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Spreading of the desired signal

Despreading of the desired signal

Despreading of the interfering signal

Ts

Tc

Data

Spreading code

Spread signal: Data * code

Data after integration

Spread interfering signal

Interfering signal after despreading

Interfering signal after intergration
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Data: Spread signal * code
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Processing gainN=Bw/Bn
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Ir
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Sn

Pass-band filtering

Interference  after pass band filteringIr
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∑
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>) "%º %/  .! >)º%>8> ),.%!#)B@! V]a5 )(*  .! >%(%>8> 3+?!" #!, +"  .) /) %/7!/  .! 3+?!" ,+( "+@ 3"+B@!> !Ê8)@/ % / ,+""!/3+(*%(' !%'!(#!, +": ]( .%/ )()@e/%/2  .!  )"'! V]a5 #)@8!/ )"! )@"!)*e 3"!^*!7(!* 9+" *%�!"!(  e3!/ +9 /!"#%,!/2 )/ '%#!( %(  .!  )B@! C:C: -.!  )"'! V]a5 "!3"!/!( /  .!
>%(%>8> "!Ê8%"!>!( 9+" ) 3)" %,8@)" /!"#%,! )(* 3@)e/  .! >)&+" "+@! %(
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*!7(%('  .! /!(/% %#% e +9  ")(/>% 3+?!"/  + /e/ !> 3)")>! !"/2 )/ ?!@@ )/ .! )( !(() 3"+,!//%(' /,.!>!:]( +"*!"  + %*!( %9e  .! >+/ *+>%()( 3)")>! !"/2 /+>! '!(!")@ >)^ .!>) %,)@ )()@e/%/ ?%@@ B! '%#!( 7"/ : -.! 3+?!" ,+( "+@ 3"+B@!> ?%@@ B!
?"%  !( )')%( 9+" ,@)"% eX

[
¡
K − γ0

Ð
]ªopt = � ��:C´�

ª
opt − γ0

Ðª
opt = � ��:Ci�

-.! ')%( >) "%º Ð %/ ) "!)@ (+(^(!') %#! >) "%º: \,,+"*%('  +  .! A!""+(^Y"+B!(%8/  .!+"e ôG�õ2  .! >)º%>8> !%'!(#)@8! %/  .! +(@e !%'!(#)@8! ?.+/!,+""!/3+(*%(' !%'!(#!, +" %/ 3+/% %#!2 %:!:  .! !@!>!( / +9  .! #!, +" )"! )@@3+/% %#!: -.%/ 3)" %,8@)" !%'!(#)@8!2 )@/+ "!9!""!*  + )/ ) ³ý²ú±÷�ÿ ÷�øûù³2"!3"!/!( / B+ .  .! "%'. ^.)(* )(*  .! @!9 ^.)(* !%'!(#)@8!: -.! @!9 ^.)(*,.)"), !"%/ %, !Ê8) %+( 9+"  .! >) "%º Ð ,)( B! ?"%  !( )/X
¥T [

Ð− λmax
¡
K ] = 0

��:Ch�
+" ¥T Ð

= λmax
¥T ��:EF�

?.!"! ¥ "!3"!/!( /  .! !%'!(#!, +" ,+""!/3+(*%('  +  .! >)º%>8> !%'!(#)^@8!2 *!(+ !* Be
λmax

: ]9 ?! )33@e #!, +" >8@ %3@%,) %+( +( B+ . /%*!/ +91Ê: �:Ci2 8/%('  .! !%'!(#!, +" ¥2  .! 9+@@+?%(' %/ +B )%(!*X
¥T ª

opt − γ0
¥T Ðª

opt =
¥T � ��:EC�

;+>B%(%(' 1Ê: �:EF ?% . 1Ê: �:EC2  .! 9+@@+?%(' ,)( B! *!*8,!*X
¥T [ªopt − γ0λmax

ª
opt] =

¥T � ��:EE�
+"2 ¥T [(1 − γ0λmax)ªopt − �] = 0

��:ED�
V%(,!  .! 7"/ >8@ %3@%,) %#!  !"> %( 1Ê: �:ED %/ (+(^(!') %#!2  .! 9+@@+?%('%/ #)@%*2 8(*!"  .! ,+(*% %+(  .)  .! /!,+(* >8@ %3@%,) %#!  !"> %/ )@/+ (+(^(!') %#!X ª

opt − γ0λmax
ª

opt = � ��:E��
+" ª

opt[
¡
K − γ0λmax] = � ��:EG�

ª
opt =

1

1 − γ0λmax

� ��:EH�
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] ,)( B! /!!(  .) +3 %>8> 3+?!"/ ,)( B! !º3"!//!* %(  !">/ +9  .! /3!, ")@")*%8/ +9  .! Ð >) "%º )(*  .! '%#!( γ0

