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\Áêïýù ôïí ðáöëáóìü ôùí êõìÜôùí,
ç âïõôéÜ ôïõ áíèñþðïõ ðñïò ôï èåßï..."

- Zorz Pilali

Áöéåñþíåôáé óôéò üìïñöåò, áëëÜ êáé Üó÷çìåò óôéãìÝò

ðïõ æÞóáìå óôá ×áíéÜ üëá áõôÜ ôá ÷ñüíéá...
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Ðñüëïãïò

Ï óôü÷ïò áõôÞò ôçò äéðëùìáôéêÞò åñãáóßáò åßíáé ç ìåëÝôç, ç õëïðïßçóç êáé ç
ðñïóïìïßùóç åíüò øçöéáêïý äÝêôç. Ôï óýóôçìá áíáëýèçêå óôéò ðÝíôå êýñéåò
âáèìßäåò ðïõ áíáöÝñïíôáé ðáñáêÜôù:

• Ïëßóèçóç Óõ÷íüôçôáò ÓÞìáôïò ìÝóù Äåéãìáôïëçøßáò

• AíÜêôçóç ÖïñÝá & Aðïäéáìüñöùóç

• ÁíÜêôçóç Óõã÷ñïíéóìïý

• Eêôßìçóç & ÉóïóôÜèìéóç Êáíáëéïý

• Óõã÷ñïíéóìüò Ðëáéóßïõ & Áðïêùäéêïðïßçóç

Ìå ãíþìïíá áõôÜ ôá ðÝíôå åðßðåäá Ýãéíå ç óõããñáöÞ ôùí áíôßóôïé÷ùí êåöá-
ëáßùí ôçò ðáñïýóáò åñãáóßáò. ¸íá áêüìç êåöÜëáéï ðåñéëáìâÜíåé ôçí ðñïóï-
ìïßùóç åíüò øçöéáêïý äÝêôç (áðïôåëÝóìáôá êáé ãñáöÞìáôá), ï ïðïßïò ðëçñåß
ôéò ðñïäéáãñáöÝò ðïõ ìáò äüèçêáí, åíþ óôï ôÝëïò ôïõ óõããñÜììáôïò (Ðá-
ñÜñôçìá Â), ðáñáôßèåôáé ç ðëÞñçò õëïðïßçóç ôïõ óõóôÞìáôïò ðñïóïìïßùóçò
óå ðåñéâÜëëïí Matlab.
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1. ÅéóáãùãÞ

1.1 ÃåíéêÜ

Ôá óõóôÞìáôá åðéêïéíùíéþí åßíáé ó÷åäéáóìÝíá ãéá íá óôÝëíïõí ðëçñïöïñßá
áðü ìéá ðçãÞ óå Ýíáí Þ ðåñéóóüôåñïõò áðïäÝêôåò. Ç ðëçñïöïñßá áõôÞ ìðïñåß
íá Ý÷åé ôçí ìïñöÞ öùíÞò, åéêüíáò Þ êåéìÝíïõ. ÃåíéêÜ, ç êáñäéÜ åíüò ôçëå-
ðéêïéíùíéáêïý óõóôÞìáôïò áðïôåëåßôáé áðü ôñßá âáóéêÜ ìÝñç, óõãêåêñéìÝíá
ôïí ðïìðü, ôï êáíÜëé êáé ôï äÝêôç. Áõôü ôï ìïíôÝëï ìðïñåß íá ðáñáóôá-
èåß áðü Ýíá äéÜãñáììá ëåéôïõñãéêþí âáèìßäùí ðïõ öáßíåôáé óôï ó÷Þìá 1.1.
ÐáñáêÜôù ðåñéãñÜöïõìå óýíôïìá ôéò ëåéôïõñãßåò ðïõ åðéôåëïýí ôá ôìÞìáôá
áõôÜ. [2]

Ðïìðüò. Ï ðïìðüò ìåôáôñÝðåé ôçí ðëçñïöïñßá óå ìéá ìïñöÞ êáôÜëëçëç ãéá
ìåôÜäïóç ìÝóá áðü ôï öõóéêü êáíÜëé Þ ôï ìÝóï äéÜäïóçò. ÅíãÝíåé, ï ðïìðüò
åðéôõã÷Üíåé ôçí ðñïóáñìïóìÝíç áõôÞ óýæåõîç ôïõ óÞìáôïò ðëçñïöïñßáò ìå ôï
êáíÜëé ìå ìéá äéáäéêáóßá ðïõ ëÝãåôáé äéáìüñöùóç. Åêôüò áðü ôç äéáìüñöùóç,
Üëëåò ëåéôïõñãßåò ðïõ ìðïñïýìå óõíÞèùò íá åêôåëÝóïõìå óôïí ðïìðü åßíáé
ç êùäéêïðïßçóç, ôï öéëôñÜñéóìá êáé ç åíßó÷õóç ôïõ äéáìïñöùìÝíïõ óÞìáôïò
ðëçñïöïñßáò.

ÊáíÜëé. Ôï êáíÜëé åðéêïéíùíßáò åßíáé ôï öõóéêü ìÝóï ðïõ ÷ñçóéìåýåé ãéá
ôçí ìåôÜäïóç ôïõ óÞìáôïò áðü ôïí ðïìðü óôï äÝêôç. Ôï êýñéï ÷áñáêôçñé-
óôéêü ôïõ êáíáëéïý åßíáé üôé ôï ìåôáäéäüìåíï óÞìá áëëïéþíåôáé êáôÜ ôõ÷áßï
ôñüðï. Ç ðéï óõíÞèçò ìïñöÞ õðïâÜèìéóçò ôïõ óÞìáôïò ðñïÝñ÷åôáé áðü Ýíáí
ðñïóèåôéêü èüñõâï ðïõ ãåííéÝôáé óôçí åßóïäï ôïõ äÝêôç. Áêüìá, ïé ðáñåì-
âïëÝò áðü Üëëïõò ÷ñÞóôåò áðïôåëïýí Ýíáí Üëëï ôýðï èïñýâïõ, üðùò åðßóçò
êáé ïé áëëçëïðáñåìâïëÝò ðïõ äçìéïõñãïýíôáé ìåôáîý ôùí óõìâüëùí ôçò ðëç-
ñïöïñßáò ðïõ ìåôáäüèçêå áðü ôïí ßäéï ÷ñÞóôç. Ï ôåëåõôáßïò ôýðïò èïñýâïõ,
ïíïìÜæåôáé ÄéáóõìâïëéêÞ ÐáñåìâïëÞ (ISI). Ôüóï ïé ðñïóèåôéêÝò üóï êáé ïé
ìç ðñïóèåôéêÝò ðáñáìïñöþóåéò ôïõ óÞìáôïò ÷áñáêôçñßæïíôáé óõíÞèùò ùò ôõ-
÷áßá öáéíüìåíá êáé ðåñéãñÜöïíôáé ìå óôáôéóôéêü ôñüðï.
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ÄÝêôçò. Ç äéÜôáîç ôïõ äÝêôç ðåñéëáìâÜíåé áñêåôÝò ëåéôïõñãßåò üðùò äåéã-
ìáôïëçøßá, áðïäéáìüñöùóç, åêôßìçóç êáé éóïóôÜèìéóç êáíáëéïý êáé áðïêù-
äéêïðïßçóç ðïõ áðïóêïðïýí óôçí áíÜêôçóç ôïõ óÞìáôïò ðëçñïöïñßáò ðïõ
ðåñéÝ÷åôáé óôï ëáìâáíüìåíï óÞìá. Ç ðïéüôçôá ôïõ äÝêôç åßíáé óõíÜñôçóç
ôïõ ôýðïõ äéáìüñöùóçò, ôçò Ýíôáóçò ôïõ ðñïóèåôéêïý èïñýâïõ, ôïõ ôýðïõ
êáé ôçò Ýíôáóçò ïðïéáóäÞðïôå ðñïóèåôéêÞò Þ ìç ðáñåìâïëÞò.

Ó÷Þìá 1.1 ÄéÜãñáììá ëåéôïõñãéêþí âáèìßäùí åíüò ôçëåðéêïéíùíéáêïý óõóôÞìáôïò
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1.2 ÐñïäéáãñáöÝò ÓõóôÞìáôïò Õëïðïßçóçò

Óå áõôÞ ôçí åíüôçôá èá áíáöÝñïõìå ôá âáóéêÜ ÷áñáêôçñéóôéêÜ ôïõ óõóôÞ-
ìáôïò ðïõ õëïðïéÞèçêå óôçí ðáñïýóá åñãáóßá. Êáôáñ÷Þí, ôï óÞìá åéóüäïõ
óôïí ðïìðü åßíáé Ýíá êåßìåíï áããëéêþí ÷áñáêôÞñùí. ÊÜèå ÷áñáêôÞñáò Ý÷åé
ìåôáôñáðåß óå ìéá äõáäéêÞ áêïëïõèßá ìÞêïõò 7-bit óýìöùíá ìå ôçí ASCII
êùäéêïðïßçóç. Ç áêïëïõèßá áõôÞ Ý÷åé êùäéêïðïéçèåß ÷ñçóéìïðïéþíôáò (5,2)
ãñáììéêü ìðëïê êþäéêá 1 ï ïðïßïò áíôéóôïé÷ßæåé ìéá êùäéêÞ ëÝîç ìÞêïõò 5-bit
óå êÜèå æåýãïò bits. Óôç óõíÝ÷åéá, ç Ýîïäïò ôïõ ìðëïê êþäéêá ÷ùñßæåôáé óå
æåõãÜñéá ðïõ óõó÷åôßæïíôáé ìå ôÝóóåñéò áêåñáßïõò åíüò 4-PAM áëöÜâçôïõ
±1 êáé ±3 ìÝóù ôçò ðáñáêÜôù áíôéóôïß÷éóçò ôïõ ó÷Þìáôïò 1.2:

11→ +3
10→ +1
01→ −1
00→ −3

Ó÷Þìá 1.2 Áíôéóôïß÷éóç æåýãùí bits ìå 4-PAM óýìâïëá

¸ôóé, áí õðÜñ÷ïõí n ãñÜììáôá, èá Ý÷ïõìå 7n ìç êùäéêïðïéçìÝíá bits, 7n( 5
2
)

êùäéêïðïéçìÝíá bits êáé 7n( 5
2
)(1

2
) 4-PAM óýìâïëá.

Óôç óõíÝ÷åéá, áõôÜ ôá óýìâïëá ðïõ Ý÷ïõí äçìéïõñãçèåß ïìáäïðïéïýíôáé óå
ìðëïê, êáèÝíá áðü ôá ïðïßá Ý÷åé ìÞêïò 875 óýìâïëá. Óôçí áñ÷Þ êÜèå ìðëïê
ðñïóôßèåôáé ìéá åðéêåöáëßäá 245 4-PAM óõìâüëùí ðïõ äßíåôáé áðü ôç öñÜóç
\Á0Ïh well whatever Nevermind", ç ïðïßá èåùñåßôáé ãíùóôÞ óôï äÝêôç êáé
ìðïñåß íá ÷ñçóéìïðïéçèåß ùò áêïëïõèßá åêðáßäåõóçò óôïí éóïóôáèìéóôÞ. Ç
åðéêåöáëßäá óå óõíäéáóìü ìå ôï ìðëïê äåäïìÝíùí áðïôåëïýí ôï ðëáßóéï, Ýôóé
êÜèå ðëáßóéï Ý÷åé ìÞêïò 1120 óýìâïëá. Óôïí ðïìðü, ç ðåñßïäïò óõìâüëïõ
ðñÝðåé íá Ý÷åé ìÝãéóôç áðüêëéóç ±0:01% ôçò åðéôñåðôÞò ðåñéüäïõ óõìâüëïõ
Ô = 6:4 microseconds.

Ôï óÞìá åêðïìðÞò èá åßíáé ôçò ìïñöÞò [1]

x(t) =
∑
k

akp(t− kT )

üðïõ ak åßíáé ôá óýìâïëá åéóüäïõ êáé p(t) ï ðáëìüò ìïñöïðïßçóçò óôïí ðïìðü.
Óôç óõíÝ÷åéá, ôï óÞìá äéáìïñöþíåôáé ìå Ýíá óõíçìßôïíï óõ÷íüôçôáò fc êáé
öÜóçò � êáé ôï óÞìá ðïõ ðñïêýðôåé åßíáé

d(t) = x(t) cos(2ðfct+ �)

1ËåðôïìÝñåéåò õðÜñ÷ïõí óôï ÐáñÜñôçìá Á
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Êáôüðéí, ìåôáäßäåôáé äéáìÝóù êáíáëéïý ìå êñïõóôéêÞ áðüêñéóç c(t) êáé ðñï-
óôßèåôáé èüñõâïò n(t). Ôï óÞìá áðïäéáìïñöþíåôáé óôï äÝêôç êáé ôåëéêÜ Ý÷åé
ôç ìïñöÞ

r(t) = (d(t) ∗ c(t) + n(t)) cos(2ðf̂ct+ ö̂)

üðïõ f̂c êáé ö̂ åßíáé åêôéìÞóåéò ôçò óõ÷íüôçôáò êáé ôçò öÜóçò áíôßóôïé÷á.
YðïèÝôïíôáò üôé f̂c = fc êáé ö̂ = ö, ôüôå óôçí Ýîïäï ôïõ ößëôñïõ ëÞøçò gR(t)
ëáìâÜíïõìå

y(t) = d(t) ∗ c′(t) ∗ gR(t) + n′(t)

ìå c′(t) ôï éóïäýíáìï êáíÜëé âáóéêÞò æþíçò êáé

n′(t) = (n(t) ∗ gR(t)) cos(2ðf̂ct+ ö̂)

Ïñßæïíôáò, p′(t) = p(t) ∗ c′(t) ∗ gR(t), Ý÷ïõìå [1]

y(t) =
∑
k

akp
′(t− kT ) + n′(t)

ÔÝëïò, äåéãìáôïëçðôåßôáé êáôÜëëçëá ç áíáëïãéêÞ êõìáôïìïñöÞ åéóüäïõ óôï
äÝêôç ôéò ÷ñïíéêÝò óôéãìÝò kTs êáé ôåëéêÜ ëáìâÜíïõìå ôçí áêïëïõèßá

yk =
∑
l

hlak−l + nk

üðïõ hl = h [lTs] êáé h(t) = p(t) ∗ c(t) ∗ gR(t)
Ç êõìáôïìïñöÞ óçìáôïäïóßáò P (f) åßíáé ìéá ôåôñáãùíéêÞ ñßæá áíõøùìÝ-

íïõ óõíçìéôüíïõ, óõíïëéêïý ìÞêïõò 8 ðåñéüäùí óõìâüëïõ. Ï óõíôåëåóôÞò
åðÝêôáóçò â ôçò êõìáôïìïñöÞò óçìáôïäïóßáò Ý÷åé óõãêåêñéìÝíç ôéìÞ, ãíù-
óôÞ óôï äÝêôç êáé ðáßñíåé ìßá áðü ôéò ôéìÝò óôï äéÜóôçìá [0:1; 0:3]. Ôï åýñïò
æþíçò ôçò êõìáôïìïñöÞò óçìáôïäïóßáò ìðïñåß íá åßíáé ùò ≈102kHz ãéá ôï
åðéôñåðôü Ô. Ëüãù äéáìüñöùóçò äéðëÞò ðëåõñéêÞò æþíçò, ôï åýñïò æþíçò
ôçò êõìáôïìïñöÞò óçìáôïäïóßáò äéðëáóéÜæåôáé, Ýôóé êÜèå æùíïðåñáôü FDM
óÞìá ÷ñåéÜæåôáé åýñïò æþíçò ôïõëÜ÷éóôïí 204kHz.

Ôï êáíÜëé ìðïñåß íá åßíáé éäáíéêü (áðëþò åéóÜãåé ìéá êáèõóôÝñçóç) Þ ìðï-
ñåß íá Ý÷åé óçìáíôéêÞ äéáóõìâïëéêÞ ðáñåìâïëÞ (ISI). Óå êÜèå ðåñßðôùóç, ç
êñïõóôéêÞ áðüêñéóç ôïõ êáíáëéïý åßíáé Üãíùóôç óôï äÝêôç, ùóôüóï ç ìÝ-
ãéóôç êáèõóôÝñçóç ðïõ ìðïñåß íá åéóá÷èåß, åßíáé ãíùóôÞ. ÊáôÜ ôç äéÜñêåéá
ôçò ìåôÜäïóçò ìðïñåß íá Ý÷ïõìå èüñõâï ìåãÜëïõ åýñïõò æþíçò ìå åðßðåäç
öáóìáôéêÞ ðõêíüôçôá éó÷ýïò Þ óôåíïý åýñïõò æþíçò ðáñåìâïëåßò Þ êáé ôá
äýï. ÁõôÜ åßíáé Üãíùóôá óôïí äÝêôç åðßóçò. Óôï ó÷Þìá 1.3 ðáñáôßèåíôáé
óõãêåíôñùìÝíåò ïé ðñïäéáãñáöÝò ôïõ øçöéáêïý ìáò äÝêôç.
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ÁëöÜâçôï Óõìâüëùí ±1,±3
ÅíäéÜìåóç Óõ÷íüôçôá 2 MHz
ÅðéôñåðôÞ Ðåñßïäïò Óõìâüëïõ 6.4 microseconds
ÓõíôåëåóôÞò ÅðÝêôáóçò SRRC Ößëôñïõ â∈ [0:1; 0:3]
Åýñïò Æþíçò ÓÞìáôïò 204 kHz
ÌÞêïò SRRC Ößëôñïõ 8 Ðåñßïäïé Óõìâüëïõ
Eðéêåöáëßäá Ðëáéóßïõ/Áêïëïõèßá Åêðáßäåõóçò Á0Ïh well whatever Nevermind
ÌÞêïò Ðëáéóßïõ 1120 Óýìâïëá
Áðüêëéóç ÅíäéÜìåóçò Óõ÷íüôçôáò < 0.01% ôçò Äoèåßóáò ÔéìÞò
Áðüêëéóç Óõã÷ñïíéóìïý ÓôáèåñÞ
Áðüêëéóç Ðåñéüäïõ Óõìâüëïõ < 0.01% ôçò Äïèåßóáò ÔéìÞò
ÄéáóõìâïëéêÞ ÐáñåìâïëÞ (ISI) ÌÝãéóôç êáèõóôÝñçóç 8 Óõìâüëùí
Óõ÷íüôçôá Äåéãìáôïëçøßáò 850 kHz

Ó÷Þìá 1.3 ÐñïäéáãñáöÝò ÓõóôÞìáôïò
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2. Äåéãìáôïëçøßá

2.1 ÃåíéêÜ

Ó÷Þìá 2.1 4-PAM Ôçëåðéêïéíùíéáêü Óýóôçìá

Ìéá áíáðáñÜóôáóç ôïõ ôçëåðéêïéíùíéáêïý óõóôÞìáôïò ðïõ ìáò áðáó÷üëçóå
åßíáé áõôÞ ôïõ ó÷Þìáôïò 2.1 [1]. Åìåßò åðéêåíôñþóáìå ôçí ðñïóï÷Þ ìáò óôïí
äÝêôç. Óôçí ðñþôç âáèìßäá åðåîåñãáóßáò ôïõ ëáìâáíüìåíïõ óÞìáôïò âñß-
óêåôáé ç äéáäéêáóßá ôçò äåéãìáôïëçøßáò. Ëüãù ôçò öýóçò ôùí êáíáëéþí äåí
ìðïñåß íá áðïöåõ÷èåß ç áíáëïãéêÞ ìåôÜäïóç ðëçñïöïñßáò. Ç äåéãìáôïëçøßá,
ç ïðïßá ìðïñåß íá ìïíôåëïðïéçèåß óáí Ýíáò ðïëëáðëáóéáóìüò óçìåßï ðñïò óç-
ìåßï óôï ðåäßï ôïõ ÷ñüíïõ ìå ìéá ðáëìïóåéñÜ ä ôïõ Dirac, ìåôáöñÜæåé ôï
ëáìâáíüìåíï óÞìá áðü áíáëïãéêü óå øçöéáêü êáé ïõóéáóôéêÜ ãåöõñþíåé ôïí
áíáëïãéêü êüóìï ìå ôéò øçöéáêÝò ìåèüäïõò [2]. Ôá áðïôåëÝóìáôá áõôÞò ãßíï-
íôáé åìöáíÞ üôáí äïýìå ôï óÞìá óôï ðåäßï ôçò óõ÷íüôçôáò. Åîßóïõ óçìáíôéêÞ
åßíáé ç ìåôáôñïðÞ ôïõ óÞìáôïò áðü øçöéáêü óå áíáëïãéêü. Ôï Èåþñçìá Äåéã-
ìáôïëçøßáò ôïõ Nyquist åããõÜôáé ôçí ðëÞñç áíáêáôáóêåõÞ ôïõ óÞìáôïò áðü
ôá äåßãìáôÜ ôïõ üôáí ç óõ÷íüôçôá äåéãìáôïëçøßáò åßíáé ôïõëÜ÷éóôïí äéðëÜóéá
áðü ôç ìÝãéóôç óõ÷íüôçôá ôïõ óÞìáôïò.
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2.2 Ïëßóèçóç ÓÞìáôïò óôç ÂáóéêÞ Æþíç

2.2.i MÝèïäïé

Ãéá íá Ý÷ïõìå åðéôõ÷çìÝíç ìåôÜäïäç ðëçñïöïñßáò, ðñÝðåé ôï óÞìá áðü ôïí
ðïìðü íá óôáëèåß óå õøçëÝò óõ÷íüôçôåò ìå ìéá äéáäéêáóßá ðïõ ïíïìÜæåôáé
Äéáìüñöùóç, ðïõ ïõóéáóôéêÜ åßíáé ï ðïëëáðëáóéáóìüò ôïõ óÞìáôïò ðëçñï-
öïñßáò ìå Ýíá çìéôïíïåéäÝò öÝñïí óôï ðåäßï ôïõ ÷ñüíïõ. Óôçí ðëåõñÜ ôïõ
äÝêôç, áêïëïõèåßôáé ìéá äéáäéêáóßá áíôßóôñïöç áõôÞò ôçò äéáìüñöùóçò, ðïõ
ïíïìÜæåôáé Áðïäéáìüñöùóç êáé ïõóéáóôéêÜ ïëéóèáßíåé ôç óõ÷íüôçôá ôïõ óÞ-
ìáôïò óôç âáóéêÞ æþíç. ÕðÜñ÷ïõí 2 ôñüðïé ãéá íá ôï åðéôý÷ïõìå áõôü: [1]

• ÐïëëáðëáóéÜæïõìå áðåõèåßáò ôï ëáìâáíüìåíï óÞìá ìå Ýíá çìéôïíïåéäÝò
öÝñïí óõ÷íüôçôáò ßäéáò ìå áõôÞ ôïõ óÞìáôïò

• Ïëéóèáßíïõìå ôï óÞìá óå ìéá åðéèõìçôÞ åíäéÜìåóç óõ÷íüôçôá fI (IF)
êáé êáôüðéí ìÝóù äåéãìáôïëçøßáò ìðïñïýìå íá ïëéóèÞóïõìå ðåñáéôÝñù
ôï óÞìá óå ÷áìçëüôåñåò óõ÷íüôçôåò, ðëçóéÝóôåñåò óôéò óõ÷íüôçôåò ôçò
âáóéêÞò æþíçò. Óôç óõíÝ÷åéá Ý÷ïõìå ôïõò ðáñáêÜôù ôñüðïõò ìå ôïõò
ïðïßïõò ìðïñåß íá ãßíåé ç äåéãìáôïëçøßá:

{ ìå ñõèìü ìåãáëýôåñï áðü ôï ñõèìü Nyquist ôçò åíäéÜìåóçò óõ÷íü-
ôçôáò

{ ìå ñõèìü fs ìéêñüôåñï ôïõ ñõèìïý Nyquist ó÷åôéæüìåíïõ ìå ôçí fI ,
üðïõ äçìéïõñãïýíôáé ñÝðëéêåò ôïõ öÜóìáôïò ôïõ óÞìáôïò êÜèå fs,
óôéò óõ÷íüôçôåò f= |fI − nfs|, üðïõ n∈ Z. H åðéëïãÞ ôçò óõ÷íü-
ôçôáò äåéãìáôïëçøßáò ãßíåôáé ìå ôñüðï þóôå íá åßíáé ôïõëÜ÷éóôïí
äéðëÜóéá ôïõ åýñïõò æþíçò ôïõ óÞìáôïò. ÔÝëïò, ç ðëçóéÝóôåñç ñÝ-
ðëéêá óôç âáóéêÞ æþíç ðïëëáðëáóéÜæåôáé óôï ðåäßï ôïõ ÷ñüíïõ ìå
Ýíáí ôïðéêü öïñÝá óõíôïíéóìÝíï óå óõ÷íüôçôá ßóç ìå áõôÞ óôçí
ïðïßá åßíáé êåíôñáñéóìÝíï ôï öÜóìá ôïõ óÞìáôïò

{ ìå ôÝôïéï ôñüðï þóôå ìßá áðü ôéò ñÝðëéêåò íá åìöáíéóôåß áðåõèåßáò
óôç âáóéêÞ æþíç

Óôçí ðñþôç ìÝèïäï äåí èá óõìâåß áëëïßùóç. ¼ìùò, áõôÞ ç ìÝèïäïò
ìðïñåß íá åßíáé áêñéâÞ ëüãù ôùí õøçëþí ñõèìþí äåéãìáôïëçøßáò ðïõ
áðáéôïýíôáé ãéá íá ðåôý÷ïõìå ôïí ñõèìü Nyquist. Ç ôñßôç ìÝèïäïò
åðéôñÝðåé ïëßóèçóç ôçò óõ÷íüôçôáò ôïõ óÞìáôïò óôç âáóéêÞ æþíç ÷ùñßò
åðéðñüóèåôï ôáëáíôùôÞ. Ç äåýôåñç ìÝèïäïò ïëéóèáßíåé Ýíá ìÝñïò ôçò
óõ÷íüôçôáò ôïõ óÞìáôïò ìå äåéãìáôïëçøßá êáé Ýíá ìÝñïò ìå ìßîç ìå
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Ýíá çìéôïíïåéäÝò öÝñïí. ÁõôÞ ç ìÝèïäïò ÷ñçóéìïðïéÞèçêå óôçí ðáñïýóá
äéðëùìáôéêÞ åñãáóßá

ÔÝëïò, ÷ñçóéìïðïéïýìå ÷áìçëïðåñáôü ößëôñï ìå óõ÷íüôçôá áðïêïðÞò ßóç ìå
ôï åýñïò æþíçò B ôïõ óÞìáôïò fcutoff = B ãéá íá áðáëëáãïýìå áðü ôéò Ü÷ñç-
óôåò ñÝðëéêåò ðïõ Ý÷ïõí äçìéïõñãçèåß. ÕðÜñ÷ïõí 2 âáóéêÜ ðëåïíåêôÞìáôá
÷ñçóéìïðïéþíôáò ôç äåýôåñç äéáäéêáóßá, ç ïðïßá áêïëïõèÞèçêå óôçí ðáñïýóá
åñãáóßá: [1]

1. Ç ÷ñÞóç ôçò ßäéáò åíäéÜìåóçò óõ÷íüôçôáò, ìáò åðéôñÝðåé íá Ý÷ïõìå óôá-
èåñÜ ôïõò ßäéïõò åíéó÷õôÝò, äéáìïñöùôÝò êáé ößëôñá

2. Ç åðåîåñãáóßá óÞìáôïò óå õøçëÝò óõ÷íüôçôåò áðáéôåß çëåêôñïíéêÝò äéá-
ôÜîåéò õøçëÞò áêñßâåéáò êáé êüóôïõò. Ìå ôç âïÞèåéá ôçò åíäéÜìåóçò
óõ÷íüôçôáò áðïöåýãïõìå ôï ñõèìü äåéãìáôïëçøßáò óôç óõ÷íüôçôá ìå-
ôÜäïóçò

2.2.ii Ïëßóèçóç Óõ÷íüôçôáò ÓÞìáôïò ìÝóù

Äåéãìáôïëçøßáò

¸óôù s(t) ôï ëáìâáíüìåíï óÞìá. Èåùñïýìå üôé ôï óÞìá ðëçñïöïñßáò åß-
íáé áíáëïãéêü, ðåñéïñéóìÝíïõ åýñïõò æþíçò ±Â êáé üôé ìåôáäüèçêå ìå Ýíáí
ôïðéêü öïñÝá óôïí ðïìðü ìå óõ÷íüôçôá fc. ¸óôù, ç éäáíéêÞ óõíÜñôçóç äåéã-
ìáôïëçøßáò (ÐáëìïóåéñÜ Dirac): [9]

äTs(t) =
+∝∑

n=−∝

ä(t− nTs);

üðïõ Ôs ç ðåñßïäïò äåéãìáôïëçøßáò êáé n ∈ Z.

To äåéãìáôïëçðôçìÝíï óÞìá y(t) äßíåôáé áðü ôçí ðáñáêÜôù åîßóùóç:

y(t) = s(t)
+∝∑

n=−∝

ä(t− nTs);

ôï ïðïßï ìðïñåß íá ìåôáôñáðåß óôï ðåäßï ôçò óõ÷íüôçôáò ùò:

Y (f) =
1

Ts

+∝∑
n=−∝

S(f − nfs);
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üðïõ fs = 1
Ts
, üðïõ fs ç óõ÷íüôçôá äåéãìáôïëçøßáò.

Áðüäåéîç [9]

y(t) = s(t)
+∝∑

n=−∝

ä(t− nTs)⇒

F {y(t)} = F

{
s(t)

+∝∑
n=−∝

ä(t− nTs)

}
⇒

Y (f) = S(f) ∗ F

{
+∝∑

n=−∝

ä(t− nTs)

}
(1)

To óÞìá åßíáé ðñáãìáôéêü êáé ç ðáëìïóåéñÜ Dirac åßíáé ðåñéïäéêÞ ìå ðåñßïäï
Ts, Üñá ìðïñïýìå íá ÷ñçóéìïðïéÞóïõìå áðëÞ ôñéãùíïìåôñéêÞ óåéñÜ Fourier,
ç ïðïßá åßíáé:

+∝∑
n=−∝

ä(t− nTs) =
1

Ts

[
1 + 2

+∝∑
n=1

cos(2ðnfst)

]
(2)

Áðü (1),(2) Ý÷ïõìå:

Y (f) = S(f) ∗ 1

TS

[
F {1}+ 2

+∝∑
n=1

F {cos(2ðnfst)}

]

=
1

Ts
S(f) ∗

[
ä(f) + 2

+∝∑
n=1

1

2
[ä(f − nfs) + ä(f + nfs)]

]

=
1

Ts

[
S(f) ∗ ä(f) +

+∝∑
n=1

[S(f) ∗ ä(f − nfs) + S(f) ∗ ä(f + nfs)]

]

=
1

Ts

[
S(f) +

+∝∑
n=1

[S(f − nfs) + S(f + nfs)]

]

=
1

Ts

+∝∑
n=−∝

S(f − nfs)⇒ Y (f) =
1

Ts

+∝∑
n=−∝

S(f − nfs)

Áðü ôçí ðáñáðÜíù åîßóùóç ðáñáôçñïýìå üôé äåéãìáôïëçðôþíôáò ôï óÞìá
åìöáíßæïíôáé óôï ðåäßï ôçò óõ÷íüôçôáò ñÝðëéêåò ôïõ öÜóìáôïò ôïõ áíáëïãé-
êïý óÞìáôïò, ìéá åê ôùí ïðïßùí ðéèáíþò íá âñßóêåôáé óôç âáóéêÞ æþíç.
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Óôçí ðåñßðôùóç ìáò, Ý÷ïõìå åíäéÜìåóç óõ÷íüôçôá fI = 2 MHz êáé óõ÷íü-
ôçôá äåéãìáôïëçøßáò fs = 850 kHz, Üñá åìöáíßæïíôáé ñÝðëéêåò êåíôñáñéóìÝ-
íåò ãýñù áðü ôéò óõ÷íüôçôåò f= |fI − nfs|. ¸ôóé, ç ðëçóéÝóôåñç óôç âáóéêÞ
æþíç ñÝðëéêá åßíáé êåíôñáñéóìÝíç ãýñù áðü ôç óõ÷íüôçôá ôùí 300 kHz, üðùò
öáßíåôáé óôï ó÷Þìá 2.2.

Ó÷Þìá 2.2 Óôï ðñþôï ó÷Þìá öáßíåôáé ôï äéáìïñöùìÝíï óÞìá ìåôÜäïóçò, ïëéóèçìÝíï
óôçí åíäéÜìåóç óõ÷íüôçôá fI êáé óôï äåýôåñï ó÷Þìá ôá öÜóìáôá ðïõ äçìéïõñãïýíôáé

ìåôÜ ôç äåéãìáôïëçøßá
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2.3 ÐñïóáñìïóìÝíï Ößëôñï

¸íá ôÝôïéï ÷áìçëïðåñáôü ößëôñï ðïõ ìáò âïçèÜåé íá áðáëëáãïýìå áðü ôéò
Ü÷ñçóôåò ñÝðëéêåò ðïõ äçìéïõñãïýíôáé ìåôÜ ôç äåéãìáôïëçøßá êáé ôçí áðï-
äéáìüñöùóç ïíïìÜæåôáé ÐñïóáñìïóìÝíï Ößëôñï. Ôï êýñéï ÷áñáêôçñéóôéêü
ôïõ ößëôñïõ áõôïý åßíáé ç ìåãéóôïðïßçóç ôïõ óçìáôïèïñõâéêïý ëüãïõ (SNR).
¸óôù, üðùò öáßíåôáé êáé óôï ìðëïê äéÜãñáììá ôïõ ó÷Þìáôïò 2.3 [1]

y(t) = u(t) + w(t)

ç Ýîïäïò ôïõ ãñáììéêïý ößëôñïõ óôï äÝêôç ðïõ Ý÷åé êñïõóôéêÞ áðüêñéóç
hR(t). ¸ôóé, ïé óõíéóôþóåò óÞìáôïò êáé èïñýâïõ áíôßóôïé÷á ìðïñïýí íá
ðåñéãñáöïýí ùò [1]

u(t) = hR(t) ∗ g(t) ; w(t) = hR(t) ∗ n(t)

üðïõ, g(t) åßíáé ôï óÞìá åêðïìðÞò êáé n(t) ï ðñïóèåôéêüò èüñõâïò.
ÕðïèÝôïõìå üôé ï èüñõâïò åßíáé ëåõêüò êáé Ý÷åé öáóìáôéêÞ ðõêíüôçôá éó÷ýïò
Pn(f) ßóç ìå ìéá óôáèåñÜ Í0 ãéá üëåò ôéò óõ÷íüôçôåò. Óôü÷ïò ìáò åßíáé
íá âñïýìå ôï ößëôñï óôï äÝêôç, ôï ïðïßï ìåãéóôïðïéåß ôï óçìáôïèïñõâéêü
ëüãï óôéò ÷ñïíéêÝò óôéãìÝò äåéãìáôïëçøßáò. ¸óôù, hR(t) ôÝôïéï þóôå íá
ìåãéóôïðïéåß ôçí éó÷ý ôïõ óÞìáôïò u(t) óõãêñéôéêÜ ìå ôçí éó÷ý ôïõ èïñý-
âïõ, ôçí ÷ñïíéêÞ óôéãìÞ t = ô. ×ñçóéìïðïéþíôáò ìåôáó÷çìáôéóìïýò Fourier,
ìðïñïýìå íá åêöñÜóïõìå ôï u(ô) ùò åîÞò [1]

u(ô) =

∫ +∝

−∝
HR(f)G(f)ej2ðfôdf

ìå ÇR(f) êáé G(f) íá åßíáé ïé ìåôáó÷çìáôéóìïß Fourier ôùí hR(t) êáé g(t),
áíôßóôïé÷á. Óôç óõíÝ÷åéá, Ý÷ïõìå

u2(ô) =

∣∣∣∣∣
∫ +∝

−∝
HR(f)G(f)ej2ðfôdf

∣∣∣∣∣
2

O èüñõâïò óôçí Ýîïäï ôïõ ðñïóáñìïóìÝíïõ ößëôñïõ Ý÷åé öáóìáôéêÞ ðõêíü-
ôçôá éó÷ýïò [1]

Pw(f) = |HR(f)|2Pn(f) = Í0 |HR(f)|2

H ðïóüôçôá ðïõ èÝëïõìå íá ìåãéóôïðïéÞóïõìå åßíáé

u2(ô)

Pw
=

∣∣∣∫ +∝
−∝ HR(f)G(f)ej2ðfôdf

∣∣∣2∫ +∝
−∝ Í0 |HR(f)|2 df
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H ìåãéóôïðïßçóç ôïõ áñéèìçôÞ åðéôõã÷Üíåôáé åýêïëá ÷ñçóéìïðïéþíôáò ôçí
áíéóüôçôá Cauchy-Schwarz ç ïðïßá äçëþíåé ãåíéêÜ üôé, áí ôá óÞìáôá a(x)
êáé b(x) åßíáé óÞìáôá ðåðåñáóìÝíçò åíÝñãåéáò, ôüôå∣∣∣∣∫ +∝

−∝
a(x)b(x)dx

∣∣∣∣2 ≤ ∫ +∝

−∝
|a(x)|2 dx

∫ +∝

−∝
|b(x)|2 dx

êáé ç éóüôçôá éó÷ýåé ìüíï üôáí a(x) = kb(x). Tüôå, Ý÷ïõìå

u2(ô)

Pw
≤
∫ +∝
−∝ |HR(f)|2 df

∫ +∝
−∝

∣∣G(f)ej2ðfô
∣∣2 df

Í0

∫ +∝
−∝ |HR(f)|2 df

ôï ïðïßï ìåãéóôïðïéåßôáé ìå éóüôçôá üôáí

ÇR(f) = kG(f)ej2ðfô

Ðáßñíïíôáò ôïí áíôßóôñïöï ìåôáó÷çìáôéóìü Fourier ôçò ôåëåõôáßáò ó÷Ýóçò
ãéá íá âñïýìå ôçí êñïõóôéêÞ áðüêñéóç ôïõ hR(t), Ý÷ïõìå

hR(t) = F−1
{
kG(f)ej2ðfô

}
= kg(ô − t)

üðïõ ãéá ôçí äéåîáãùãÞ ôïõ ðáñáðÜíù áðïôåëÝóìáôïò ÷ñçóéìïðïéÞèçêå ç éäéü-
ôçôá ÷ñïíéêÞò ïëßóèçóçò ôïõ ìåôáó÷çìáôéóìïý Fourier. Tá ÷áñáêôçñéóôéêÜ
ôïõ ößëôñïõ áõôïý åßíáé: [1]

• Ôï ößëôñï ìåãéóôïðïéåß ôï óçìáôïèïñõâéêü ëüãï ôïõ u2(t)=Pw ôç ÷ñï-
íéêÞ óôéãìÞ t = ô

• ÅðåéäÞ, ç êñïõóôéêÞ áðüêñéóç ôïõ ößëôñïõ åßíáé ï \êáèñÝðôçò" ôïõ
ðáëìïý ìïñöïðïßçóçò p(t) óôïí ðïìðü, ëÝãåôáé üôé ôï ößëôñï åßíáé \ðñï-
óáñìïóìÝíï" óôïí ðáëìü ìïñöïðïßçóçò êáé ãé'áõôü ôï ëüãï êáëåßôáé
ðñïóáñìïóìÝíï ößëôñï

• To ìÝôñï ôïõ öÜóìáôïò ôïõ ðñïóáñìïóìÝíïõ ößëôñïõ HR(f) åßíáé ôï
ßäéï ìå áõôü ôïõ G(f)

• To ìÝôñï ôïõ öÜóìáôïò ôïõ G(f) åßíáé ôï ßäéï ìå áõôü ôçò áðüêñéóçò
óõ÷íüôçôáò ôïõ ðáëìïý ìïñöïðïßçóçò P (f)

• To ðñïóáñìïóìÝíï ößëôñï ãéá êÜèå ößëôñï ìå Üñôéáò óõììåôñßáò, ðå-
ðåñáóìÝíç óôï ÷ñüíï, êñïõóôéêÞ áðüêñéóç åßíáé ìéá êáèõóôåñçìÝíç ñÝ-
ðëéêá ôïõ ßäéïõ ôïõ ößëôñïõ. Ç åëÜ÷éóôç êáèõóôÝñçóç åßíáé ôï Üíù üñéï
ôïõ ðåðåñáóìÝíïõ ÷ñïíéêïý äéáóôÞìáôïò ôçò êñïõóôéêÞ áðüêñéóçò
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• O óçìáôïèïñõâéêüò ëüãïò åîüäïõ åîáñôÜôáé áðü ôçí åíÝñãåéá ôçò êõ-
ìáôïìïñöÞò åéóüäïõ êáé ü÷é áðü ôá éäéáßôåñá ÷áñáêôçñéóôéêÜ ôçò

Ó÷Þìá 2.3 ÖéëôñÜñéóìá óôïí ÄÝêôç
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3. ÁíÜêôçóç ÖïñÝá &
Áðïäéáìüñöùóç

3.1 ÃåíéêÜ

Tï êåöÜëáéï áõôü äßíåé Ýìöáóç óå ìåèüäïõò Áðïäéáìüñöùóçò óÞìáôïò. Ôï
óÞìá ôáîéäåýåé äéáìÝóù êáíáëéïý óå ìéá áíáëïãéêÞ êõìáôïìïñöÞ êáé êáôüðéí
öôÜíïíôáò óôï äÝêôç áðïäéáìïñöþíåôáé êáé äåéãìáôïëçðôåßôáé ðñïêåéìÝíïõ
íá áíáêôÞóïõìå ôï áñ÷éêü óÞìá ðëçñïöïñßáò. Ãéá íá åßíáé åðéôõ÷çìÝíç ç
áðïäéáìüñöùóç, ï äÝêôçò ðñÝðåé íá ãíùñßæåé ôüóï ôç óõ÷íüôçôá üóï êáé ôç
öÜóç ôïõ çìéôïíïåéäïýò äéáìüñöùóçò ðïõ ÷ñçóéìïðïéÞèçêå óôïí ðïìðü. Èá
áíáëýóïõìå ìåèüäïõò ìå ôéò ïðïßåò ìðïñïýìå íá åêôéìÞóïõìå ôç öÜóç êáé ôç
óõ÷íüôçôá ôïõ ôïðéêïý öïñÝá ðïõ èá ÷ñçóéìïðïéçèåß ãéá ôçí áðïäéáìüñöùóç.
ÁõôÞ ç äéáäéêáóßá åêôßìçóçò ïíïìÜæåôáé ÁíÜêôçóç ÖïñÝá. Ïé ìÝèïäïé ðïõ
èá áíáëõèïýí åßíáé:

• Âñü÷ïò Êëåéäþìáôïò ÖÜóçò (Phase Locked Loop)

• Âñü÷ïò Costas (Costas Loop)
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3.2 ÌÝèïäïé ÁíÜêôçóçò ÖïñÝá

3.2.i Âñü÷ïò Êëåéäþìáôïò ÖÜóçò

Ó÷Þìá 3.1 Ðñïåðåîåñãáóßá óÞìáôïò

Ãéá íá ïäçãