS�XYZ[ U^ _S�UVTXT
XkcSbXYÑUT U^ kVXWSbX^UeWU W[_[T [T WSk[T _U gXV_�XVU U TSTWU^XT [kUVXbS[eXST UsSTWUeWUTu
� b[eË\eW[ _U kV[W[b[c[T �jq�nq XkVUTUeWX b[ebUSW\Xc^UeWU WV�T WSk[T _U TUV�SY[T b[^[

^[TWVX_[ eX aSfu Øu� �à�u m[ et�Uc ^XST ]XSs[� [ TUV�SY[ _U UeWVUfX TU^ b[eUsZ[ {[VeUbU [
XcSbUVbU kXVX [T [\WV[T TUV�SY[Tu mUTWU TUV�SY[� [T kXb[WUT TZ[ WVXeTk[VWX_[T _U \^X ^�r\SeX
kXVX [\WVX b[^ ]XTU eX Se{[V^XYZ[ _[ Ue_UVUY[ cU�X_X e[ kXb[WUu j[^[ [ TUV�SY[ TU^
b[eUsZ[ WVXeTk[VWX bX_X kXb[WU TUkXVX_X^UeWU� UcU eZ[ fXVXeWU b[e�X]ScS_X_U eX UeWVUfX
_X Se{[V^XYZ[� k[ST [T kXb[WUT k[_U^ TUV kUV_S_[T� _\kcSbX_[T� T[{VUVU^ XWVXT[T [\ TUVU^
UeWVUf\UT {[VX _U [V_U^u m[ kVÎsS^[ et�Uc� [ TUV�SY[ _U WVXeTk[VWU b[e���Uc {[VeUbU X
kcXWX{[V^X _U ^XST XcW[ et�Uc e[ r\Xc XT XkcSbXYÑUT _UkUe_U^u d^ Xcf\^XT XkcSbXYÑUT
h eUbUTT�VS[ ^XST r\U X UeWVUfX _U kXb[WUT� Ë� r\U k[_U^ [b[VVUV UVV[T _U WVXeT^STTZ[�

�å
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kUV_X _U kXb[WUT� UWbu � TUV�SY[ _U WVXeTk[VWU b[e���Uc kUV^SWU r\U \^X XkcSbXYZ[ U^
\^ b[^k\WX_[V UTWX]UcUYX \^X éb[eUsZ[ê b[^ \^X XkcSbXYZ[ U^ [\WV[ b[^k\WX_[V� b[^[
TU {[TTU \^X b[eUsZ[ _U gXV_�XVU _SVUWXu m[ et�Uc ^XST XcW[� Ueb[eWVX^iTU [T TUV�SY[T_U XkcSbXYZ[u R[ k[eW[ _U �STWX _[ \T\�VS[� [T TUV�SY[T _U XkcSbXYZ[ XkXVUbU^ b[^[ \^
b[eË\eW[ _U kV[fVX^XT� [e_U [T ^XST k[k\cXVUT TZ[Ï b[VVUS[ UcUWVGeSb[� eX�UfXYZ[ eX )¦?�
WVXeT{UV�ebSX _U XVr\S�[T U XbUTT[ VU^[W[u

Serviços de Transporte Confiável

Serviços de Entrega de Pacote sem Conexão

Serviços de Aplicação

aSfu Øu�Ï �T WV�T WSk[T _U TUV�SY[T _X kScgX �jq�nq
� e[^U �jq�nq T\VfS\ _[T e[^UT _[T _[ST kVSebSkXST kV[W[b[c[T _UTWX kScgXÏ [ nq U

[ �jqu pXT X kScgX �jq�nq k[TT\S XSe_X ^\SW[T [\WV[T kV[W[b[c[Tu o aSfu Øu� Sc\TWVX X
b[^kXVXYZ[ UeWVU [ ^[_Uc[ _U VU{UV�ebSX �Ìn ~Á±¦© Â-¨·¦° 6©·¦¶«ª©©¦«·¯ª©� bVSX_[ kUcXnÌ� ~6©·¦¶©®·¯ª©®µ Â·®©¬®¶¬¨ Á¶³®©¯7®·¯ª©� U X UTWV\W\VX �jq�nqu

Aplicação

Enlace

Física

Transporte

Sessão

Rede

SMTPTELNET FTP DNS

SATNETARPANET RÁDIO LAN

Apresentação

UDPTCP

IP

Modelo OSI TCP/IP

aSfu Øu�Ï j[^kXVXYZ[ UeWVU [ ^[_Uc[ �Ìn U X UTWV\W\VX �jq�nq

�vwvw ë z����{��� ��
� kV[W[b[c[ nq h [ kV[W[b[c[ _X {X^tcSX �jq�nq VUTk[eT��Uc kUcX UeWVUfX _U kXb[WUTu dcU
_U�eU X \eS_X_U ]�TSbX _U WVXeT{UV�ebSX _U _X_[T \WScS�X_X kUc[ �jq�nq� [ bX^Seg[ XWVX�hT
_[ r\Xc [T _X_[T TUVZ[ Ue�SX_[T U XT VUfVXT _U b[^[ [T ¾ª¨·¨ U V[WUX_[VUT kV[bUTTXVZ[ [T
kXb[WUTu o \eS_X_U _U _X_[T \WScS�X_X kUc[ kV[W[b[c[ nq h [ _XWXfVX^Xu l^ _XWXfVX^X h
_S�S_S_[ U^ ]SWT _U bX]UYXcg[ U ]SWT _U Se{[V^XYZ[u j[^[ r\Xcr\UV kXb[WU _U VU_U {tTSbX�
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[T ]SWT _U bX]UYXcg[ b[eW�^ [T Ue_UVUY[T _U [VSfU^ U _UTWSe[ U \^ bX^k[ r\U S_UeWS�bX [
b[eWU�_[ _[ _XWXfVX^Xu o _S{UVUeYX UTW� e[ {XW[ _U r\U [ bX]UYXcg[ _[ _XWXfVX^X b[eWh^
Ue_UVUY[T nq� Uer\XeW[ r\U [ bX]UYXcg[ _U \^ kXb[WU _U VU_U {tTSbX b[eWh^ Ue_UVUY[T {tTSb[Tu
RUkUe_Ue_[ _[ WSk[ _U VU_U� _S{UVUeWUT WX^Xeg[T ^�sS^[T _U kXb[WUT TZ[ UTWX]UcUbS_[T

~/<= â /®:¯°§° <¶®© æ̈ ¦¶ =©¯·� kXVX WVXeT^STTZ[ XWVX�hT _[ ^US[ {tTSb[u oTTS^� r\Xe_[\^ _XWXfVX^X WU^ b[^kVS^UeW[ ^XS[V r\U \^ p�l _U \^X _UWUV^SeX_X VU_U� UcU WU^ r\U
TUV {VXf^UeWX_[ U^ \eS_X_UT ^Ue[VUTu
o aSfu ØuØÃ ^[TWVX X _STWVS]\SYZ[ _[T bX^k[T U^ \^ _XWXfVX^X nq �à�Ï

identificação

cabeçalho
versão tamanho totaltipo de serviço

tamanho do 

posição do fragmento

tempo de vida protocolo cabeçalho checksum

flags

endereço IP de origem

endereço IP de destino

opções padding

0 4 8 312416 19

dados

aSfu ØuØÏ a[V^XW[ _U \^ _XWXfVX^X nq
j[^[ [ kV[bUTTX^UeW[ _[ _XWXfVX^X h VUXcS�X_[ k[V T[{W�XVU� [ b[eWU�_[ U [ {[V^XW[ eZ[

TZ[ _SVUbS[eX_[T k[V r\Xcr\UV gXV_�XVUu �[_[T [T bX^k[T e[ bX]UYXcg[ k[TT\U^ WX^Xeg[
�s[� UsbUW[ [ bX^k[ 0ëÖ�FÛ U b[VVUTk[e_UeWU^UeWU [ bX^k[ ëHIIEGùu ÌUf\U \^X _UTbVSYZ[
]VU�U _[T bX^k[T ^XST S^k[VWXeWUTÏ

• ìF1Û×0Ï b[eWh^ X �UVTZ[ _[ kV[W[b[c[ nq \TX_[ kXVX bVSXV [ _XWXfVX^Xu
• /HzHGì0 I0 wHþFÖHîì0Ï Se{[V^X [ WX^Xeg[ _[ bX]UYXcg[u
• /Eë0 IF ÛF1ìEÖ0Ï Se_SbX b[^[ [ _XWXfVX^X _U�U TUV WVXWX_[� _U Xb[V_[ b[^ T\XkVS[VS_X_U U [ WSk[ _U TUV�SY[ _UTUËX_[u
• /HzHGì0 /0/HîÏ Se{[V^X [ WX^Xeg[ _[ _XWXfVX^X nquÄíÒ îÆÔÓÌËÒ ÈÐÊÈÑÆÊÓÒ ÐÆ ïðØÌÆ ËÒÕ×Ó ËÙ ñÈÕÒÛ



okjklãkPäS TS åRSQSæSçS ènå kl hijQklmj nopq X¿

• EIFG/EòwHÖ×0Ï h \WScS�X_[ kXVX S_UeWS�bXV [ _XWXfVX^X nq e[ bXT[ _U gX�UV {VXf^UeiWXYZ[u
• ë0ÛEÖ×0 I0 ó1HùzFG/0Ï Se_SbX X k[TSYZ[ _[ {VXf^UeW[ U^ VUcXYZ[ X[ _XWXfVX^X nq_[ r\Xc {X� kXVWUu
• /Fzë0 IF I.1HÖ×0Ï TUV�U kXVX cS^SWXV X _\VXYZ[ _[ _XWXfVX^X nq eX VU_Uu
• ë10/0w0î0Ï Se_SbX [ kV[W[b[c[ _U et�Uc ^XST XcW[ ~�jq� lRq� UWbu� r\U UTW� bXVVUfX_[e[ bX^k[ _U _X_[Tu
• wHþFÖHîì0 wìFwôÛ.zÏ XË\_X X fXVXeWSV X SeWUfVS_X_U _[ bX]UYXcg[ _[ _XWXfVX^Xu
• FGIF1FÖ0 IF 01EùFzÏ Ue_UVUY[ nq _X ^�r\SeX _U [VSfU^u
• FGIF1FÖ0 IF IFÛ/EG0Ï Ue_UVUY[ nq _X ^�r\SeX _U _UTWSe[u
• 0ëÖ�FÛÏ b[eWh^ Se{[V^XYÑUT X_SbS[eXST T[]VU [ kV[W[b[c[ nqu
l^ _XWXfVX^X nq k[_U TUV V[WUX_[ k[V bX^Seg[T Se_UkUe_UeWUTu � nq \WScS�X \^ ^Ui

bXeST^[ _U UeWVUfX _U kXb[WUT TU^ b[eUsZ[� [\ TUËX� eZ[ g� fXVXeWSX r\U [T _XWXfVX^XT
bgUfXVZ[ X[ TU\ _UTWSe[� eU^ r\U TUVZ[ VUbU]S_[T eX [V_U^ U^ r\U {[VX^ Ue�SX_[Tu �[f[�
X VUTk[eTX]ScS_X_U kUcX UeWVUfX b[VVUWX _[ _XWXfVX^X nq h WXVU{X _[T kV[W[b[c[T _U et�UST
^XST XcW[Tu
�vwvu ë z����{��� õx�
� kV[W[b[c[ �jq h \^ kV[W[b[c[ b[e���Uc ]XTUX_[ U^ b[eUsZ[ r\U WVX]XcgX UebXkT\cX_[
e[ kV[W[b[c[ nqu � �jq UTkUbS�bX [ {[V^XW[ _U _X_[T U XT Se_SbXYÑUT _U VUbU]S^UeW[ r\U
_[ST b[^k\WX_[VUT WV[bX^ X[ VUXcS�XV WVXeT{UV�ebSX b[e���Uc� XTTS^ b[^[ [T kV[bU_S^UeW[T
\WScS�X_[T kXVX fXVXeWSV X bgUfX_X b[VVUWX _[T _X_[Tu dcU h VUTk[eT��Uc k[V _UTbXVWXV [T
kXb[WUT _\kcSbX_[T U VUb\kUVXV [T kXb[WUT kUV_S_[T [\ b[VV[^kS_[Tu RUTTX {[V^X� [ kV[W[b[c[
�jq fXVXeWU X UeWVUfX U XTTUf\VX [ TUr��ebSX^UeW[ ~[T kXb[WUT TZ[ e\^UVX_[T� _U {[V^X X
fXVXeWSV X UeWVUfX U^ [V_U^ b[VVUWX� _[T kXb[WUTu
d^][VX [ kV[W[b[c[ �jq TUËX XkVUTUeWX_[ b[^[ kXVWU _X ¨§N·¦ �jq�nq� UcU h \^ kV[W[i

b[c[ Se_UkUe_UeWU� r\U k[_U TUV X_XkWX_[ kXVX [\WV[T TSTWU^XT _U UeWVUfX _U kXb[WUTu q[V
UsU^kc[� b[^[ [ �jq {X� k[\bXT T\k[TSYÑUT T[]VU XT bX^X_XT _U VU_U Se{UVS[VUT� h k[TTt�Uc
X T\X \WScS�XYZ[ U^ VU_UT WUcU{GeSbXT� VU_UT c[bXST� VU_UT _U c[efX _STW�ebSX� VU_UT ÎkWSbXT�
UWbu oTTS^� X �UsS]ScS_X_U _[ kV[W[b[c[ �jq U^ TU XË\TWXV ` _S{UVUeWUT TSTWU^XT h \^X _XT
T\XT kVSebSkXST bXVXbWUVtTWSbXTu



okjklãkPäS TS åRSQSæSçS ènå kl hijQklmj nopq XX
l^ k[eW[ S^k[VWXeWU eX WVXeT^STTZ[ _U _X_[T e[ kV[W[b[c[ �jq h [ ~/®:¯°§° Â¦³°¦©·Â¯7¦ i pÌÌ�� r\U UTkUbS�bX [ WX^Xeg[ ^�sS^[ _U TUf^UeW[ UeWVU [T _[ST k[eW[T _X b[eUsZ[unTW[ h eUbUTT�VS[ k[Vr\U eU^ W[_[T [T TUf^UeW[T Ue�SX_[T XWVX�hT _U \^X b[eUsZ[ WUVZ[ [

^UT^[ b[^kVS^UeW[u �\Xe_[ _[ST k[eW[T _X b[eUsZ[ UTWZ[ c[bXcS�X_[T eX ^UT^X VU_U {tTSbX�
[ �jq fUVXc^UeWU _U�eU [ pÌÌ _U ^[_[ r\U [T _XWXfVX^XT nq b[VVUk[e_X^ X[ p�l _X
VU_Uu ÌU [T _[ST k[eW[T eZ[ kUVWUebU^ X ^UT^X VU_U� UcUT k[_U^ WUeWXV _UTb[]VSV [ ^teS^[
p�l X[ c[ef[ _[ bX^Seg[ UeWVU UcUT� [\ UTb[cgUV [ pÌÌ _U àØá ]�WUT ~WX^Xeg[ kX_VZ[ _U
\^ _XWXfVX^X nq� TU^ [T bX]UYXcg[T nq U �jq�u
� kV[W[b[c[ �jq \WScS�X \^ ^UbXeST^[ kXVX b[eWV[cU _U UVV[T U^ r\U [ _UTWSeXW�VS[

Ue�SX \^X ^UeTXfU^ _U Se_SbXYZ[ _U VUbU]S^UeW[ k[TSWS�X ~¹«#©ª$µ¦¬³°¦©· i ojÍ� kXVX [VU^UWUeWU TU^kVU r\U VUbU]U \^ TUf^UeW[u och^ _STT[� [ �jq \WScS�X [ b[ebUSW[ _U ËXeUcX
_UTcS�XeWU� [e_U [ VU^UWUeWU k[_U WVXeT^SWSV ^�cWSkc[T TUf^UeW[T XeWUT _U UTkUVXV k[V \^
ojÍu
� �jq _S�S_U [T _X_[T X TUVU^ WVXeT^SWS_[T U^ TUr�UebSXT _U ]�WUT bgX^X_XT TUf^UeW[Tu

�UVXc^UeWU� bX_X TUf^UeW[ �jq h WVXeTk[VWX_[ eX SeWUVeUW U^ \^ _XWXfVX^X nqu o aSfu
Øu�ö Sc\TWVX [ {[V^XW[ _U \^ TUf^UeW[ �jq �à�u jX_X TUf^UeW[ h _S�S_S_[ U^ _\XT kXVWUTÏ
bX]UYXcg[ U _X_[Tu

31

opções padding

0 4 2416

porta de origem porta de destino

número de seqüência

cabeçalho checksum

tamanho de
cabeçalho

10

reservado tamanho da janelabits codificados

número de indicação de recebimento

apontador de urgência

dados

aSfu Øu�Ï a[V^XW[ _U \^ TUf^UeW[ �jq
�T bX^k[T ^XST S^k[VWXeWUT e[ {[V^XW[ _[ TUf^UeW[ �jq TZ[Ï

• ë01/H IF 01EùFzÏ b[eWh^ [ e�^UV[ _X k[VWX �jq r\U S_UeWS�bX [ kV[fVX^X _UXkcSbXYZ[ _U [VSfU^u
÷íÒ îÆÔÓÌËÒ ÈÐÊÈÑÆÊÓÒ ÐÆ ïðØÌÆ ËÒÕ×Ó ËÙ ñÈÕÒÛ



okjklãkPäS TS åRSQSæSçS ènå kl hijQklmj nopq X^

• ë01/H IF IFÛ/EG0Ï b[eWh^ [ e�^UV[ _X k[VWX �jq r\U S_UeWS�bX [ kV[fVX^X _UXkcSbXYZ[ _U _UTWSe[u
• GøzF10 IF ÛFùúûGwEHÏ S_UeWS�bX X k[TSYZ[ _[T _X_[T _[ TUf^UeW[ U^ VUcXYZ[ X[W[WXc _U _X_[T Ë� WVXeT^SWS_[T _[ VU^UWUeWUu
• GøzF10 IF EGIEwHÖ×0 IF 1FwFþEzFG/0Ï Se_SbX [ VUb[egUbS^UeW[ _[T _X_[T VUbU]S_[TXWh Xr\UcU ^[^UeW[ e[ �\s[ b[eWV�VS[ X[ _[ TUf^UeW[u
• /HzHGì0 IF wHþFÖHîì0Ï UTkUbS�bX [ WX^Xeg[ _[ bX]UYXcg[ _[ TUf^UeW[ �jqu
• 1FÛF1ìHI0Ï TUST ]SWT VUTUV�X_[T kXVX \T[ {\W\V[u
• þE/Û w0IEòwHI0ÛÏ TUST ]SWT \TX_[T kXVX _UWUV^SeXV X �eXcS_X_U U [ b[eWU�_[ _[ TUfi^UeW[u
• /HzHGì0 IH üHGFîHÏ Se{[V^X [ WX^Xeg[ _STk[et�Uc _X ËXeUcX _U VUbUkYZ[ _[ VU^UiWUeWUu
• wHþFÖHîì0 wìFwôÛ.zÏ \WScS�X_[ kXVX �UVS�bXV X SeWUfVS_X_U _[T _X_[T U _[ bX]UYXcg[�jqu
• Hë0G/HI01 IF .1ùûGwEHÏ UTkUbS�bX X k[TSYZ[ e[ TUf^UeW[ _[ kVS^USV[ ]�WU XkÎT [T_X_[T _U�eS_[T b[^[ \VfUeWUTu � ]SW =%* ~þE/Û w0IEòwHI0Û� kVUbSTX UTWXV XWS�X_[u
• 0ëÖ�FÛÏ UTWU bX^k[ h \WScS�X_[ kXVX X eUf[bSXYZ[ _[ pÌÌu
�]ËUWS�Xe_[ X ^[_UcXfU^ ^XWU^�WSbX _[ TSTWU^X� b[eTS_UVXiTU r\U [ kV[W[b[c[ �jq

\WScS�U \^ bÎ_Sf[ _U ]c[b[ kXVX _UWUbYZ[ _U UVV[ _U�S_[ ` T\X bXVXbWUVtTWSbX _U VUWVXeT^STTZ[
b[^[ {[V^X _U b[eWV[cU _U UVV[u oTTS^� _U�eUiTU X WXsX _U bÎ_Sf[ _UTTU kV[W[b[c[ b[^[Ï

rcTCP
=

ITCP

NTCP

~Øu��
[e_UÏ
NTCP = ITCP + HTCP

ITCP
Ï e�^UV[ _U ]SWT _U Se{[V^XYZ[ e[ TUf^UeW[ �jq

HTCP
Ï e�^UV[ _U ]SWT _U bX]UYXcg[ e[ TUf^UeW[ �jq

NTCP
Ï e�^UV[ W[WXc _U ]SWT e[ TUf^UeW[ �jq

Ì\kÑUiTU WX^]h^ r\U [ bÎ_Sf[ k[TT\S bXkXbS_X_U _U _UWUbYZ[ _U UVV[ S_UXc� [\ TUËX� NTCP
u



okjklãkPäS TS åRSQSæSçS ènå kl hijQklmj nopq XÜ

_IY � ¦�![!�!M! !�)
� kV[W[b[c[ |�q ~%®¬¯ª 9¯©# .¶ª·ª«ªµ� {[S kV[k[TW[ b[^ X �eXcS_X_U _U VU_\�SV X WXsX_U kUV_X _U TUf^UeW[T �jq ~<¶®©¨±ª¶· ½ª©·¶ªµ .¶ª·ª«ªµ� U^ \^ X^]SUeWU TU^ �[ X \^_UWUV^SeX_[ et�Uc� _U ^[_[ X eZ[ kUVW\V]XV TSfeS�bXWS�X^UeWU [ _UTU^kUeg[ eX bX^X_X
�jqu nTW[ h eUbUTT�VS[ k[Vr\U [ kV[W[b[c[ �jq WU^ TU\ _UTU^kUeg[ TUVSX^UeWU _UfVX_X_[
r\Xe_[ XkcSbX_[ _SVUWX^UeWU U^ \^ bXeXc TU^ �[� Ë� r\U UTTU kV[W[b[c[ {[S S_UXcS�X_[ kXVX
VU_UT �sXT� [e_U X WXsX _U kUV_X _U kXb[WUT h kUr\UeX� TUe_[ [ b[efUTWS[eX^UeW[ _X VU_U
[ kVSebSkXc {XW[V _U _UfVX_XYZ[ _X r\XcS_X_U _X WVXeT^STTZ[u
ÌUe_[ \^ kV[W[b[c[ _U UecXbU X_SbS[eXc� [ kV[W[b[c[ |�q UTW� c[bXcS�X_[ X]XSs[ _[ b[eiË\eW[ _U kV[W[b[c[T �jq�nq U XbS^X _X bX^X_X {tTSbX jRpou � kV[W[b[c[ |�q \WScS�X \^

^UbXeST^[ o|� ~¹§·ª°®·¯« %¦±¦®· %¦º§¦¨·� _U VUWVXeT^STTZ[ TUcUWS�X ]XTUX_[ U^ ^UeTXifU^ _U Se_SbXYZ[ _U VUbU]S^UeW[ eUfXWS�[ ~+¦³®·¯´¦ ¹«#©ª$µ¦¬³°¦©· i moÍ� kXVX _S^Se\SVX kUV_X _U kXb[WUTu mUTWU UTr\U^X� T[^UeWU [ kXb[WU UVVX_[ h VUWVXeT^SWS_[� ^UT^[ r\U Ë�
WUegX^ TS_[ Ue�SX_[T [T kXb[WUT TUf\SeWUT ` UcUu och^ _STT[� X VUWVXeT^STTZ[ T[^UeWU [b[VVU
b[^ X T[cSbSWXYZ[ _[ VUbUkW[Vu
l^ kXb[WU |�q h b[^k[TW[ _U ]SWT _U bX]UYXcg[ U ]SWT _U Se{[V^XYZ[u �T ]SWT _U

bX]UYXcg[ TZ[ _S�S_S_[T U^ bX^k[T b[^[ Â1> ~Se_SbX [ e�^UV[ _U TUr��ebSX _[ kXb[WU�
U <ý.1 ~Se_SbX TU [ kXb[WU h e[�[ [\ VUWVXeT^SWS_[�� Xch^ _U ]SWT _U VU_\e_�ebSXu o
bX^X_X |�q \WScS�X [T ]SWT _U bX]UYXcg[ kXVX b[eWV[cU U _UWUbYZ[ _U UVV[u oeXc[fX^UeWU
X[ kV[W[b[c[ �jq� b[eTS_UVXiTU r\U [ kV[W[b[c[ |�q \TU \^ bÎ_Sf[ _U ]c[b[ kXVX VUXcS�XV X_UWUbYZ[ _U UVV[u �[f[Ï

rcRLP
=

IRLP

NRLP

~Øu��
[e_UÏ
NRLP = IRLP + HRLP

IRLP
Ï e�^UV[ _U ]SWT _U Se{[V^XYZ[ e[ kXb[WU |�q

HRLP
Ï e�^UV[ _U ]SWT _U bX]UYXcg[ e[ kXb[WU |�q

NRLP
Ï e�^UV[ W[WXc _U ]SWT e[ kXb[WU |�q

Ì\kÑUiTU r\U [ bÎ_Sf[ k[TT\S bXkXbS_X_U _U _UWUbYZ[ _U UVV[ S_UXc� [\ TUËX NRLP
u

� kV[W[b[c[ |�q h UTkUbS�bX_[ kUcX e[V^X nÌiéé kXVX TSTWU^XT jRpo nÌiéà� [e_U r\Xi_V[T _U �� ^T k[_U^ TUV \TX_[T kXVX WVXeT^SWSV _X_[T X \^X WXsX _U XWh éuá�� ]SWT�TUf\e_[u
q[VWXeW[� [ kXb[WU |�q \WScS�X_[ eUTWU WVX]Xcg[ k[TT\S �é� ]SWT _U WX^Xeg[ W[WXc� TUe_[ �á�
]SWT kXVX Se{[V^XYZ[ U Ø� ]SWT kXVX bX]UYXcg[u o aSfu Øuà Sc\TWVX \^X WtkSbX kScgX _U kV[iW[b[c[T VUb[^Ue_X_X kUc[ kX_VZ[ nÌiééu o �UVTZ[ UTWUe_S_X _X e[V^X nÌiéé h X nÌiä�ä� r\U



okjklãkPäS TS åRSQSæSçS ènå kl hijQklmj nopq Xr

b[eWh^ UTkUbS�bXYÑUT kXVX jRpo ���� ~\^ _[T kX_VÑUT _U TSTWU^XT bUc\cXVUT _U WUVbUSVX
fUVXYZ[�u

Dados Assíncronos Fax

Interface de Aplicação

TCP ICMP

IP

LCPIPCPSNDCF

RLP

IS−95

PPP

aSfu ØuàÏ qScgX _U kV[W[b[c[T \WScS�X_X e[ TSTWU^X jRpo nÌiéà
�T kV[W[b[c[T njpq ~6©·¦¶©¦· ½ª©·¶ªµ /¦¨¨®³¦ .¶ª·ª«ªµ�� nq� ÌmRja ~Â§?+¦·$ª¶# ¥¦â

±¦©¬¦©· ½ª©´¦¶³¦©· 5§©«·¯ª©�� nqjq ~6©·¦¶©¦· .¶ª·ª«ªµ ½ª©·¶ªµ .¶ª·ª«ªµ�� �jq ~9¯©# ½ª©â·¶ªµ .¶ª·ª«ªµ� U qqq ~.ª¯©·â·ªâ.ª¯©· .¶ª·ª«ªµ� fUVX^ \^X r\XeWSX �sX _U ]SWT e[T bX]UYXi
cg[Tu RUTTX {[V^X� TZ[ [T ^UbXeST^[T o|� S^kcU^UeWX_[T eXT bX^X_XT �jq U |�q r\U
b[eWVS]\U^ kXVX X ^XS[V [TbScXYZ[ U k[TTt�Uc _UfVX_XYZ[ _U _UTU^kUeg[ _[ TSTWU^X à�u
� ^[_Uc[ _U b[^\eSbXYZ[ X_[WX_[ eUTWU WVX]Xcg[ h ^[TWVX_[ eX aSfu Øuáu mUTWU ^[_Uc[�

b[eTS_UVXiTU X WV[bX _U _X_[T UeWVU \^X UTWXYZ[ ^Î�Uc U \^X UTWXYZ[ ]XTU� [e_U UsSTWU \^TUV�S_[V eX SeWUVeUWu
Aplicação

CDMA IS−95

RLP

TCP

Interface

Aplicação

CDMA IS−95

RLP

TCP

Interface

Estação BaseEstação Móvel

aSfu ØuáÏ p[_Uc[ _U b[^\eSbXYZ[ jRpo TS^kcS�bX_[ \WScS�Xe_[ [ kX_VZ[ nÌiéé



okjklãkPäS TS åRSQSæSçS ènå kl hijQklmj nopq Xt

�vuvw �~��y��©|���� �y {y©y}y �þ�
� kV[W[b[c[ |�q {[VeUbU TUV�SY[ _U �\s[ _U _X_[T kXVX XT bX^X_XT T\kUVS[VUT e[T UecXbUT
jRpo _SVUW[ U VU�UVT[u dcU {VXf^UeWX kXb[WUT _U bX^X_XT T\kUVS[VUT U^ kXb[WUT |�q
r\Xe_[ [ WX^Xeg[ _UTTUT kXb[WUT TZ[ ^XS[VUT r\U [T _[T kXb[WUT |�qu q[VWXeW[� X \eS_X_U
_U _X_[T eX bX^X_X �jq� bgX^X_X TUf^UeW[ �jq� TUV� {VXf^UeWX_X U^ n kXb[WUT |�q� UUTWUT �cWS^[T TUVZ[ WVXeT^SWS_[T eX SeWUV{XbU XhVUXu
�\Xe_[ X bX^X_X |�q _[ cX_[ _[ VUbUkW[V VUbU]U \^ kXb[WU |�q b[^ UVV[� UcX WVXeTi

^SWU kXVX [ cX_[ WVXeT^STT[V \^X T[cSbSWXYZ[ ~moÍ� _U VUWVXeT^STTZ[ _UTTU kXb[WUu ÌU X
VUWVXeT^STTZ[ eZ[ h ]U^ T\bU_S_X� UTTU kV[bUTT[ VUkUWUiTU XWh r\U \^ e�^UV[ ^�sS^[ _U
VUWVXeT^STTÑUT _X bX^X_X |�q TUËX XWSefS_[u oT VUWVXeT^STTÑUT _U kXb[WUT |�q TZ[ VUXcSi�X_XT XkÎT W[_XT XT WVXeT^STTÑUT _[T kXb[WUT |�q� r\U {VXf^UeWXVX^ \^ TUf^UeW[ �jq�
WUVU^ TS_[ VUXcS�X_XTu
o aSfu Øuä Sc\TWVX X WVXeT^STTZ[ _U \^ TUf^UeW[ �jq eX bX^X_X |�qu mX �f\VX� \^

TUf^UeW[ �jq h _S�S_S_[ U^ n kXb[WUT |�qu �\Xe_[ \^ kXb[WU |�q h _UWUbWX_[ U^ UVV[� [VUbUkW[V T[cSbSWX VUWVXeT^STTZ[ _Xr\UcU kXb[WU UVVX_[u dTTU kV[bUTT[ b[eWSe\X XWh r\U W[_[T
[T kXb[WUT |�q� r\U b[eTWSW\U^ [ TUf^UeW[ �jq� TUËX^ VUbU]S_[T b[VVUWX^UeWU [\ [ e�^UV[
_U VUWVXeT^STTÑUT kUV^SWS_XT e[ kV[W[b[c[ |�q TUËX XcbXeYX_[u

Transmissão

1ª Retransmissão
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PRLP = 1 − (1 − Pbc)
NRLP ~ØuØ�

[e_U Pbc
VUkVUTUeWX X kV[]X]ScS_X_U _U UVV[ _U ]SW b[_S�bX_[� _X_X k[V ~�uØ��u

q[_UiTU X�XcSXV _U ^XeUSVX ^XST kVUbSTX [ b[^k[VWX^UeW[ _[ TSTWU^X TU X �Uc[bS_X_U_U _UTc[bX^UeW[ _X UTWXYZ[ ^Î�Uc {[V b[eTS_UVX_Xu qXVX \^ \T\�VS[ U^ XcWX ^[]ScS_X_U� [
_UT�XeUbS^UeW[ WUe_U X TUV _UTb[VVUcXbS[eX_[ UeWVU [T ]SWT� ^UT^[ TU b[eTUb\WS�[Tu RUTWX
{[V^X� X dru ~ØuØ�� r\U kVUTT\kÑU X Se_UkUe_�ebSX _[T UVV[T _U ]SWT� VUkVUTUeWX WX^]h^ X
kV[]X]ScS_X_U _U TU VUbU]UV \^ kXb[WU |�q b[^ UVV[� kXVX [ bXT[ _U XcWX ^[]ScS_X_Uu
m[ UeWXeW[� kXVX \T\�VS[T U^ ]XSsX ^[]ScS_X_U� [ _UT�XeUbS^UeW[ WUe_U X TUV b[VVUcXbS[i

eX_[ UeWVU [T ]SWT _[ kXb[WU |�qu mUTWU bXT[� X kV[]X]ScS_X_U _U UVV[ _[ kXb[WU |�q _U�U
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∫ ∞
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∫ ∞
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[e_U pλ(λ) U pα(α)
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VUTkUbWS�X^UeWUu

_I_ +�K�K�� K� K��� ¦��\! ¦��� ! ¦�![!�!M!  *)
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TU^ SeWUV{UV�ebSXT [\ b[efUTWS[eX^UeW[Tu dTWUT VUr\STSW[T TZ[ WVX_\�S_[T U^ ^U_S_XT _U
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�v�vw ���y�� �ÿ}|� }~ �~�©~���� õx�
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(
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VUkVUTUeWX X kV[]X]ScS_X_U _U UVV[ _[ kXb[WU |�q� _X_X
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∑
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∑
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[e_U j0
VUkVUTUeWX [ e�^UV[ _U kXb[WUT |�q UVVX_[T eX WVXeT^STTZ[ _U \^ TUf^UeW[ �jqu
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VUkVUTUeWX [ e�^UV[ _U kXb[WUT |�q UVVX_[T eX VUWVXeT^STTZ[ r − 1

u



okjklãkPäS TS åRSQSæSçS ènå kl hijQklmj nopq X¼
� WU^k[ ^h_S[ eUbUTT�VS[ kXVX WVXeT^SWSV \^ TUf^UeW[ �jq� TU^ b[eTS_UVXV TU UTTU

TUf^UeW[ {[S VU^[eWX_[ b[^ T\bUTT[� h _X_[ k[V å�Ï
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1 − (PRLP )r+1

1 − PRLP
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~Øuå�
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~Øué�
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VU^[eWXV \^ TUf^UeW[ �jq cS�VU _U UVV[Tu j[eTS_UVXe_[ r\U [ kV[W[b[c[ �jq VUXcS�U
T\bUTTS�XT VUWVXeT^STTÑUT _U TU\T TUf^UeW[T VUbU]S_[T b[^ UVV[ XWh []WUV T\bUTT[� [ XWVXT[
_U TUf^UeW[T �jq h ^[_UcX_[ k[V \^X �XVS��Uc XcUXWÎVSX fU[^hWVSbXu oTTS^� [ XWVXT[ ^h_S[
_U TUf^UeW[T �jq h _X_[ k[V ä�Ï
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~Øu���
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h X kV[]X]ScS_X_U _U UVV[ _[ TUf^UeW[ �jq� _X_X k[V ~Øuä� U TTCP
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� []Wh^iTU [XWVXT[ ^h_S[ _U TUf^UeW[T �jq e[V^XcS�X_[Ï
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=

1 − (PRLP )r+1

(1 − PRLP )(1 − PTCP )
~Øu���

�v�vu �y��� }~ y}�� }~ �~�©~���� õx�
o �X�Z[ _U _X_[T _U TUf^UeW[T �jq h _U�eS_X b[^[ X WXsX _U WVXeT^STTZ[ _U ]SWT _U
Se{[V^XYZ[ _U TUf^UeW[T �jq VUbU]S_[T TU^ UVV[Ï
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e�^UV[ _U ]SWT _U Se{[V^XYZ[ VUbU]S_[T b[^ T\bUTT[WU^k[ W[WXc \TX_[ eX WVXeT^STTZ[ ~Øu���

mUTWU WVX]Xcg[� \WScS�XiTU X �X�Z[ _U _X_[T e[V^XcS�X_X kUcX WXsX _U Se{[V^XYZ[ Rb
U

kUc[ fXeg[ _U kV[bUTTX^UeW[ _U ]SW b[_S�bX_[ Gc
u m[ Xk�e_SbU o� ^[TWVXiTU r\U UsSTWU
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[ e�^UV[ _U VUWVXeT^STTÑUT X\^UeWX� [ _UTU^kUeg[ _[ TSTWU^X ^Ucg[VX b[eTS_UVX�Uc^UeWUu
o e[V^X nÌiéé UTWX]UcUbU WV�T VUWVXeT^STTÑUT b[^[ [ e�^UV[ ^�sS^[ _U VUWVXeT^STTÑUT eX
bX^X_X |�qu och^ _[ ^XST� X kXVWSV _U WV�T VUWVXeT^STTÑUT eZ[ TU WU^ fXeg[ TSfeS�bXWS�[
_U _UTU^kUeg[� b[^[ b[^kV[�X_[ k[V ä� å� u � _UT�XeUbS^UeW[ kXVX \^X UTWXYZ[ ^Î�Uc
U^ XcWX ^[]ScS_X_U h ^[_UcX_[ b[^[ _[ WSk[ eZ[ib[VVUcXbS[eX_[� [\ TUËX� X X^kcSW\_U _[_UT�XeUbS^UeW[ �XVSX ]XTWXeWU UeWVU [T ]SWT WVXeT^SWS_[T� ^UT^[ TU b[eTUb\WS�[Tu o kV[i
sS^S_X_U UeWVU XT b\V�XT XeXctWSbXT U XT b\V�XT _U TS^\cXYZ[ VU�UWU X ][X XkV[sS^XYZ[ _[
^[_Uc[ XeXctWSb[ \TX_[u
oT aSf\VXT Øu�� U Øu�� XkVUTUeWX^ X �X�Z[ _U _X_[T e[V^XcS�X_X U XWVXT[ ^h_S[ e[V^XcSi�X_[ kXVX [ kV[W[b[c[ �jq� VUTkUbWS�X^UeWU� kXVX [ bXT[ _U \^ \T\�VS[ U^ ]XSsX ^[]ScS_X_Uu

�X�Z[ _U _X_[T U XWVXT[ ^h_S[ UTWZ[ WVXYX_[T U^ {\eYZ[ _X bXVfX _[ TSTWU^X U kXVX^UWVSi�X_[T kUc[ e�^UV[ _U VUWVXeT^STTÑUT eX kV[W[b[c[ |�qu RX ^UT^X {[V^X r\U eX TSW\XYZ[
_U XcWX ^[]ScS_X_U� e[WXiTU r\U X ^U_S_X r\U [ e�^UV[ _U VUWVXeT^STTÑUT bVUTbU� [ _UTU^i
kUeg[ _[ TSTWU^X ^Ucg[VXu m[ UeWXeW[� [ b[^k[VWX^UeW[ _X kScgX �jq�|�q h ^Ucg[V eX
TSW\XYZ[ _U \^X UTWXYZ[ ^Î�Uc U^ ]XSsX ^[]ScS_X_U� _[ r\U U^ XcWX ^[]ScS_X_U� [ r\U k[_U
TUV �STW[ kUc[T ^XS[VUT �Xc[VUT _U bXVfX XcbXeYX_[Tu � _UT�XeUbS^UeW[ kXVX \^X UTWXYZ[
^Î�Uc U^ ]XSsX ^[]ScS_X_U h ^[_UcX_[ b[^[ _[ WSk[ b[VVUcXbS[eX_[� [\ TUËX� X X^kcSW\_U
_[ _UT�XeUbS^UeW[ �XVSX ^\SW[ k[\b[ UeWVU [T ]SWTu oT b\V�XT XeXctWSbXT U _U TS^\cXYZ[ kXVX
]XSsX ^[]ScS_X_U XkVUTUeWX^ \^X kUr\UeX _U{XTXfU^� \^ k[\b[ ^XS[V r\U kXVX [ bXT[ _U
XcWX ^[]ScS_X_U� ^XT XSe_X TS^ XkVUTUeWX^ \^X ][X XkV[sS^XYZ[u
�T ^Ucg[VUT VUT\cWX_[T XcbXeYX_[T U^ ]XSsX ^[]ScS_X_U �U^ _[ {XW[ _[T UVV[T [b[VVUVU^

_U {[V^X b[ebUeWVX_X U^ \^ kUr\Ue[ e�^UV[ _U kXb[WUT |�q� Uer\XeW[ U^ XcWX ^[]ScS_X_U�
[ ^UT^[ e�^UV[ _U UVV[T [b[VVUVSX _U {[V^X _STWVS]\t_X U^ ��VS[T kXb[WUT |�qu j[^[ [
kV[W[b[c[ |�q eZ[ {X� b[VVUYZ[� XkUeXT _UWUbYZ[� UcU kVUbSTXVSX {X�UV ^Ue[T VUWVXeT^STTÑUT
e[ bXT[ _U ]XSsX ^[]ScS_X_U� [ r\U UskcSbX [ ^Ucg[V _UTU^kUeg[ []WS_[u
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aSfu Øu��Ï oWVXT[ ^h_S[ e[V^XcS�X_[ _[ kV[W[b[c[ �jq� kXVX \T\�VS[T U^ ]XSsX ^[]ScS_X_U�U^ {\eYZ[ _X bXVfX _[ TSTWU^X U _[ e�^UV[ _U VUWVXeT^STTÑUT eX bX^X_X |�qu



@¢AB ��� �

� �� ¡¢ 	ÆÈ¢ ��
 �B�¡ÈÇ�

mUTWU bXktW\c[� _UTbVU�UiTU XT UTWVXWhfSXT _U b[eWV[cU _U UVV[ o|� ~¹§·ª°®·¯« %¦±¦®· %¦â
º§¦¨·� U adj ~5ª¶$®¶¬ 1¶¶ª¶ ½ª¶¶¦«·¯ª©� U b[^[ X WhbeSbX o|� �t]VS_[� b[^]SeXYZ[ _XT_\XT UTWVXWhfSXT XeWUVS[VUT� k[_U b[eWVS]\SV kXVX W[VeXV ^XST U�bSUeWU X SeWUVXYZ[ �jq�|�q
U^ \^ X^]SUeWU jRpou dskVUTTÑUT XeXctWSbXT U TS^\cXYÑUT ^[TWVX^ [ b[^k[VWX^UeW[ _[
kV[W[b[c[ �jq r\Xe_[ X WhbeSbX o|� h T\]TWSW\t_X kUcX WhbeSbX o|� �t]VS_[ e[ kV[W[b[c[
|�qu
²IH ��[��[¥`��� K� *!�[�!M� K� ���!
o _U^Xe_X k[V TSTWU^XT _U WVXeT^STTZ[ _U _X_[T _SfSWXST b[e���UST U U�bSUeWUT �U^ X\^UeiWXe_[ b[eTS_UVX�Uc^UeWU e[T �cWS^[T Xe[Tu d^ \^ kV[ËUW[ _U TSTWU^X _U WVXeT^STTZ[ _SfSWXc
X kVSebSkXc kVU[b\kXYZ[ h [ b[eWV[cU _U UVV[T� _U ^[_[ r\U \^X VUkV[_\YZ[ b[e���Uc _[T
_X_[T TUËX []WS_Xu l^X _XT {[V^XT _U VUXcS�XV UTTU b[eWV[cU b[eTSTWU e[ \T[ _X UTWVXWhfSX
o|�u mUTWU UTr\U^X� r\Xe_[ UVV[T TZ[ _UWUbWX_[T e[ VUbUkW[V� \^X T[cSbSWXYZ[ h Ue�SX_X
kXVX [ WVXeT^STT[V VUkUWSV [T _X_[T� STW[ Xb[eWUbU XWh r\U [T _X_[T TUËX^ VUbU]S_[T b[VVUiWX^UeWUu �\WVX {[V^X ]XTUSXiTU e[ \T[ _X UTWVXWhfSX adj� [e_U bÎ_Sf[T b[VVUW[VUT _U UVV[TX\W[^XWSbX^UeWU b[VVSfU^ UVV[T e[ VUbUkW[Vu
�vwvw §���y�ÿ�|y� ���
d^ \^ TSTWU^X o|�� \^ bÎ_Sf[ b[^ ][X _UWUbYZ[ _U UVV[T h \TX_[u mUTWU TSTWU^X� bX_X
]c[b[ _U ^UeTXfU^ h b[e�UVWS_[ U^ \^ ]c[b[ _U Tt^][c[T _STbVUW[T bgX^X_[ kXcX�VXibÎ_Sf[u�\Xe_[ \^X kXcX�VXibÎ_Sf[ h VUbU]S_X� h �UVS�bX_X X kVUTUeYX _U UVV[T� bXT[ eZ[ gXËX _UWUbi
YZ[ _U UVV[T� UcX h UeWVUf\U X[ VUbUkW[Vu o[ ^UT^[ WU^k[� [ VUbUkW[V e[WS�bX [ WVXeT^STT[V�
�SX [ bXeXc _U VUW[Ve[� r\U X kXcX�VXibÎ_Sf[ {[S VUbU]S_X b[VVUWX^UeWUu ÌU UVV[T TZ[ _UWUbWXi_[T� [ WVXeT^STT[V h SeTWV\t_[ kUc[ bXeXc _U VUW[Ve[� X VUWVXeT^SWSV X ^UT^X kXcX�VXibÎ_Sf[u

Ø�



q jQRmQ��im q�� ���RiTS ^r
o VUWVXeT^STTZ[ b[eWSe\X XWh r\U X kXcX�VXibÎ_Sf[ TUËX VUbU]S_X b[VVUWX^UeWUu mUTWU TSTiWU^X� [ VUbU]S^UeW[ _U _X_[T UVVX_[T Xb[eWUbU T[^UeWU TU [ VUbUkW[V {XcgX X[ _UWUbWXV X
kVUTUeYX _U UVV[Tu o[ \WScS�XViTU \^ bÎ_Sf[ b[e�UeSUeWU� X kV[]X]ScS_X_U _U [b[VVUV \^ UVV[
eZ[ _UWUbW��Uc W[VeXiTU ]XTWXeWU kUr\UeXu
dsSTWU^ WV�T WSk[T _U TSTWU^XT o|� ]�TSb[TÏ ¹%> ±®¶®â¦â¦¨±¦¶®� ¹%> ¶¦·ª¶©®â+ U ¹%>¶¦±¦·¯2Ãªâ¨¦µ¦·¯´®u m[ ¹%> ±®¶®â¦â¦¨±¦¶®� [ WVXeT^STT[V Ue�SX \^X kXcX�VXibÎ_Sf[ kXVX [VUbUkW[V U UTkUVX k[V \^X^UeTXfU^ _U Se_SbXYZ[ _U VUbU]S^UeW[ k[TSWS�X ~ojÍ� [\ eUfXWS�X

~moÍ�u ÌU \^ VUb[egUbS^UeW[ k[TSWS�[ ~ojÍ� h VUbU]S_[� eUeg\^ UVV[ {[S _UWUbWX_[ U [
WVXeT^STT[V Ue�SX X kVÎsS^X kXcX�VXibÎ_Sf[u q[V [\WV[ cX_[� TU \^ VUb[egUbS^UeW[ eUfXWS�[
~moÍ� h VUbU]S_[� UVV[T {[VX^ _UWUbWX_[T U [ WVXeT^STT[V VUUe�SX X kXcX�VXibÎ_Sf[ XeWUVS[Vu
dTWU UTr\U^X h TS^kcUT U h \TX_[ U^ ^\SW[T TSTWU^XT _U b[^\eSbXYZ[ _U _X_[Tu m[ UeWXeW[�
[ UTr\U^X o|� kXVXiUiUTkUVX h SeUVUeWU^UeWU SeU�bSUeWU k[V bX\TX _[ WU^k[ _U UTkUVX
fXTW[ kXVX X Se_SbXYZ[ _U VUbU]S^UeW[ _U bX_X kXcX�VXibÎ_Sf[ WVXeT^SWS_Xu l^ TSTWU^X _UWVXeT^STTZ[ _U _X_[T ¹%> ±®¶®â¦â¦¨±¦¶® h ^[TWVX_[ eX aSfu �u�u
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aSfu �u�Ï o|� kXVXiUiUTkUVX
�\Xe_[ [ WVXeT^STT[V VUWVXeT^SWU XT kXcX�VXTibÎ_Sf[ X kXVWSV _X kXcX�VXibÎ_Sf[ b[^

UVV[� WU^iTU [ ¹%> ¶¦·ª¶©®â+u j[^[ k[_U TUV �STW[ eX aSfu �u�� [ XWVXT[ _U S_XiUi�[cWX h_U�eS_[ b[^[ [ WU^k[ UeWVU X WVXeT^STTZ[ _U \^X kXcX�VXibÎ_Sf[ U X VUbUkYZ[ _X Se_SbXYZ[_U VUbU]S^UeW[ _Xr\UcX kXcX�VXibÎ_Sf[u q[V bX\TX _X WVXeT^STTZ[ b[eWte\X� [ UTr\U^X ¹%>¶¦·ª¶©®â+ h ^XST U�bSUeWU r\U [ ¹%> ±®¶®â¦â¦¨±¦¶®� k[_Ue_[ TUV S^kcU^UeWX_[ X \^ b\TW[^[_UVX_[u m[ UeWXeW[� UTTU UTr\U^X W[VeXiTU SeU�bSUeWU r\Xe_[ [ XWVXT[ _U S_XiUi�[cWX h
fVXe_U U X WXsX _U WVXeT^STTZ[ _U _X_[T h XcWXu
�\Xe_[ [ WVXeT^STT[V VUUe�SX T[^UeWU XT kXcX�VXTibÎ_Sf[ r\U VUbU]UVX^ VUb[egUbS^UeW[

eUfXWS�[� WU^iTU [ ¹%> ¶¦±¦·¯2Ãªâ¨¦µ¦·¯´® ~aSfu �uØ�u mUTWX UTWVXWhfSX _U�U UsSTWSV \^ ?§è¦¶ÃÄ�Ø�ËÌ Å ØÙ ÊÈÒÚÓÒÈÕÈîÓ ÊË ÆÌÙÆ�ËÐÆðËÙ ÕËÙÚÓÌ�ÌÈÆ ØÒÆÊÓ ÚÆÌÆ ÑÓÙÚËÐÒÆÌ ÆÒ ÊÈÇËÌËÐÖÆÒ ÐÆ ÕÆÉÆ ÊË



q jQRmQ��im q�� ���RiTS ^t
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atraso para N=5

aSfu �u�Ï o|� VUW[VeXim b[^ m�à
e[ VUbUkW[V kXVX XV^X�UeXV XT kXcX�VXibÎ_Sf[T cS�VUT _U UVV[ r\U bgUfXVX^ XkÎT X kXcX�VXi
bÎ_Sf[ VUbU]S_X b[^ UVV[u � ¹%> ¶¦±¦·¯2Ãªâ¨¦µ¦·¯´® h [ ^XST U�bSUeWU UeWVU [T WV�T UTr\U^XT]�TSb[T o|�� e[ UeWXeW[� h WX^]h^ [ ^XST b[^kcUs[ r\XeW[ X S^kcU^UeWXYZ[u
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5 7 4 91 4 6 8
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erro erro

11 127

retransmissão

retransmissão

10

aSfu �uØÏ o|� VUkUWSYZ[iTUcUWS�X

�vwvu §���y�ÿ�|y °§x
o UTWVXWhfSX adj \WScS�X bÎ_Sf[T b[VVUW[VUT _U UVV[ kXVX b[VVSfSV UVV[T _UWUbWX_[T e[ VUbUkW[Vu
�T _[ST WSk[T _U bÎ_Sf[T ^XST \TX_[T TZ[Ï «3¬¯³ª¨ ¬¦ ?µª«ª U «3¬¯³ª¨ «ª©´ªµ§«¯ª©®¯¨u l^ ]c[b[_U ^UeTXfU^ h VUkVUTUeWX_[ kUcX #iW\kcX ]Se�VSX . = (u1, u2, ..., uk)

bgX^X_X ^UeTXfU^u
ÊÆÊÓÒ Ë Ó �ØÉÓ ÊË ÊÆÊÓÒ ËÐÕÌË ÊÓÈÒ ÊÈÒÚÓÒÈÕÈîÓÒÛ



q jQRmQ��im q�� ���RiTS ^ 

dsSTWU \^ W[WXc _U 2k ^UeTXfUeT _STWSeWXTu � b[_S�bX_[V WVXeT{[V^X Se_UkUe_UeWU^UeWU
bX_X ^UeTXfU^ . U^ \^X ©iW\kcX ì = (v1, v2, ..., vn)

_U Tt^][c[T _STbVUW[T bgX^X_X kXcX�VXi
bÎ_Sf[� [e_U n > k

u
q[VWXeW[� b[VVUTk[e_Ue_[ `T 2k ^UeTXfUeT� UsSTWU^ 2k kXcX�VXTibÎ_Sf[ eX TXt_X _[ b[_Si

�bX_[Vu dTWU b[eË\eW[ _U 2k kXcX�VXTibÎ_Sf[ _U WX^Xeg[ n h bgX^X_[ bÎ_Sf[ _U ]c[b[ (n, k)
u

o VX�Z[ R = k/n h bgX^X_X WXsX _U bÎ_Sf[u och^ _X WXsX _U bÎ_Sf[� [\WV[T kXV�^UWV[TS^k[VWXeWUT TZ[Ï
• ������ �! "# $!%%��& #��'# "(!� )!*!+'!�, -"�&.Ï h [ e�^UV[ _U k[TSYÑUT eXTr\XST _\XT kXcX�VXTibÎ_Sf[ U^ \^ bÎ_Sf[ _S{UVU^u ] _Ue[WX_X k[V dij

� kXVX i 6= j
u

• /#�.Ï h [ e�^UV[ _U UcU^UeW[T eZ[i�UV[T r\U \^X kXcX�VXibÎ_Sf[ k[TT\Su
• ������ �! %0��%! ".  -"�&. ~dmin

�Ï h [ ^Ue[V �Xc[V _[ b[eË\eW[ dij
kXVX W[_XT XT

kXcX�VXTibÎ_Sf[ _[ bÎ_Sf[u
j[^[ X kXcX�VXibÎ_Sf[ _UkUe_U T[^UeWU _X ^UeTXfU^ b[VVUTk[e_UeWU� [ b[_S�bX_[V h_SW[ TU^ ^U^ÎVSXu o �X]u �u� ^[TWVX \^ UsU^kc[ _U bÎ_Sf[ _U ]c[b[ ]Se�VS[ b[^ k = 4 U

n = 7
� b[egUbS_[ b[^[ bÎ_Sf[ _U �X^^Sef ~ä���u

ÞFGÛHùFGÛ íHîHì1HÛ0w1IEù0~� � � �� ~� � � � � � ��
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~� � � �� ~� � � � � � ��
~� � � �� ~� � � � � � ��
~� � � �� ~� � � � � � ��
~� � � �� ~� � � � � � ��

�X]u �u�Ï jÎ_Sf[ _U }c[b[ }Se�VS[ b[^ k = 4 U n = 7

� b[_S�bX_[V kXVX \^ bÎ_Sf[ b[e�[c\bS[eXc WX^]h^ WVXeT{[V^X ^UeTXfUeT _U k ]SWT_U Se{[V^XYZ[ ~TUr��ebSX .� U^ kXcX�VXTibÎ_Sf[ ~TUr��ebSX ì� _U n
Tt^][c[Tu m[ UeWXeW[�



q jQRmQ��im q�� ���RiTS ^µ

bX_X kXcX�VXibÎ_Sf[ eZ[ _UkUe_U T[^UeWU _X ^UeTXfU^ b[VVUTk[e_UeWU� ^XT WX^]h^ _XT
m ^UeTXfUeT XeWUVS[VUTu q[VWXeW[� [ b[_S�bX_[V WU^ ^U^ÎVSX _U [V_U^ m

u � b[eË\eW[ _U
TUr��ebSXT b[_S�bX_XT kV[_\�S_XT k[V \^ b[_S�bX_[V _U # UeWVX_XT� © TXt_XT U ^U^ÎVSX _U
[V_U^ ° h bgX^X_[ bÎ_Sf[ b[e�[c\bS[eXc (n, k,m)

u
ÜHëHwEIHIF IF ÝF/FwÖ×0 F Ü011FÖ×0 IF x110
j[^[ X TUkXVXYZ[ ^teS^X UeWVU \^ kXV _U kXcX�VXTibÎ_Sf[ h dmin

� h k[TTt�Uc kXVX \^ kX_VZ[
_U UVV[ _U ±¦¨ª dmin

WVXeT{[V^XV \^X _XT 2k kXcX�VXTibÎ_Sf[ _U \^ bÎ_Sf[ U^ [\WVX kXcX�VXi
bÎ_Sf[u �\Xe_[ STW[ Xb[eWUbU WU^iTU \^ ¦¶¶ª ©Ãªâ¬¦·¦«·²´¦µu RU [\WVX {[V^X� TU [ e�^UV[_U UVV[T h ^Ue[V r\U dmin

� _UWUbWXiTU X kVUTUeYX _U \^ [\ ^XST UVV[Tu RUTTX {[V^X� \^
bÎ_Sf[ _U ]c[b[ (n, k) h bXkX� _U _UWUbWXV dmin

i � UVV[Tuo bXkXbS_X_U _U b[VVUYZ[ _U UVV[ _U \^ bÎ_Sf[ WX^]h^ _UkUe_U _X _STW�ebSX ^teS^Xu
qXVX _UWUV^SeXViTU X bXkXbS_X_U _U b[VVUYZ[ _U UVV[ _U \^ bÎ_Sf[ (n, k)

� h b[e�UeSUeWU
UesUVfXV XT 2k kXcX�VXTibÎ_Sf[ b[^[ k[eW[T _U \^ UTkXY[ ©i_S^UeTS[eXcu ÌU bX_X kXcX�VX
bÎ_Sf[ h �STWX b[^[ [ bUeWV[ _U \^X UT{UVX _U VXS[ ~¬¯¨·2©«¯® ¬¦ ç®°°¯©³� ·� [ ^XS[V�Xc[V r\U · k[_U WUV� TU^ SeWUVbUTTZ[ ~[\ WXef�ebSX� _U r\Xcr\UV kXV _U 2k UT{UVXT� h t =

b1
2
(dmin − 1)cu RUeWV[ _U bX_X UT{UVX UsSTWU^ W[_XT XT k[TTt�UST TUr�UebSXT _U _STW�ebSX^Ue[V [\ Sf\Xc X · _X kXcX�VXibÎ_Sf[ ��cS_Xu j[eTUr�UeWU^UeWU� bX_X �UW[V r\U bXS _UeWV[_U \^X UT{UVX h XTT[bSX_[ X \^X kXcX�VXibÎ_Sf[ e[ bUeWV[ _X UT{UVXu nTW[ S^kcSbX r\U \^
bÎ_Sf[ (n, k) b[^ _STW�ebSX ^teS^X dmin

h bXkX� _U b[VVSfSV t = b1
2
(dmin − 1)c UVV[Tu o aSfu�u� h \^X VUkVUTUeWXYZ[ ]Si_S^UeTS[eXc _XT kXcX�VXTibÎ_Sf[ U _XT UT{UVXTu oTTS^� \^ bÎ_Sf[

k[_U TUV \TX_[ kXVX _UWUbWXV dmin
i � UVV[T [\ b[VVSfSV t = b1

2
(dmin − 1)c UVV[Tu

ÝFw0IEòwHÖ×0
m[ VUbUkYZ[ _U \^ TSTWU^X _SfSWXc _U b[^\eSbXYZ[� \^ _U^[_\cX_[V VU_\� bX_X {[V^X _U
[e_X VUbU]S_X X \^ UTbXcXV [\ \^ �UW[V r\U VUkVUTUeWX \^X UTWS^XWS�X _[ Tt^][c[ _U _X_[T
WVXeT^SWS_[ ~]Se�VS[ [\ M i�VS[� [e_U M = 2b � b[^ b

TUe_[ [ e�^UV[ _U ]SWT _U Se{[V^XYZ[
XTT[bSX_[ X bX_X {[V^X _U [e_X _[ TSeXc�u l^ _UWUbW[V� U^ TUf\S_X X[ _U^[_\cX_[V� _U�U
_UbS_SV [ Tt^][c[ WVXeT^SWS_[u mUTWU bXT[� [ _UWUbW[V VUXcS�X \^X ¬¦«¯¨Ãª ®?¶§±·®u � kV[bUTT[_U _UbSTZ[ e[ _UWUbW[V h �STW[ b[^[ \^X {[V^X _U r\XeWS�XYZ[ _X TXt_X _[ _U^[_\cX_[V�
[e_U X ¬¦«¯¨Ãª ®?¶§±·® b[VVUTk[e_U X \^X r\XeWS�XYZ[ kXVXQ = 2b et�USTu �\Xe_[ eUeg\^X
r\XeWS�XYZ[ h UsUb\WX_X [\ UcX h {USWX b[^ Q > 2b � [b[VVU \^X ¬¦«¯¨Ãª ¨§®´¦u



q jQRmQ��im q�� ���RiTS ^¼

P1 P2

P3

dmin

t
t

t

aSfu �u�Ï |UkVUTUeWXYZ[ _U kXcX�VXTibÎ_Sf[ b[^[ bUeWV[ _U UT{UVXT _U VXS[ t = b1
2
(dmin − 1)c

Ü1IEù0Û vÜü
�T bÎ_Sf[T }[TU� jgX\_g\VS U �[br\UefgU^ ~}j�� {[V^X^ \^X fVXe_U bcXTTU _U bÎ_Sf[T
btbcSb[Tö b[VVUW[VUT _U UVV[T XcUXWÎVS[Tu dTWX bcXTTU _U bÎ_Sf[T h \^X e[W��Uc fUeUVXcS�XYZ[
_[T bÎ_Sf[T _U �X^^Sef kXVX b[VVUYZ[ _U ^�cWSkc[T UVV[Tu jÎ_Sf[T }j� ]Se�VS[T {[VX^
XkVUTUeWX_[T k[V �[br\UefgU^ U^ �éàé U Se_UkUe_UeWU^UeWU k[V }[TU U jgX\_g\VS U^
�éá�u o UTWV\W\VX btbcSbX _UTWUT bÎ_Sf[T {[S kV[�X_X k[V qUWUVT[e U^ �éá� é�u deWVU [T bÎ_Si
f[T }j� eZ[ ]Se�VS[T� X ^XST S^k[VWXeWU T\]ibcXTTU h X bcXTTU _[T bÎ_Sf[T |UU_iÌ[c[^[eu �T
bÎ_Sf[T |UU_iÌ[c[^[e {[VX^ SeWV[_\�S_[T k[V |UU_ U Ì[c[^[e U^ �éá� Se_UkUe_UeWU^UeWU_[T WVX]Xcg[T _U �[br\UefgU^� }[TU U jgX\_g\VSu
qXVX r\XSTr\UV SeWUSV[T k[TSWS�[T m(m ≥ 3) U t(t < 2m−1)

� bÎ_Sf[T }j� ]Se�VS[ k[_U^
TUV b[eTWV\t_[T b[^ [T TUf\SeWUT kXV�^UWV[TÏ

• 3!%!�4. ". 5*. .Ï n = 2m − 1

• 67%#'. "# "0&��.� "# +#'�8� !9:. )!'�"!"#Ï n − k ≤ mt

• ������ �! %0��%!Ï dmin ≥ 2t + 1

jcXVX^UeWU� UTWUT bÎ_Sf[T TZ[ bXkX�UT _U b[VVSfSV r\Xcr\UV b[^]SeXYZ[ _U t [\ ^Ue[TUVV[T U^ \^ ]c[b[ _U n = 2m − 1
_tfSW[Tu
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Þ0IEòwHÖ×0 IF w1IEù0Û
aVUr�UeWU^UeWU X XkcSbXYZ[ _U b[_S�bXYZ[ U^ TSTWU^XT _U b[^\eSbXYZ[ k[_U TUV cS^SWX_X
kUc[ WX^Xeg[ _[ ]c[b[ _U bÎ_Sf[� n� [\ kUc[ e�^UV[ _U Tt^][c[T _U Se{[V^XYZ[� k � [ r\UUsSfU �Xc[VUT _S{UVUeWUT _Xr\UcUT r\U \^ kV[ËUWSTWX _U bÎ_Sf[ kVU{UVSVSXu mUTTUT bXT[T� [ bÎ_Sf[
k[_U TUV ^[_S�bX_[ kXVX XWUe_UV `T cS^SWXYÑUT kXVWSb\cXVUT _U n [\ k

u nTW[ k[_U TUV {USW[ kUc[
X\^UeW[ _[ WX^Xeg[ _[ ]c[b[ XWVX�hT _X X_SYZ[ _U Tt^][c[T _U Se{[V^XYZ[ [\ kXVS_X_U�
kUcX _S^Se\SYZ[ _[ WX^Xeg[ _[ ]c[b[ XWVX�hT _X [^STTZ[ _U Tt^][c[T _U Se{[V^XYZ[ [\
�UVS�bXYZ[� [\ kUc[ X\^UeW[ [\ _S^Se\SYZ[ _[ e�^UV[ _U kXcX�VXTibÎ_Sf[ Uer\XeW[ ^XeWh^iTU [ WX^Xeg[ _[ ]c[b[ b[eTWXeWUu
�vwv� §���y�ÿ�|y ��� ±@¤�|}�
o WhbeSbX o|� h TS^kcUT U {[VeUbU XcWX b[e�X]ScS_X_U X[ TSTWU^Xu m[ UeWXeW[� \^X _UT�XeWXi
fU^ kUVbU]S_X U^ TSTWU^XT o|� h r\U X T\X �X�Z[ _U _X_[T bXS VXkS_X^UeWU b[^ [ X\^UeW[
_X WXsX _U UVV[ _[ bXeXcu Ð� [T TSTWU^XT adj b[eTUf\U^ ^XeWUV X �X�Z[ _U _X_[T b[eTWXeWU
~Sf\Xc X WXsX _U bÎ_Sf[ %�#á©� XkUTXV _X WXsX _U UVV[ _[ bXeXcu j[eW\_[� [T TSTWU^XT adj
XkVUTUeWX^ _\XT _UT�XeWXfUeTu qVS^USVX� r\Xe_[ \^ �UW[V VUbU]S_[ h _UWUbWX_[ U^ UVV[� UcU
_U�U TUV _Ub[_S�bX_[ U [T _X_[T _Ub[_S�bX_[T _U�U^ TUV UeWVUf\UT� XkUTXV _U eZ[ TU TX]UV
TU X _Ub[_S�bXYZ[ [b[VVU\ b[VVUWX^UeWUu j[^[ X kV[]X]ScS_X_U _U UVV[ _U _Ub[_S�bXYZ[ h
^\SW[ ^XS[V r\U X kV[]X]ScS_X_U _U \^ UVV[ eZ[ _UWUbW��Uc� W[VeXiTU _S{tbSc b[eTUf\SV XcWX
b[e�X]ScS_X_U b[^ adju ÌUf\e_X� kXVX []WUViTU XcWX b[e�X]ScS_X_U _[ TSTWU^X� \^ bÎ_Sf[
k[_UV[T[ U c[ef[ _U�U TUV \TX_[ U \^X fVXe_U b[cUYZ[ _U kX_VÑUT _U UVV[T _U�U^ TUV b[VVSi
fS_[Tu q[V UTWXT VX�ÑUT� o|� h {VUr�UeWU^UeWU kVU{UVS_[ T[]VU adj kXVX b[eWV[cU _U UVV[
U^ TSTWU^XT _U b[^\eSbXYZ[ _U _X_[T� b[^[ WX^]h^ U^ VU_UT _U _X_[T b[^\WX_XT k[V
kXb[WUT U VU_UT _U b[^\eSbXYZ[ _U b[^k\WX_[V� [e_U [T _X_[T eZ[ kVUbSTX^ TUV UeWVUf\UT
S^U_SXWX^UeWU X[ _UTWSeXW�VS[u m[ UeWXeW[� U^ TSTWU^XT _U b[^\eSbXYZ[ [e_U [ bXeXc _U
VUW[Ve[ eZ[ UTW� _STk[et�Uc [\ X VUWVXeT^STTZ[ eZ[ h k[TTt�Uc k[V Xcf\^XT VX�ÑUT� WXST b[^[�
Se{[V^XYÑUT WVXeT^SWS_XT U^ WU^k[ VUXc� adj W[VeXiTU X �eSbX UTb[cgXuo XcWUVeXWS�X kXVX T\kUVXV XT _UT�XeWXfUeT _[T TSTWU^XT o|� U adj Ueb[eWVXiTU eX
b[^]SeXYZ[ XkV[kVSX_X _UTTXT _\XT UTWVXWhfSXT _U b[eWV[cU _U UVV[u �Xc b[^]SeXYZ[ VUbU]U X
_Ue[^SeXYZ[ _U o|� �t]VS_[ é�u l^ TSTWU^X o|� �t]VS_[ b[eTSTWU U^ \^ T\]TSTWU^X adj
b[eWS_[ U^ \^ TSTWU^X o|�u o {\eYZ[ _X kXVWU adj h VU_\�SV X {VUr��ebSX _U VUWVXeT^STTZ[
b[VVSfSe_[ [T kX_VÑUT _U UVV[T r\U [b[VVU^ ^XST {VUr�UeWU^UeWUu nTW[ X\^UeWX X �X�Z[ _U
_X_[T _[ TSTWU^Xu �\Xe_[ \^ kX_VZ[ _U UVV[T ^Ue[T {VUr�UeWU [b[VVU U h _UWUbWX_[� [
VUbUkW[V T[cSbSWX \^X VUWVXeT^STTZ[ X[ Se�hT _U kXTTXV \^X ^UeTXfU^ eZ[ b[e���Uc kXVX
[ \T\�VS[u nTW[ X\^UeWX X b[e�X]ScS_X_U _[ TSTWU^Xu j[^[ VUT\cWX_[� \^X b[e�UeSUeWU
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b[^]SeXYZ[ _U o|� U adj {[VeUbUVSX ^XS[V b[e�X]ScS_X_U r\U \^ UTr\U^X adj T[�Seg[
U \^X ^XS[V �X�Z[ _U _X_[T r\U \^ TSTWU^X b[^ T[^UeWU [ UTr\U^X o|�u och^ _STT[� X
S^kcU^UeWXYZ[ _[ _Ub[_S�bX_[V W[VeXiTU TS^kcUT Ë� r\U UcU h kV[ËUWX_[ kXVX b[VVSfSV \^X
kUr\UeX b[cUYZ[ _U kX_VÑUT _U UVV[Tu � UTr\U^X adj k[_U TUV Seb[Vk[VX_[ X r\Xcr\UV \^
_[T WV�T UTr\U^XT o|� ]�TSb[Tu
l^ UTr\U^X o|� �t]VS_[ TS^kcUT b[eTSTWU e[ \T[ _U \^ bÎ_Sf[ cSeUXV ¼©#À� [ r\Xc hkV[ËUWX_[ kXVX b[VVUYZ[ U _UWUbYZ[ _U UVV[ TS^\cWXeUX^UeWUu �\Xe_[ \^ �UW[V VUbU]S_[ h

_UWUbWX_[ U^ UVV[� [ VUbUkW[V WUeWX kVS^USV[ c[bXcS�XV U b[VVSfSV [T UVV[Tu ÌU [ e�^UV[ _U
UVV[T ~[\ [ WX^Xeg[ _U \^ T\VW[ _U UVV[T� UTW� _UeWV[ _X bXkXbS_X_U _U b[VVUYZ[ _U UVV[
kV[ËUWX_X _[ bÎ_Sf[� [T UVV[T TUVZ[ b[VVSfS_[T U [T _X_[T _Ub[_S�bX_[T TUVZ[ kXTTX_[T kXVX
[ \T\�VS[ [\ TXc�[T U^ \^ ?§è¦¶ XWh r\U k[TTX^ TUV UeWVUf\UTu ÌU \^ kX_VZ[ _U UVV[
eZ[ b[VVSft�Uc h _UWUbWX_[� [ VUbUkW[V VUËUSWX [ �UW[V VUbU]S_[ U T[cSbSWX \^X VUWVXeT^STTZ[u
�\Xe_[ \^ �UW[V VUWVXeT^SWS_[ h VUbU]S_[� [ VUbUkW[V WUeWX e[�X^UeWU b[VVSfSV [T UVV[T ~TU
UsSTWSVU^�u ÌU X _Ub[_S�bXYZ[ eZ[ h ]U^ T\bU_S_X� [ VUbUkW[V _U e[�[ VUËUSWX [ �UW[V VUbU]S_[
U T[cSbSWX [\WVX VUWVXeT^STTZ[u dTWU kV[bUTT[ _U b[VVUYZ[ _U UVV[ U VUWVXeT^STTZ[ b[eWSe\X
XWh r\U [ �UW[V TUËX \^ �UW[V bÎ_Sf[ [\ \^ �UW[V _Ub[_S�b��Ucu j[^[ UsU^kc[� \^ TSTWU^X
o|� �t]VS_[ k[_UVSX \WScS�XV \^ bÎ_Sf[ }j� ~�àà��äé�u dTWU bÎ_Sf[ WU^ _STW�ebSX ^teS^X
�� U bXkXbS_X_U _U b[VVUYZ[ _U UVV[ ��u m[ UeWXeW[� UcU k[_U TUV \TX_[ kXVX b[VVSfSV à [\
^Ue[T UVV[T U TS^\cWXeUX^UeWU _UWUbWXV r\Xcr\UV b[^]SeXYZ[ UeWVU á U �à UVV[T� Sebc\TS�Uu
ÌU \^ kX_VZ[ _U UVV[ b[^ à [\ ^Ue[T UVV[T [b[VVU� UcU TUV� _UWUbWX_[ U b[VVSfS_[u ÌU \^
kX_VZ[ _U UVV[ b[^ ^XST _U à U ^Ue[T r\U �á UVV[T [b[VVU� UcU TUV� _UWUbWX_[u mUTWU bXT[�
[ VUbUkW[V T[cSbSWXV� \^X VUWVXeT^STTZ[ _[ �UW[V UVVX_[u
mUTWU UTr\U^X o|� �t]VS_[ fUVXc^UeWU WU^iTU \^ X\^UeW[ _[ bX]UYXcg[ kXVX bX_XWVXeT^STTZ[ U VUWVXeT^STTZ[u nTW[ Xb[eWUbU _U�S_[ X[ X\^UeW[ _[ e�^UV[ _U ]SWT _U kXVS_X_U

eUbUTT�VS[T� \^X �U� r\U \^ bÎ_Sf[ \TX_[ eUTWU UTr\U^X _U�U TUV bXkX� _U b[VVSfSV \^X bUVWX
b[cUYZ[ _U kX_VÑUT _U UVV[T U TS^\cWXeUX^UeWU _UWUbWXV [\WV[T kX_VÑUT _U UVV[Tu deWVUWXeW[�
UTWU X\^UeW[ _U ]SWT _U VU_\e_�ebSX h b[^kUeTX_[ kUc[ ^Ue[V e�^UV[ _U VUWVXeT^STTÑUTu
dTWU UTr\U^X o|� �t]VS_[ _UTbVSW[ h _Ue[^SeX_[ _U UTr\U^X ¹%> çN?¶¯¬ª ·¯±ª 6u �TUf\e_[ WSk[ ~ª§ ·¯±ª 66 � _U UTr\U^X o|� �t]VS_[ h ]XTUX_[ eX S_hSX _U r\U [T _tfSW[T _U�UVS�bXYZ[ _U kXVS_X_U kXVX b[VVUYZ[ _U UVV[ TZ[ Ue�SX_[T kXVX [ VUbUkW[V T[^UeWU r\Xe_[
UcUT TZ[ eUbUTT�VS[Tu mUTWU UTr\U^X� X ^UeTXfU^ � XeWUT _U TUV WVXeT^SWS_X� h b[_S�bX_X k[V
\^ bÎ_Sf[ kV[ËUWX_[ T[^UeWU kXVX _UWUbYZ[u o[ ^UT^[ WU^k[� ]SWT _U kXVS_X_U b[^k\WX_[T
\TXe_[ \^ bÎ_Sf[ Se�UVTt�UcA TZ[ XV^X�UeX_[T e[ WVXeT^STT[Vu ÌU X WVXeT^STTZ[ eZ[ h ]U^
T\bU_S_X� [T ]SWT _U kXVS_X_U XV^X�UeX_[T TZ[ Ue�SX_[T kXVX [ VUbUkW[Vu
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mUTWX TUYZ[� X�XcSXiTU [ b[^k[VWX^UeW[ _X kScgX �jq�|�q U^ \^ X^]SUeWU jRpo X[T\]TWSW\SViTU X UTWVXWhfSX o|� kUcX UTWVXWhfSX o|� �t]VS_[ e[ kV[W[b[c[ |�qu RX ^UT^X{[V^X r\U e[ bXktW\c[ XeWUVS[V� \WScS�XiTU �X�Z[ _U _X_[T U XWVXT[ ^h_S[ _[ kV[W[b[c[ �jq
b[^[ kXV�^UWV[T _U X�XcSXYZ[ _U _UTU^kUeg[u
� UTr\U^X o|� �t]VS_[ UTb[cgS_[ h [ _[ ·¯±ª 6u � bÎ_Sf[ \WScS�X_[ h \^ bÎ_Sf[ _U ]c[b[~�äà�éé�u dTWU bÎ_Sf[ {[S []WS_[ X kXVWSV _[ Ueb\VWX^UeW[ �ä� _[ bÎ_Sf[ }j� ~�àà��äé� r\U

k[TT\S bXkXbS_X_U _U b[VVUYZ[ _U UVV[ �� U _STW�ebSX ^teS^X ��u dTWX ^[_S�bXYZ[ ^XeWU�U
WXeW[ X bXkXbS_X_U _U b[VVUYZ[ r\XeW[ X _STW�ebSX ^teS^X _[ bÎ_Sf[ [VSfSeXcu deWVUWXeW[�
XT bXkXbS_X_UT _U b[VVUYZ[ ~tp� U _UWUbYZ[ ~dp

� _U UVV[ _[ bÎ_Sf[ TZ[ �XVSX_XT _U {[V^X X
[]WUViTU ��VSXT b[e�f\VXYÑUT _U o|� �t]VS_[u o �X]u �u� Sc\TWVX [T UTr\U^XT kV[ËUWX_[Tuoch^ _STT[� X_SbS[e[\iTU Xcf\eT ]SWT _U bX]UYXcg[ e[ kXb[WU |�q kXVX TUVU^ \TX_[T kUc[
kV[W[b[c[ |�q kXVX b[eWV[cU ~WSk[ _[ ]c[b[� b[eWX_[V _[ e�^UV[ _U TUr��ebSX� VU_\e_�ebSX�
UWbuuu� �á�u �\WV[ []ËUWS�[ _UTTX X_SYZ[ UsWVX _U ]SWT _U b[eWV[cU {[S ^XeWUV [ WX^Xeg[ _[
kXb[WU |�q UTkUbS�bX_[ kUcX e[V^X nÌiéé ��u

tp dpF GHIJFK
H GJIHLK
J GMIHNK
M GOIHPK
O GQIHRK
Q GRIHQK
R GPIHOK
P GNIHMK
N GLIHJK
L GHFIHHK
HF ,

�X]u �u�Ï dTr\U^XT kV[ËUWX_[T _U o|� �t]VS_[
� kV[bUTT[ _U _Ub[_S�bXYZ[ \WScS�X_[ h ]XTUX_[ eX _UbSTZ[ X]V\kWX _U�S_[ X[ b[^kVSi

^UeW[ c[ef[ _[ bÎ_Sf[u o kXVWU o|� h b[^k[TWX _U \^ UTr\U^X _U VUkUWSYZ[ TUcUWS�X
\WScS�Xe_[ moÍ � [ r\U TSfeS�bX r\U X [b[VV�ebSX _U VUWVXeT^STTÑUT UTW� VUTWVSWX X[ Ue�S[ _U
T[cSbSWXYZ[ kUc[ VUbUkW[Vu
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�vuvw ���¤y¤|�|}y}~ }~ ~��� }� zy{��~ �þ�
RU�S_[ X �Uc[bS_X_U _U _UTc[bX^UeW[ _X UTWXYZ[ ^Î�Uc TUV b[eTS_UVX_X� X PRLP

k[_U TUV
_UWUV^SeX_X U^ _\XT TSW\XYÑUTÏ \T\�VS[T U^ XcWX U ]XSsX ^[]ScS_X_Uu q[VWXeW[Ï
-î/H Þ0þEîEIHIF
j[^[ b[eTS_UVXiTU _UbSTZ[ X]V\kWX ��� e[ _Ub[_S�bX_[V� _U�eUiTU X kV[]X]ScS_X_U _U eZ[
[b[VVUV UVV[ [\ [b[VVUV \^ kX_VZ[ _U UVV[ b[VVSft�Uc e[ kXb[WU |�q k[VÏ

PaRLP =

tp
∑

i=0

(

NRLP

i

)

P i
bc(1 − Pbc)

NRLP−i ~�u��
[e_U tp

h X bXkXbS_X_U _U b[VVUYZ[ _U UVV[ kV[ËUWX_X _[ bÎ_Sf[�NRLP
h [ e�^UV[ _U ]SWT U^

\^ kXb[WU |�q U Pbc
VUkVUTUeWX X kV[]X]ScS_X_U _U UVV[ _U ]SW b[_S�bX_[� _X_X k[V ~�uØ��u

o kV[]X]ScS_X_U _U [b[VVUV \^ kX_VZ[ _U UVV[ _UWUbW��Uc e[ kXb[WU |�q h _X_X k[VÏ

PrRLP =

dps
∑

m=dpi

(

NRLP

m

)

Pm
bc (1 − Pbc)

NRLP−m ~�u��
[e_U dpi

U dps
TZ[ [T cS^SWUT Se{UVS[V U T\kUVS[V� VUTkUbWS�X^UeWU� _[ SeWUV�Xc[ [e_U [b[VVU

_UWUbYZ[ _U UVV[T� [\ TUËX� h [ SeWUV�Xc[ _U VUWVXeT^STTZ[� _X_[T k[V dpi = tp + 1 U dps =

dmin − dpi
u

j[eTUr�UeWU^UeWU� X kV[]X]ScS_X_U _U [b[VVUV \^ kX_VZ[ _U UVV[ eZ[ _UWUbW��Uc e[
kXb[WU |�q h _X_X k[VÏ

PeRLP =

NRLP
∑

n=dps+1

(

NRLP

n

)

P n
bc(1 − Pbc)

NRLP−n ~�uØ�

vHEyH Þ0þEîEIHIF
RU ^XeUSVX Xe�c[fX X[ bXT[ _U XcWX ^[]ScS_X_U� _U�eUiTU X kV[]X]ScS_X_U _U [b[VVUV \^
kX_VZ[ _U UVV[ b[VVSft�Uc e[ kXb[WU |�q kXVX [ bXT[ _U ]XSsX ^[]ScS_X_U k[VÏ

PaRLP =

tp
∑

i=0

∫ ∞

0

∫ ∞

0

[(

NRLP

i

)

P i
bc(1 − Pbc)

NRLP−i

]

pλ(λ)pα(α)dλdα ~�u��
o kV[]X]ScS_X_U _U [b[VVUV \^ kX_VZ[ _U UVV[ _UWUbW��Uc e[ kXb[WU |�q h _X_X k[VÏ

PrRLP =

dps
∑

m=dpi

∫ ∞

0

∫ ∞

0

[(

NRLP

m

)

Pm
bc (1 − Pbc)

NRLP−m

]

pλ(λ)pα(α)dλdα ~�uà�
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q[V �^� X kV[]X]ScS_X_U _U [b[VVUV \^ kX_VZ[ _U UVV[ eZ[ _UWUbW��Uc e[ kXb[WU |�q h

_X_X k[VÏ

PeRLP =

NRLP
∑

n=dps+1

∫ ∞

0

∫ ∞

0

[(

NRLP

n

)

P n
bc(1 − Pbc)

NRLP−n

]

pλ(λ)pα(α)dλdα ~�uá�

�vuvu ���y�� �ÿ}|� }~ �~�©~���� õx�
o kUV_X _U \^ TUf^UeW[ �jq �XS _UkUe_UV _[ WSk[ _U UVV[ [b[VVS_[ e[ kXb[WU |�qu q[VWXeW[�
k[_UiTU _S�S_SV X kV[]X]ScS_X_U _U [b[VVUV UVV[ U^ \^ TUf^UeW[ �jq U^ _\XT TSW\XYÑUTu o
kVS^USVX TSW\XYZ[ Xb[eWUbU r\Xe_[ [b[VVU^ T[^UeWU kX_VÑUT _U UVV[T eZ[ _UWUbW��UST U^ e[
^teS^[ \^ kXb[WU |�q� eZ[ gX�Ue_[ XTTS^ VUWVXeT^STTÑUT eX bX^X_X |�qu RUTTX {[V^X�
k[_UiTU _U�eSV X kV[]X]ScS_X_U _U [b[VVUV UVV[ e[ TUf^UeW[ �jq k[VÏ

PeTCP =

nRLP
∑

j0=1

(

nRLP
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)

P j0
eRLP (1 − PeRLP )nRLP−j0

[e_U nRLP
h [ e�^UV[ _U kXb[WUT |�q eUbUTT�VS[T kXVX {VXf^UeWXV \^ TUf^UeW[ �jq U
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VUkVUTUeWX X kV[]X]ScS_X_U _U [b[VVUV \^ UVV[ eZ[ _UWUbW��Uc e[ kXb[WU |�q� _X_X

k[V ~�uØ� [\ ~�uá�� _UkUe_Ue_[ _X ^[]ScS_X_U _[ \T\�VS[u
mX [\WVX TSW\XYZ[� TÎ [b[VVU^ kX_VÑUT _U UVV[ _UWUbW��UST U^ kUc[ ^Ue[T \^ kXb[WU

|�qu RUTTX {[V^X� XTT\^Se_[ r\U UsSTWU \^ cS^SWU ^�sS^[ _U r VUWVXeT^STTÑUT eX bX^X_X|�q b[^ [ []ËUWS�[ _U UeWVUfXV [ TUf^UeW[ �jq cS�VU _U UVV[T kXVX X bX^X_X �jq� k[_UiTU_U�eSV X kV[]X]ScS_X_U _U [b[VVUV UVV[ e[ TUf^UeW[ �jq k[VÏ

PrTCP =

nRLP
∑

j0=1

(

nRLP

j0

)

P j0
rRLP (1 − PrRLP )nRLP−j0

×
j0

∑

j1=1

(

j0

j1

)

P j1
rRLP (1 − PrRLP )j0−j1

. . .

jr−1
∑

jr=1

(

jr−1

jr

)

P jr

rRLP (1 − PrRLP )jr−1−jr ~�uä�

[e_UÏ
j0
VUkVUTUeWX [ e�^UV[ _U kXb[WUT |�q UVVX_[T eX WVXeT^STTZ[S

jr
VUkVUTUeWX [ e�^UV[ _U kXb[WUT |�q UVVX_[T eX VUWVXeT^STTZ[ r S

PrRLP
VUkVUTUeWX X kV[]X]ScS_X_U _U [b[VVUV \^ kX_VZ[ _U UVV[ _UWUbW��Uc e[ kXb[WU |�q�

_X_X k[V ~�u�� [\ ~�uà�� _UkUe_Ue_[ _X ^[]ScS_X_U _[ \T\�VS[u
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j[eTS_UVXe_[ X [b[VV�ebSX _XT _\XT TSW\XYÑUT� X kV[]X]ScS_X_U W[WXc _U \^ TUf^UeW[
�jq UTWXV UVVX_[ h _X_X k[VÏ

PtTCP = PeTCP + PrTCP − PeTCP PrTCP
~�uå�

� WU^k[ ^h_S[ eUbUTT�VS[ kXVX WVXeT^SWSV \^ TUf^UeW[ �jq� TU^ b[eTS_UVXV TU UTTU
TUf^UeW[ {[S VU^[eWX_[ b[^ T\bUTT[� h _X_[ k[VÏ

TTCP =
1 − (PrRLP )r+1

1 − PrRLP

τTCP,min
~�ué�

[e_U τTCP,min
h [ WU^k[ ^teS^[ eUbUTT�VS[ kXVX \^ TUf^UeW[ �jq TUV WVXeT^SWS_[� r\U h

_X_[ k[VÏ
τTCP,min = nRLP TRLP + τp

~�u���
[e_U τp

h [ WU^k[ _U kV[kXfXYZ[u
� XWVXT[ ^h_S[ _U TUf^UeW[T �jq h _X_[ k[VÏ

τTCP =
TTCP

1 − PtTCP

~�u���
[e_U PtTCP

h X kV[]X]ScS_X_U W[WXc _U UVV[ _[ TUf^UeW[ �jq� _X_X k[V ~�uå�u
Ì\]TWSW\Se_[ ~�ué� U^ ~�u��� U e[V^XcS�Xe_[ kUc[ WU^k[ ^teS^[ τTCP,min

� []Wh^iTU [XWVXT[ ^h_S[ _U TUf^UeW[T �jq e[V^XcS�X_[ kUc[ WU^k[ ^teS^[Ï

τTCPN
=

1 − (PrRLP )r+1

(1 − PrRLP )(1 − PtTCP )
~�u���

�vuv� �y��� }~ y}�� }~ �~�©~���� õx�
j[^[ _U�eS_[ e[ bXktW\c[ XeWUVS[V� X �X�Z[ _U _X_[T e[V^XcS�X_X U [ XWVXT[ ^h_S[ e[V^Xi
cS�X_[ k[TT\U^ VUcXYZ[ Se�UVTX^UeWU kV[k[VbS[eXc� c[f[Ï

ηTCPN
=

1

τTCPN

~�u�Ø�

²I_ ���M��� K!� !���M[�K!�
o �X]u �uØ ^[TWVX [T �Xc[VUT \WScS�X_[T eX []WUeYZ[ _[T VUT\cWX_[T WUÎVSb[T U TS^\cX_[Tu qXVX
[ TUf^UeW[ �jq {[S \WScS�X_[ [ WX^Xeg[ _U TUf^UeW[ ^�sS^[ ~pÌÌ� U {[V^XW[ _U bX]UYXcg[
b[^kVS^S_[ å�u � WX^Xeg[ _[ kXb[WU |�q TUf\U X UTkUbS�bXYZ[ nÌiéé ��u � �Xc[V ^h_S[
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�X]u �uØÏ qXV�^UWV[T \TX_[T eX TS^\cXYZ[ U TU\T VUTkUbWS�[T �Xc[VUT
o �X�Z[ _U _X_[T UTW� e[V^XcS�X_X kUcX WXsX _U Se{[V^XYZ[ U fXeg[ _U kV[bUTTX^UeW[

_U ]SW b[_S�bX_[ Uer\XeW[ [ XWVXT[ ^h_S[ UTW� e[V^XcS�X_[ kUc[ WU^k[ ^teS^[u o^]XT XT
^U_S_XT _U _UTU^kUeg[ {[VX^ WVXYX_XT U^ {\eYZ[ _X bXVfX _[ TSTWU^X� r\U h _X_X k[VÏ

ϕ =
N − 1

G
~�u���

j[^[ X �Uc[bS_X_U _U _UTc[bX^UeW[ _[ WUV^SeXc ^Î�Uc h \^ k[eW[ kVUk[e_UVXeWU eX
[]WUeYZ[ _[T VUT\cWX_[T� kXVX {XbScSWXV X XkVUTUeWXYZ[ _[T fV��b[T TZ[ b[eTS_UVX_XT _\XT
TSW\XYÑUTÏ [ WUV^SeXc ^Î�Uc U^ XcWX U ]XSsX ^[]ScS_X_Uu
�v�vw ���y ��¤|�|}y}~
oT aSf\VXT �uà U �uá ^[TWVX^ X �X�Z[ _U _X_[T U [ XWVXT[ ^h_S[ e[V^XcS�X_[T kXVX [ kV[W[b[c[
�jq� VUTkUbWS�X^UeWU� U^ {\eYZ[ _X bXVfX _[ TSTWU^Xu j[eTS_UVXiTU XkUeXT \^X VUkUWSYZ[ eX
bX^X_X |�qu o bXkXbS_X_U _U b[VVUYZ[ _[ bÎ_Sf[ ~tp� U X bXkXbS_X_U _U _UWUbYZ[ [\ SeWUV�Xc[_U VUWVXeT^STTZ[ ~dp

� TZ[ �XVSX_[Tu � UTr\U^X r\U \WScS�X X bXkXbS_X_U _U b[VVUYZ[ W[WXc
_[ bÎ_Sf[� [\ TUËX ��� eZ[ U{UW\Xe_[ XTTS^ VUWVXeT^STTÑUT� XkVUTUeWX _UTU^kUeg[ T\kUVS[V
X[ UTr\U^X r\U \WScS�X b[VVUYZ[ _U XWh ä ]SWT U SeWUV�Xc[ _U VUWVXeT^STTZ[ _U å ` �Ø ]SWT U^
bX_X kXb[WU |�qu q[Vh^� [ UTr\U^X o|� �t]VS_[ r\U \WScS�X \^ bÎ_Sf[ b[^ bXkXbS_X_U _U
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b[VVUYZ[ XWh é ]SWT U bXkXbS_X_U _U _UWUbYZ[ _U �� X �� ]SWT []Wh^ [ ^Ucg[V VUT\cWX_[ UeWVU
[T UTr\U^XT kV[ËUWX_[Tu nTW[ k[_U TUV �STW[ kUc[ b[^k[VWX^UeW[ _XT b\V�XT eX aSfu �uà�
[e_U []TUV�XiTU r\U kXVX \^X bXVfX _U �ØT _X bhc\cX X UTWVXWhfSX b[^ tp = 7 U dp = [8, 13]XkVUTUeWX [ �Xc[V kXVX �X�Z[ _U _X_[T e[V^XcS�X_X _U XkV[sS^X_X^UeWU ����� X UTWVXWhfSX
b[^ tp = 10

XkVUTUeWX ��Ø� U X UTWVXWhfSX b[^ tp = 9 U dp = [10, 11]
XkVUTUeWX ��à�u qXVX

[ XWVXT[ ^h_S[ e[V^XcS�X_[ ~aSfu �uá�� []TUV�XiTU r\U kXVX \^X bXVfX _U ��T _X bhc\cX X
UTWVXWhfSX b[^ tp = 7 U dp = [8, 13]

XkVUTUeWX [ �Xc[V _U XkV[sS^X_X^UeWU ��à�� X UTWVXWhfSX
b[^ tp = 10

XkVUTUeWX ��å� U X UTWVXWhfSX b[^ tp = 9 U dp = [10, 11]
XkVUTUeWX ��Ø�u

�X�Z[ _U _X_[T U XWVXT[ ^h_S[ e[V^XcS�X_[T kXVX [ kV[W[b[c[ �jq� U^ {\eYZ[ _X bXVfX
_[ TSTWU^X TZ[ XkVUTUeWX_[T eXT aSf\VXT �uä U �uå� VUTkUbWS�X^UeWUu ÌZ[ b[eTS_UVX_XT _\XT
VUWVXeT^STTÑUT eX bX^X_X |�qu jXkXbS_X_U _U b[VVUYZ[ _[ bÎ_Sf[ U SeWUV�Xc[ _U VUWVXeTi
^STTZ[ TZ[ �XVSX_[Tu � X\^UeW[ _[ e�^UV[ _U VUWVXeT^STTÑUT ^Ucg[VX [ _UTU^kUeg[ _[T
UTr\U^XT o|� �t]VS_[u � UTr\U^X _U b[VVUYZ[ _U XWh ä ]SWT U SeWUV�Xc[ _U VUWVXeT^STTZ[ _U
å ` �Ø ]SWT kXTTX Xf[VX X WUV _UTU^kUeg[ ^Ucg[V r\U [ UTr\U^X b[^ bXkXbS_X_U _U b[VVUYZ[
�� TU^ VUWVXeT^STTZ[� [ r\U eZ[ Xb[eWUbSX kXVX [ bXT[ _U \^X VUWVXeT^STTZ[ eX bX^X_X |�qu
qXVX _\XT VUWVXeT^STTÑUT eX bX^X_X |�q� [ UTr\U^X \WScS�Xe_[ bXkXbS_X_U _U b[VVUYZ[ XWh
å ]SWT U bXkXbS_X_U _U _UWUbYZ[ _U é X �� ]SWT h [ r\U XkVUTUeWX [ ^Ucg[V VUT\cWX_[ UeWVU
[T UTr\U^XT kV[ËUWX_[Tu mX aSfu �uä� kXVX \^X bXVfX _U ��T _X bhc\cX� X UTWVXWhfSX b[^
tp = 10

XkVUTUeWX kXVX �X�Z[ _U _X_[T e[V^XcS�X_X [ �Xc[V XkV[sS^X_[ _U ����� X UTWVXWhfSX
b[^ tp = 7 U dp = [8, 13]

XkVUTUeWX ���� U X UTWVXWhfSX b[^ tp = 8 U dp = [9, 12]
XkVUTUeWX

���Øu o aSfu �uå XkVUTUeWX [ XWVXT[ ^h_S[ e[V^XcS�X_[� eUcX []TUV�XiTU r\U b[VVUTk[e_Ue_[X \^X bXVfX _U �ØT _X bhc\cX X UTWVXWhfSX b[^ tp = 10
XkVUTUeWX [ �Xc[V XkV[sS^X_[ _U Ø�Øà�

X UTWVXWhfSX b[^ tp = 7 U dp = [8, 13]
XkVUTUeWX ��éà U X UTWVXWhfSX b[^ tp = 8 U dp = [9, 12]XkVUTUeWX ��àu

j[^ WV�T VUWVXeT^STTÑUT eX bX^X_X |�q� [T UTr\U^XT kV[ËUWX_[T WU^ [ _UTU^kUeg[
e[�X^UeWU ^Ucg[VX_[� b[^ UsbUYZ[ _[ UTr\U^X b[^ bXkXbS_X_U _U b[VVUYZ[ ��� r\U h TU^
VUWVXeT^STTZ[u �T UTr\U^XT b[^ ^XS[V SeWUV�Xc[ _U VUWVXeT^STTZ[ W�^ fXeg[ ^XS[V _[ r\U
Xr\UcUT b[^ ^Ue[V SeWUV�Xc[u m[ UeWXeW[� b[^[ e[ bXT[ _U _\XT VUkUWSYÑUT eX bX^X_X |�q�
[ UTr\U^X _U bXkXbS_X_U _U b[VVUYZ[ XWh å ]SWT U bXkXbS_X_U _U _UWUbYZ[ _U é ` �� ]SWT XSe_X
XkVUTUeWX [ ^Ucg[V VUT\cWX_[ UeWVU [T UTr\U^XT kV[ËUWX_[Tu o aSfu �ué XkVUTUeWX X �X�Z[
_U _X_[T e[V^XcS�X_X kXVX [ kV[W[b[c[ �jqu qXVX \^X bXVfX _U �ØT _X bhc\cX� X UTWVXWhfSX
b[^ tp = 8 U dp = [9, 12] []Wh^ [ �Xc[V _U ��äØ kXVX X �X�Z[ _U _X_[T e[V^XcS�X_Xu der\XeW[XT UTWVXWhfSXT b[^ tp = 9 U dp = [10, 11] U tp = 10 []Wh^ [T �Xc[VUT kVÎsS^[T _U ��àå U ��Ø��VUTkUbWS�X^UeWUu qXVX [ XWVXT[ ^h_S[ e[V^XcS�X_[� Sc\TWVX_[ eX �f\VX �u��� b[eTS_UVXe_[
\^X bXVfX _U �ØT _X bhc\cX� X UTWVXWhfSX b[^ tp = 8 U dp = [9, 12] []Wh^ [ ^Ue[V �Xc[V kXVX[ XWVXT[ ^h_S[ e[V^XcS�X_[Ï ���u oT UTWVXWhfSXT b[^ tp = 9 U dp = [10, 11] U tp = 10 []Wh^
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[T �Xc[VUT kVÎsS^[T _U ��å� U Ø�Øà� VUTkUbWS�X^UeWUu
�X�Z[ _U _X_[T U [ XWVXT[ ^h_S[ e[V^XcS�X_[T kXVX [ kV[W[b[c[ �jq� U^ {\eYZ[ _X

bXVfX _[ TSTWU^X� TZ[ ^[TWVX_[T eXT aSf\VXT �u�� U �u��� VUTkUbWS�X^UeWUu j[eTS_UVXiTU
r\U [ bÎ_Sf[ S^kcU^UeWX_[ eX kXVWU adj _[ UTr\U^X o|� �t]VS_[ k[TT\X bXkXbS_X_U _U
b[VVUYZ[ XWh å ]SWT U bXkXbS_X_U _U _UWUbYZ[ _U UVV[ _U é ` �� ]SWT U^ bX_X kXb[WU |�qu �
e�^UV[ _U VUWVXeT^STTÑUT h �XVSX_[ eX bX^X_X |�qu �]TUV�XiTU r\U kXVX \^X ^UT^X bXVfX�
[ X\^UeW[ _[ e�^UV[ _U VUWVXeT^STTÑUT kV[k[VbS[eX ^XS[VUT �Xc[VUT _U �X�Z[ _U _X_[T U
^Ue[VUT �Xc[VUT _U XWVXT[ ^h_S[u � e�^UV[ ^�sS^[ _U WV�T VUWVXeT^STTÑUT []Wh^ [ ^Ucg[V
VUT\cWX_[ UeWVU [T �Xc[VUT X_[WX_[Tu o kXVWSV _U WV�T VUWVXeT^STTÑUT eZ[ UsSTWU \^ fXeg[
TSfeS�bXWS�[ e[ _UTU^kUeg[ _[ TSTWU^Xu
oT aSf\VXT �u�Ø U �u�� b[^kXVX^ XT UTWVXWhfSXT _U b[eWV[cU _U UVV[ kXVX �X�Z[ _U _X_[T U

[ XWVXT[ ^h_S[ e[V^XcS�X_[T kXVX [ kV[W[b[c[ �jq� VUTkUbWS�X^UeWU� U^ {\eYZ[ _X bXVfX _[
TSTWU^Xu j[eTS_UVXiTU r\U [ bÎ_Sf[ S^kcU^UeWX_[ eX kXVWU adj _[ UTr\U^X o|� �t]VS_[
k[TT\X bXkXbS_X_U _U b[VVUYZ[ XWh å ]SWT U SeWUV�Xc[ _U VUWVXeT^STTZ[ _U é ` �� ]SWT U^
bX_X kXb[WU |�qu � e�^UV[ _U VUWVXeT^STTÑUT h �sX_[ e[ ^�sS^[ U^ WV�T eX bX^X_X |�qu
q[_UiTU �UV r\U [ UTr\U^X o|� �t]VS_[ {[VeUbU \^ fXeg[ TSfeS�bXWS�[ e[ _UTU^kUeg[ _[TSTWU^Xu j[^ [ UTr\U^X o|� �t]VS_[� k[_UiTU kV[k[VbS[eXV �Xc[VUT Sf\XST _U �X�Z[ _U_X_[T U XWVXT[ ^h_S[ r\U [ o|� ]�TSb[ b[^ {XW[VUT _U bXVfX _X bhc\cX ]U^ ^XS[VUTu
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[\WVX bX\TX kXVX [ _UTU^kUeg[ V\S^ _X UTWVXWhfSX o|� �t]VS_[ eUTWX TSW\XYZ[u � X\^UeW[
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b[VVUYZ[ _U UVV[T U^ T\VW[Tu m[ UeWXeW[� [ \T[ _U UeWVUcXYX_[VUT e[ WVXeT^STT[V éUTkXcgXVSXê
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Avaliação da Estrat́egia ARQ H́ıbrido na Interaç̃ao
entre os Protocolos TCP e RLP sobre Sistemas

Celulares CDMA
Márzio Geandre Rêgo, Renato Baldini Filho, Celso de Almeida

Resumo— Neste trabalho avalia-se o comportamento da pilha
de protocolos TCP/RLP (Transport Control Protocol/Radio Link
Protocol) utilizando a estratégia ARQ (Automatic Repeat Request)
Hı́brido no protocolo RLP sobre um enlace sem fio CDMA (Code
Division Multiple Access). Resultados, analı́ticos e simulados, mos-
tram que o uso da t́ecnica ARQ Hı́brido melhora o desempenho
do sistema. Vaz̃ao de dados e atraso ḿedio de segmentos TCP
são os par̂ametros de desempenho analisados no enlace reverso
de um sistema CDMA multicelular, com usúarios distribuı́dos
uniformemente em uma ćelula.

Palavras-Chave— CDMA, TCP, RLP, ARQ Hı́brido, Vaz ão de
Dados, Atraso Médio.

Abstract— In this work the performance of TCP/RLP (Trans-
port Control Protocol/Radio Link Protocol) protocol stack using
the Hybrid ARQ ( Automatic Repeat Request) strategy in the
RLP protocol is evaluated on a CDMA (Code Division Multiple
Access) wireless link. Analytical and simulated results show that
the use of the Hybrid ARQ improves the system performance.
Throughput and average delay of the TCP segments are the
performance parameters analyzed on the reverse link of the
multicellular CDMA system, with users uniformly distribut ed
in a cell.

Keywords— CDMA, TCP, RLP, Hybrid ARQ, Throughput,
Average Delay.

I. I NTRODUÇÃO

Os sistemas de comunicação móvel celular apresentaram
um crescimento vertiginoso nas últimas décadas, ao ponto
de atualmente superarem os acessos fixos convencionais. Ao
lado dos rápidos avanços na área de comunicações sem fio,
a popularização da Internet atinge números cada vez mai-
ores. Nesse cenário, o fornecimento de serviços de dados
para aplicações como correio eletrônico, navegação na Web,
transferência de arquivos, acesso remoto, etc., sobre redes sem
fio vem ganhando cada vez mais importância [1].

O protocolo TCP (Transport Control Protocol), um proto-
colo de transporte que faz parte dasúıte IP (Internet Protocol),
é o protocolo utilizado por todas essas aplicações. No entanto,
o protocolo TCP foi projetado para redes fixas, onde as taxas
de erro do canal são baixas e as perdas de segmentos são
decorrentes principalmente do congestionamento na rede. Em
canais sem fio, onde as taxas de erro são altas, o desempe-
nho do protocolo TCP torna-se significativamente degradado,
devido à perda de segmentos e aumento dos atrasos.
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A utilização de um mecanismo para reduzir as incompati-
bilidades entre o protocolo TCP e o ambiente sem fio torna-se
imprescindı́vel. O protocolo RLP (Radio Link Protocol), tem
sido proposto como solução para este problema. Este protocolo
é introduzido na camada de enlace, acima da camada fı́sica,
e sua principal função é minimizar as perdas do protocolo
TCP no ambiente sem fio através da subdivisão do segmento
TCP em segmentos menores. Uma técnica de controle de erros,
chamada ARQ (Automatic Repeat Request) é responsável pelo
controle de erros através de retransmissões de pacotes no
protocolo RLP.

No entanto, a estratégia ARQ não apresenta uma boa
eficiência em canais onde as taxas de erro são altas. Nestes
canais ocorrem um grande número de retransmissões, con-
seqüentemente diminuindo o desempenho do sistema. Nesse
caso, a combinação da técnica FEC (Forward Error Correc-
tion) com detecção e retransmissão, pode ser mais eficiente
que o ARQ sozinho. Esta estratégia, chamada de ARQ hı́brido
[2], pode realizar uma melhora significativa de desempenho
em sistemas de comunicação móvel.

II. T RABALHOS RELACIONADOS E CONTRIBUIÇÃO DESTE

TRABALHO

O desempenho do conjunto de protocolos TCP/RLP em
ambientes de comunicações sem fio CDMA (Code Division
Multiple Access) tem estimulado várias pesquisas [1] [3] [4]
[5], de modo que os usuários possam utilizar as aplicações
Internet em redes sem fio de forma confiável. Expressões
matemáticas para probabilidade de erro média de bit, vaz˜ao de
dados e atraso médio para o protocolo TCP sobre o sistema
CDMA têm sido obtidas [6] [7] [8], fornecendo orientação
para melhorar o desempenho do sistema. A substituição da
estratégia ARQ pela estratégia ARQ Hı́brido no protocolo
RLP pode trazer uma melhora em termos de desempenho da
pilha TCP/RLP. A proposta deste trabalho é avaliar, atrav´es
de parâmetros de qualidade de serviço como vazão de dados
e atraso médio, essa possı́vel melhoria.

III. E STRATÉGIA ARQ HÍBRIDO

Em um projeto de sistema de transmissão digital a principal
preocupação é o controle de erros, tal que uma reproduç˜ao
confiável dos dados seja obtida. Uma das formas de realizar
esse controle consiste no uso da estratégia FEC, na qual,
códigos corretores de erros automaticamente corrigem erros
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detectados no receptor. Outra forma baseia-se no uso da es-
tratégia ARQ, neste esquema, quando erros são detectadosno
receptor, uma solicitação é enviada para o transmissor repetir
os dados, isto acontece até que os dados sejam recebidos
corretamente ou seja alcançado o número de retransmissões
possı́veis na estratégia.

A maior vantagem da estratégia ARQ sobre a FEC é que a
detecção de erros requer um equipamento de decodificação
mais simples. Técnicas ARQ também fornecem alta confi-
abilidade ao sistema, ao custo de um grande aumento em
dispositivos de armazenamento (memórias). Assim, quandoa
taxa de erro do canal é alta, retransmissões ocorrem freq¨uente-
mente, nesse caso a estratégia ARQ diminui o desempenho do
sistema. Uma forma de tentar melhorar a eficiência do sistema
seria realizar uma combinação apropriada das técnicas FEC e
ARQ. Esta estratégia recebe a denominação de ARQ hı́brido
[2].

Um sistema ARQ Hı́brido consiste de um FEC contido
em um sistema ARQ. A função da parte FEC é reduzir a
freqüência de retransmissão corrigindo os padrões de erros
que ocorrem mais freqüentemente. Isto aumenta a vazão de
dados do sistema. Quando um padrão de erros menos freqüente
ocorre e é detectado, o receptor solicita uma retransmiss˜ao ao
invés de passar uma mensagem não confiável para o usuário.
Isto aumenta a confiabilidade do sistema. Como resultado, uma
conveniente combinação de ARQ e FEC fornece uma maior
confiabilidade que um esquema FEC sozinho e uma maior
vazão de dados que um sistema com somente o esquema ARQ.
Além disso, a implementação do codificador torna-se simples
já que ele é projetado para corrigir uma pequena coleçãode
padrões de erros.

A estratégia ARQ Hı́brido utiliza um código, o qual é
projetado para correção e detecção de erro simultaneamente.
Quando um pacote recebido é detectado em erro, o receptor
tenta primeiro localizar e corrigir os erros. Se o número de
erros (ou o tamanho de um surto de erros) está dentro da
capacidade de correção de erro projetada do código, os erros
serão corrigidos e os dados decodificados serão passados para
o usuário. Se um padrão de erro não corrigı́vel é detectado, o
receptor rejeita o pacote recebido e solicita uma retransmissão.
Quando um pacote retransmitido é recebido, o receptor tenta
novamente corrigir os erros (se existirem). Se a decodificac¸ão
não é bem sucedida, o receptor de novo rejeita o pacote rece-
bido e solicita outra retransmissão. Este processo de correção
de erro e retransmissão continua até alcançar o número de
retransmissões permitidas. Como exemplo, um sistema ARQ
Hı́brido pode usar um código BCH (255,179). Este código
tem distância mı́nima 21 e capacidade de erro igual a 10.
Entretanto, ele pode ser usado para corrigir 5 ou menos erros
e simultaneamente detectar qualquer combinação de 15 ou
menos erros. Se um padrão de erro com 5 ou menos erros
ocorre, ele será detectado e corrigido. Se um padrão de erro
com mais de 5 e menos que 16 erros ocorre, ele será detectado.
Neste caso, o receptor solicitará uma retransmissão do pacote
errado. Um padrão de erro não detectável ocorrerá quando
acontecerem 16 ou mais erros.

IV. M ODELO DO SISTEMA

Um sistema CDMA com� células e� usuários dis-
tribuı́dos uniformemente em cada célula, canal seletivo em
freqüência com desvanecimento do tipo Rayleigh, modulac¸ão
BPSK (Binary Phase Shift Keying), perda de percurso ex-
ponencial, sombreamento lognormal e erro no controle de
potência são considerados. As células são circulares com uma
estação base no centro. A interferência é calculada em uma
estação móvel na célula central docluster.

O canal seletivo em freqüência produz� percursos, onde o
perfil de intensidade multipercurso e todos os multipercursos
são independentes e identicamente distribuı́dos. Na recepção,
um receptor Rake combina convenientemente os multipercur-
sos melhorando a eficiência do sistema. O desvanecimento e
a fase de todos os percursos são assumidos constantes em um
perı́odo de um bit. O ruı́do aditivo é Gaussiano com média
zero e densidade espectral de potência bilateral��� .

As medidas de desempenho, vazão e dados e atraso médio,
são obtidas no enlace reverso de uma célula desse sistema
CDMA multicelular. Nessa célula é suposto um provedor de
serviço de Internet localizado na estação base. Além disso,
cada usuário é considerado estar em alta mobilidade.

A unidade de transferência no protocolo TCP é chamada
segmento TCP. Cada segmento TCP é dividido em duas partes:
bits de cabeçalho seguidos de bits de informação. Visando
a modelagem matemática do sistema, considera-se que o
protocolo TCP use um código de bloco para detecção de erro.
Dessa forma define-se a taxa de código desse protocolo como:�	
��  �
���
�� (1)

onde:�
��  �
�� ��
�� .�
�� : número de bits de informação no segmento TCP.�
�� : número de bits de cabeçalho no segmento TCP.�
�� : número total de bits no segmento TCP.
Considera-se aqui que o código possui capacidade de detecc¸ão
de erro ideal, ou seja,�
�� .

O protocolo RLP utiliza o esquema ARQ Hı́brido, o qual
usa um código para correção e detecção de erro. Portanto, a
taxa de código nesse protocolo fica definida assim:�	���  �������� (2)

onde:����  ���� ��������� : número de bits de informação no pacote RLP���� : número de bits de cabeçalho no pacote RLP���� : número total de bits no pacote RLP

O código utilizado no ARQ Hı́brido é um código de bloco
(175,99). Este código foi obtido a partir do encurtamento [9]
do código BCH (255,179) que possui capacidade de correção
de erro 10 e distância mı́nima 21. Esta modificação manteve
tanto a capacidade de correção quanto a distância mı́nima
do código original. Além disso, adicionou-se alguns bitsde
cabeçalho no pacote RLP para serem usados pelo protocolo
RLP. Outro objetivo dessa adição extra de bits de controlefoi
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manter o tamanho do pacote RLP especificado pela norma
IS-99 [1]. O processo de decodificação utilizado é o de
decisão abrupta devido ao comprimento longo do código. A
parte ARQ é composta de um esquema de repetição seletiva
baseado em NAK (Negative Acknowledgment), o que significa
que a ocorrência de retransmissões está restrita ao envio de
solicitação pelo receptor.

Considerando o cenário proposto acima, a probabilidade de
erro de bit codificado condicionada ao desvanecimento e ao
erro no controle de potência é dado por [6]:��	�� � �����   �!"#�	� (3)

onde: �$� é a função de erro Gaussiana.�  %�&'( ��) representa uma variável aleatória chi-quadrada.�) é uma variável aleatória Rayleigh modelando o desvaneci-
mento em cada multipercurso.� é uma variável aleatória lognormal modelando o erro no
controle de potência.#�	 é a relação sinal-ruı́do-mais-interferência por bit codificado
dada por: #�	  ���� (4)

onde:�
representa a interferência média no usuário alvo:

�  ���*+�	 , "-./ 0�� 1 2� �34� � 56��789(: (5)

onde:;< é o desvio padrão logarı́tmico de�.�	  �	
�� �	��� é a taxa de codificação../ é o ganho de processamento.34 é a média da interferência externa. Interferência externa é
a interferência considerada na estação base da célula central
devido as estações móveis que não estão sendo controladas
por esta estação base.=>�� é a relação sinal-ruı́do por bit.

O descondicionamento da eq. (3) pela variável aleatória chi-
quadrada é conhecida da literatura [10]:

��	�� � ���  52 1 ?" 8� �9(@A'7 5� 1 2�33 8 52� ?" 8A
(6)

onde:

?  B 6�C#�	D6�C#�	D �� (7)

e 6�C#�	D  ��EFG+FHI J�K L�9(MN � AOMN P � Q=>�� R9
(S (8)

O próximo passo é o descondicionamento pelo erro no
controle de potência [6]:

��	  6<0��	�� � ���  T U7 ��	�� � ��V<W< (9)

No entanto, esta equação não possui forma fechada, mas
pode ser resolvida numericamente.

V. M EDIDAS DE DESEMPENHO PARA PROTOCOLOTCP

O protocolo RLP foi proposto com o objetivo de reduzir a
taxa de perdas de segmentos TCP em ambientes sem fio. Para
isto, ele divide os segmentos TCP em segmentos menores, cha-
mados pacotes RLP, e transmiti-os no canal sem fio. O padrão
TIA/EIA/IS-99apresenta outros protocolos (ICMP, IP, SNDCF,
IPCP, LCP e PPP) entre os protocolos TCP e RLP, entretanto
esses protocolos geram uma quantia fixa de cabeçalhos. Dessa
forma, são os mecanismos ARQ implementados nas camadas
TCP e RLP que contribuem para a maior flutuação e possı́vel
degradação de desempenho do sistema [11]. A vantagem da
utilização da estratégia ARQ Hı́brido no protocolo RLP ´e que
a sua implementação está restrita à camada de enlace entre a
estação móvel e a estação base, não existindo necessidade de
mudanças na estrutura de camadas TCP/IP.

O modelo de comunicação adotado neste trabalho é mos-
trado na fig. 1. Neste modelo, considera-se a troca de dados
entre uma estação móvel e uma estação base, onde existe
um servidor na Internet. A camada fı́sica é especificada pelo
padrão CDMA IS-95.

Aplicação

CDMA IS−95

RLP

TCP

Interface

Aplicação

CDMA IS−95

RLP

TCP

Interface

Estação Móvel Estação Base

Fig. 1. Modelo de comunicação CDMA simplificado utilizando o padrão
IS-99

A. Atraso Ḿedio de segmentos TCP

Para um usuário em alta mobilidade, o desvanecimento
tende a ser descorrelacionado entre os bits. Como considera-
se decisão abrupta [10] no decodificador, define-se a proba-
bilidade de não ocorrer erro ou ocorrer um padrão de erro
corrigı́vel no pacote RLP por:�X���  YN@&'7 5����Z 8� &�	�2 1��	�����9& (10)

onde [/ é a capacidade de correção de erro projetada do
código,���� é o número de bits em um pacote RLP e

��	
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representa a probabilidade de erro de bit codificado, dada por
(9).

A probabilidade de ocorrer um padrão de erro detectável no
pacote RLP é dada por:

�H���  \N]@A'\N^
5����3 8�A�	 �2 1��	�����9A (11)

ondeW/& e W/_ são os limites inferior e superior, respectiva-
mente, do intervalo onde ocorre detecção de erros, ou seja, é
o intervalo de retransmissão.

Conseqüentemente, a probabilidade de ocorrer um padrão
de erro não detectável no pacote RLP é dada por:

�E���  ����@`'\N]a(
5����b 8��̀	�2 1��	�����9` (12)

A ocorrência de perda do segmento TCP vai depender do
tipo de erro ocorrido no pacote RLP. Assim, pode-se dividir
a probabilidade de ocorrer erro em um segmento TCP em
duas situações. A primeira situação acontece quando ocorre
um padrão de erro não detectável em no mı́nimo um pacote
RLP, não havendo assim retransmissões na camada RLP. Dessa
forma, pode-se definir a probabilidade de ocorrer erro no
segmento TCP por:�E
��  `���@c�'( 5

b���d7 8�c�E��� �2 1�E��� �`��� 9c� (13)

ondeb��� é o número de pacotes RLP necessários para frag-
mentar um segmento TCP e

�E��� representa a probabilidade
de ocorrer um erro não detectável no pacote RLP, dada por
(12).

Na outra situação, ocorre um padrão de erro detectável em
pelo menos um pacote RLP. Dessa forma, poderá existir um
máximo de� retransmissões na camada RLP com o objetivo
de entregar o segmento TCP livre de erros para a camada
TCP. Usando o resultado apresentado por [7], pode-se definir
a probabilidade de ocorrer erro no segmento TCP por:�H
��  `���@c�'( 5

b���d7 8�c�H��� �2 1�H��� �`��� 9c�e c�@cf'( 5d7d(8�cfH��� �2 1�H��� �c�9cf$ $ $ cghf@cg'( 5dH9(dH 8�cgH��� �2 1�H��� �cghf9cg (14)

onde:d7 representa o número de pacotes RLP errados na trans-
missão;dH9( representa o número de pacotes RLP errados na retrans-
missão� 1 2;�H��� representa a probabilidade de ocorrer um padrão de
erro detectável no pacote RLP, dada por (11);
ed9(  b��� para nenhuma retransmissão.

Finalmente, a probabilidade total de um segmento TCP estar
errado é definida como:�Y
��  �E
�� ��H
�� 1�E
���H
�� (15)

O tempo médio necessário para transmitir um segmento
TCP, sem considerar se esse segmento foi remontado com
sucesso, é dado por [8]:i
��  2 1 ��H��� �Ha(2 1�H��� j
��kA&` (16)

onde j
��kA&` é o tempo mı́nimo necessário para um seg-
mento TCP ser transmitido, que é dado por:j
��kA&`  b���i��� � j/ (17)

ondej/ é o tempo de propagação.
Supondo que o protocolo TCP realize sucessivas retrans-

missões de seus segmentos recebidos com erro até obter
sucesso, o atraso de segmentos TCP é modelado por uma
variável aleatória geométrica [7]. Assim, o atraso médio de
segmentos TCP é dado por:

j
��  i
��2 1�Y
�� (18)

onde
�Y
�� é a probabilidade total de erro do segmento TCP,

dada por (15) e
i
�� é o tempo usado para transmitir um

segmento TCP entre as camadas RLP transmissora e receptora,
dado por (16).

Substituindo (16) em (18) e normalizando pelo tempo
mı́nimoj
��kA&`, obtém-se o atraso médio de segmentos TCP
normalizado pelo tempo mı́nimo [8]:

j
��l  2 1 ��H��� �Ha(�2 1�H��� ��2 1�Y
�� � (19)

B. Vaz̃ao de Dados de segmentos TCP

Define-se vazão de dados neste trabalho como a taxa de
transmissão de bits TCP recebidos sem erro após a ca-
mada RLP. Segundo [8] existe uma relação inversamente
proporcional entre vazão de dados normalizada pela taxa de
informaçãom� e o atraso médio normalizado pelo tempo
mı́nimo j
��kA&`, portanto:n
��l  2j
��l (20)

VI. M ODELO DE SIMULAÇ ÃO

O objetivo do trabalho é a avaliação de desempenho dos
protocolos TCP/RLP ao se utilizar a estratégia ARQ Hı́brido
no protocolo RLP. Portanto, realizou-se uma simulação semi-
analı́tica, em que modelou-se o evento “erro de bit” nos
pacotes RLP num sistema BPSK com relação sinal-ruı́do
correspondente à do sistema CDMA, onde leva-se em conta:
sombreamento, perda de percurso, número de usuários inter-
ferentes e ruı́do AWGN (Additive White Gaussian Noise).

Os bits de informação do segmento TCP são gerados
aleatoriamente. Os segmentos TCP são então divididos em
pacotes RLP, codificados usando um código BCH encurtado
e modulados usando BPSK. Os bits modulados são então
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transmitidos por� percursos. Desvanecimento não correla-
cionado e erro no controle de potência são caracterizados
em cada percurso por variáveis aleatórias do tipo Rayleigh e
lognormal, respectivamente. Na recepção é usado um receptor
Rake, supondo estimação perfeita do desvanecimento. Então
são realizadas a demodulação e a decodificação usando decisão
abrupta.

A tabela I mostra os valores utilizados na obtenção dos
resultados teóricos e simulados. O valor médio da interferência
normalizado pelo número de usuários é dado em função do
desvio padrão do sombreamento lognormal e do expoente
perda de percurso, considerando monitoração do sinal dos
usuários por 3 estações base [12].

Vazão de dados e atraso médio dos segmentos TCP estão
normalizados pela taxa de informação e pelo tempo mı́nimo,
respectivamente. Ambas as medidas de desempenho foram
traçadas em função da carga do sistema, que é dada por:o  � 1 2./ (21)

TABELA I

VALOR DOS PARÂMETROSUSADOS

Par âmetro Valorp
3q>r� 20 dBst 128uv 8 dBw 4xOr 0.89uy 1 dBz{|}

4.288 bits~{|}
24 bits�{|}

4.312 bitsz��}
99 bits~��}
93 bits���}
192 bits���} 44 pacotes�� 9600 bits/s

VII. R ESULTADOS E DISCUSS̃AO

As figuras 2 e 3 mostram a vazão de dados e o atraso
médio normalizados para o protocolo TCP, respectivamente,
em função da carga do sistema. Considera-se até 3 repetic¸ões
na camada RLP. A capacidade de correção do código ([/) bem
como a capacidade de detecção ou intervalo de retransmissão
(W/) são variados. Pode-se ver que o esquema ARQ Hı́brido
utilizando um código com capacidade de correção até 8 bits
e capacidade de detecção de 9 à 12 bits em cada pacote RLP
obtém o melhor resultado entre os esquemas projetados. O
esquema que utiliza a capacidade de correção total do código,
ou seja 10, não efetuando assim retransmissões, apresenta
desempenho inferior aos esquemas, que mesclam capacidade
de correção e retransmissão, mostrados nas figuras.

Vazão de dados e o atraso médio normalizados para o
protocolo TCP, em função da carga do sistema, são mostra-
dos nas figuras 4 e 5, respectivamente. Considera-se que o
código implementado na parte FEC do esquema ARQ Hı́brido
possua capacidade de correção até 8 bits e capacidade de
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Fig. 2. Vazão de dados normalizada do protocolo TCP, em func¸ão da carga
do sistema, parametrizada pela capacidade de correção docódigo e intervalo
de retransmissão.
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Fig. 3. Atraso médio normalizado do protocolo TCP, em função da carga
do sistema, parametrizado pela capacidade de correção docódigo e intervalo
de retransmissão.

detecção de erro de 9 à 12 bits em cada pacote RLP. O
número de retransmissões é variado na camada RLP. Observa-
se uma melhora de desempenho com o aumento do número
de retransmissões permitidas. O número de 3 retransmiss˜oes
obtém o melhor resultado entre os valores adotados. A partir
de 3 retransmissões não existe um ganho significativo no
desempenho do sistema.

As figuras 6 e 7 comparam as estratégias de controle de
erro para vazão de dados e o atraso médio normalizados para
o protocolo TCP, respectivamente, em função da carga do
sistema. Considera-se que o código implementado na parte
FEC do esquema ARQ Hı́brido possua capacidade de correção
até 8 bits e intervalo de retransmissão de 9 à 12 bits em
cada pacote RLP. O número de retransmissões é fixado no
máximo em 3 na camada RLP. Pode-se ver que o esquema
ARQ Hı́brido fornece um ganho significativo no desempenho
do sistema.

VIII. C ONCLUSÕES

A implementação da técnica ARQ Hı́brido no protocolo
RLP correspondeu às expectativas quanto à melhora nas
medidas de desempenho, vazão de dados e atraso médio, em
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Fig. 4. Vazão de dados normalizada do protocolo TCP, em func¸ão da carga
do sistema, parametrizada pelo número de retransmissõesno protocolo RLP.
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Fig. 5. Atraso médio normalizado do protocolo TCP, em função da carga
do sistema, parametrizado pelo número de retransmissõesno protocolo RLP.

um ambiente de interação entre o protocolo TCP e redes sem
fio CDMA. Isto aconteceu porque a estratégia ARQ necessita
fazer muitas retransmissões em canais com altas taxas de
erro, que é o caso de um canal sem fio. A parte FEC da
estratégia ARQ Hı́brido corrigiu os padrões de erros que
ocorrem mais freqüentemente, eliminando um grande número
de retransmissões RLP. Isto aumentou a vazão de dados e
diminuiu o atraso médio do sistema. O esquema ARQ Hı́brido
utilizando código com capacidade de correção de erro at´e 8
bits e intervalo de retransmissão de 9 à 12 bits, usando at´e
3 retransmissões na camada RLP, mostrou-se o melhor entre
todos.
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