: -.! +(@e "!/ "%, %+(  +  .%/ !Ê8)@% e%/  .)  .! #!, +" ¾ '%#!( BeX
¾ = (1 − γ0λmax)ªopt − � ��:E´�

%/ (+(^(!') %#!: -.! !@!>!( / +9 ¾ )"! *!7(!* )/X
[¾]i =

γ0

Gii
[(1/γ0 − λmax)[ªopt]iGii − σ2

i ]
��:Ei�

[¾]i =
γ0

Gii
[(1/γ0 − λmax)[ªr]i − σ2

i ]
��:Eh�

[!"!2 ªr "!3"!/!( /  .! #!, +" +9  .! "!,!%#!* 3+?!"/2 ?% . !@!>!( / *!7(!*
)/ [ªr]i = [ªopt]iGii, i = 1, ...K

: ](  .! !º3"!//%+(2 '%#!( Be 1Ê: �:Eh2  .!7"/ >8@ %3@%,) %#! 3)" 2 '%#!( Be
γ0/Gii

2 %/ )@?)e/ 3+/% %#!: -.!  !"> %(  .!/!,+(* >8@ %3@%,) %#! 3)" 1/γ0 − λmax
%/ )@?)e/ 3+/% %#!2 "!3"!/!( %('  .!

,+(*% %+( 9+"  .! !º%/ !(,! +9 +3 %>8>  ")(/>% 3+?!"/ 9+"  .! '%#!(  )"'! 
γ0

2 )/ %( 1Ê: �:CC: -.! !º3"!//%+( (1/γ0 − λmax)[ªr]i, i = 1, ...K
2 "!3"!/!( /) ,!" )%( 9"), %+( +9  .! "!,!%#!* 3+?!":-.! 3+/% %#% e +9  .! /!,+(* >8@ %3@%,) %#! 3)" %( 1Ê: �:Eh2  .!"!9+"!2*!3!(*/ +(  .! )>+8( +9  .! "!,!%#!* 3+?!"  .) %/ @)"'!"  .)(  .!  .!">)@(+%/!: ]9

γ0/λmax
%/ />)@@2  .! 9"), %+( +9  .! "!,!%#!* 3+?!" ?%@@ B! #!"e,@+/!  +  .! "!,!%#!* 3+?!" % /!@9: -.! "!,!%#!* 3+?!" %/ )@?)e/ @)"'!"  .)((+%/!2 '%#!(  .! ,+(*% %+(  .)  .!  )"'! V]a5 %/ )@?)e/ @)"'!"  .)( 4!"+:�.! .!"  .%/ 9"), %+( +9  .! "!,!%#!* 3+?!" %/ @)"'!"  .)( (+%/! *!3!(*/

+(  .!
γ0/λmax

") %+: ](  .! >)&+"% e +9 ,)/!/ /%>8@) !*  .%/ ,+(*% %+( %/98@7@@!*:-.! )()@e/%/ )B+#! /.+?/  .)  ")(/>% 3+?!"/ )"! ,@+/!@e @%($!*  +  .!/3!, ")@ ")*%8/ +9  .! Ð >) "%º2 ?.%,. '%#!/ /+>! B)/%, %(/%'. %( +  .!/!(/% %#% e +9  .! 3+?!"/  + ,!" )%( /e/ !> )(* 3"+3)') %+( 3)")>! !"/: Y+" .! >+>!( 2 % %/ ,@!)"  .) +3 %>8> 3+?!"/ *+ (+ *!3!(* /+ >8,. +( .! />)" )( !(() 3!"9+">)(,! 9+" !),. 8/!" %(*%#%*8)@@e2 B8 +( ) >+"!'@+B)@ /,)@!: -.! 3"+,!//%(' ')%( ), / )/ ) '@+B)@^/,)@! 3)")>! !"  .) .)/) /%'(%7,)( %(»8!(,! +(  .! !%'!(#)@8!/ +9  .! Ð >) "%º: _! 
λmax

B!  .!!%'!(#)@8! %( ,)/!  .! 3"+,!//%(' ')%( %/
N = 1

: ](,"!)/%('  .! #)@8! +9  .!
3"+,!//%(' ')%( Be ) ,!" )%( @!#!@ N > 1

%/ !Ê8%#)@!(  + *%#%*%('  .! >) "%ºÐ ?% . ) "!)@ ,+(/ )( N
: -.! (!? >)º%>8> !%'!(#)@8! %/

λ
′

max = λmax/N
:]9

γ0
%/ $!3 ,+(/ )( 2 >+"! 8/!"/ ,)( B! /8/ )%(!* ?% . ) @)"'!" 3"+,!//%('')%(2 /%(,!  .! ,+(*% %+( 1Ê: �:CC B!,+>!/ @!// ,"% %,)@: -.%/ %/ )@/+  .! ,)/!?.!(  .!  )"'! V]a5 *!,"!)/!/ )(*  .! 3"+,!//%(' ')%( %/ $!3 ,+(/ )( :



�Ï L°±²°°� �÷÷�` ý÷¯ú²³³û°� Rû±I ý¯R²÷ ú¯°±÷ ÿ̄

\@/+ 9"+> 1Ê: �:EH2 % %/ ,@!)"  .)  .! ") %+ B! ?!!(  .!  )"'! V]a5 #)@8!)(*  .! 3"+,!//%(' ')%( γ0/N
.)/  .! >+/ *+>%()( %(»8!(,! +( 3+?!"@!#!@/ �?.!"! 1/N

%/ ,+( )%(!* %(  .! !%'!(#)@8!  !">�:](  .! )()@e/%/  + 9+@@+?2  .! ')%( +9 c; +#!" 65; %(  .! "!*8, %+( +9 .!  ")(/>% 3+?!" %/ *!"%#!*: -.! (+%/! #!, +" � %/ *!7(!* 9+" c; )(*65;2 "!/3!, %#!@e2 )/ 9+@@+?/X
[�oc]i = γ0σ

2
0

|«oc
i |2

|(«oc
i )H

¦
i|2

= γ0σ
2
0

1

|¦i|2 cos2(voc,i)

��:DF�

[�mrc]i = γ0σ
2
0

|«mrc
i |2

|(«mrc
i )H

¦
i|2

= γ0σ
2
0

1

|¦i|2 cos2(vmrc,i)

��:DC�
?.!"! voc,i

)(* vmrc,i
"!3"!/!(  .! )('@! B! ?!!(  .! /3) %)@ /%'() 8"! +9  .!*!/%"!* 8/!" )(*  .! )( !(() ?!%'. #!, +" 9+" c; )(* 65;2 "!/3!, %#!@e:-.! )('@! voc,i

%/ *!7(!* )/ Be 1Ê: �:CG )(*  .! 9+@@+?%(' %/ )@?)e/ #)@%* 9+"65;X
cos(vmrc,i) = 1

��:DE�
/%(,!  .! )( !(() #!, +" 9+" 65; %/ 3!"9!, @e ,+""!@) !* ?% .  .! /3) %)@/%'() 8"! +9  .! *!/%"!* 8/!"2 "!')"*@!// +9  .! + .!" 8/!"/j /3) %)@ / "8, 8^"!: -.! ')%( %(  .! "!*8, %+( +9  .!  ")(/>% 3+?!" 9+"  .!  ?+ 3"+,!//%('/,.!>!/ %/ *!(+ !* Be #!, +" §

oc−mrc
2 ?% . !@!>!( / *!7(!* )/X

[§oc−mrc]i = [
¶mrc]i/[

¶oc]i =
1 − γ0λ

oc

1 − γ0λmrc

[�mrc]i
[�oc]i

, i = 1, ...K
��:DD�

-.%/ ,)( B! "!?"%  !( )/X
[§oc−mrc]i =

1 − γ0λ
oc

1 − γ0λmrc
cos2(voc,i)

��:D��
](  .! @)/ !º3"!//%+(  .! ')%( [§oc−mrc]i

%/ *!7(!* 9+" +(! 3)" %,8@)" �
i^ .�

8/!": -.! )#!")'! ')%( 9+" )@@ 8/!"/ %( '!(!")@ *!3!(*/ +(  .! 9), +"  .) ,+( )%(/ +(@e !%'!(#)@8!/ λoc 9+" c; )(* !%'!(#)@8!/ λmrc 9+" 65;2 '%#!(Be
(1 − γ0λ

oc)/(1 − γ0λ
mrc)

:] ,)( B! +B/!"#!*  .)  .! ')%( B! ?!!( c; )(* 65; %/ *+>%() !* Be .! ") %+ γ0/N
: -.! 9), +" 1/N

%/ ,+( )%(!* %( !%'!(#)@8!  !">/
λmrc )(*

λoc 2 )/ )@"!)*e !º3@)%(!*: ]9  .! ") %+ %/ @+?2 1Ê: �:D� %/ ,@+/!  + 8(% e: -.%/B)/%,)@@e >)$!/  .! ')%( +9 c; +#!" 65; @!// /!(/% %#!  + ) ,+(,"! ! /3) %)@/ "8, 8"! +9 8/!"/:-.! )( !(() )"")e /%4! .)/ )( %(»8!(,! +(  .! 8/!"/j /3) %)@ / "8, 8"!2%:!:  .!  .%"* 9), +" %( 1Ê: �:C� )(* 1Ê: �:CH: -.! /3) %)@ / "8, 8"! %/ )
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,+>3@!º (+ %+(2 *!3!(*%(' +( B+ .  .! 8/!"/j /3) %)@ *%/ "%B8 %+( )(*  .!
)( !(() )"")e /%4!: \( !(() )"")e /%4! %/ )(+ .!" /e/ !> 3)")>! !"  .) .)/) '@+B)@ %(»8!(,! +( 3+?!" @!#!@/: \/  .! )( !(() )"")e /%4! %(,"!)/!/2 )@@!@!>!( / +9  .! >) "%º  !(*  + B! />)@@!"2 B!,)8/!  .! %( !"9!"!(,! %/2  .!(2/833"!//!* B!  !" )(* ) @)"'!" (8>B!" +9 8/!"/ ,)( B! /8/ )%(!*: -.! 9),  .)  .! )( !(() )"")e /%4! .)/ '@+B)@ %(»8!(,! +( 3+?!" @!#!@/ %/2 () 8")@@e28(*!"/ )(*)B@! ?% .+8  .! 9+">)@ !%'!(#)@8! )()@e/%/: -.! Ê8!/ %+( %/  +?.) *!'"!!  .! )( !(() )"")e /%4! %/ %(»8!( %)@  +  .! "!/8@ /2 !/3!,%)@@e +  .! c; #!"/8/ 65; ,+>3)"%/+(: ] %/ *%Ë,8@  + 7(*  .! *%"!, "!@) %+(B! ?!!(  .! /3!, ")@ ")*%8/ +9  .! Ð >) "%º )(* 8/!"/j /3) %)@ / "8, 8"!: -.!9+@@+?%(' %(!Ê8)@% e ,)( '%#! /+>! %(*%,) %+( )B+8 3+//%B@! "!/8@ / "!')"*%(' .! %(»8!(,! +9  .! /3) %)@ / "8, 8"! ôG�õX
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i

K
∑

j=1

[
Ð

ij ] ≤ λmax ≤ max
i

K
∑

j=1

[
Ð

ij ]
��:DG�

-.%/ >!)(/  .)  .! /3!, ")@ ")*%8/ +9  .! >) "%º %/ @+?!"^B+8(*!* Be  .!
>%(%>8> ,+@8>( /8> )(* 833!"^B+8(*!* Be  .! >)º%>8> ,+@8>( /8>:-.! !@!>!( / +9  .! >) "%º '!(!")@@e "!3"!/!( %( !"9!"!(,!^ +^*!/%"!* /%'()@") %+ 9+" !),. 3)%" +9 8/!"/: 1),. "+? +9  .! >) "%º .)/ ) 9), +" +"%'%() %('9"+>  .! *!/%"!* 8/!" %( ,+>>+( �/!! 1Ê: �:D�2 ?.!"!)/ !),. ,+@8>( .)/+(! +9  .! %( !"9!"!"/ )/ ) ,+>>+( 9), +" �/!! 1Ê: �:��: -.! >%(%>8> /8>+9 ,+@8>(/ %(*%,) !/ ?.%,. +9  .! 8/!"/ .)/  .! @!)/ %( !"9!"%(' %(»8!(,!+( + .!"/: -.! >)º%>8> /8> +9 ,+@8>(/ %(*%,) !/  .! 8/!" ?.%,. ), /)/  .! / "+('!/ %( !"9!"!": -.! 3!"9+">)(,! +9  .! +3 %>%/) %+( 3"+,!//%(#+@#%(' ,+>B%(!* 3+?!" ,+( "+@ )(* )( !(() )"")e 3"+,!//%(' %/ @%>% !*Be  .! %(»8!(,! +9  .! 8/!"  .) ), / )/  .! / "+('!/ %( !"9!"!"  + + .!"8/!"/: 1#!(  .+8'.  .! %(!Ê8)@% e *+!/ (+ 3"+#%*!  .! !º), "!@) %+(/.%32% %(*%,) !/  .)  .! !%'!(#)@8!/ ,)( B! #%/%B@e ,.)('!* 3"%>)"%@e ?.!(  .!/ ) 8/ +9  .! ,"% %,)@ 8/!" ,)( B! /%'(%7,)( @e ,.)('!*:-.%/ )@"!)*e '%#!/ /+>! %(/%'. %( +  .! /!(/% %#% e +9  .! 3+?!"/  +  .!
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2. cluster

1. cluster

1M
Antenna array

ϕ2

ϕ1

Hû�ù÷² p��� ®�³² ³±ùø` �ùÿ±ûù³²÷ �¯ø²ÿ
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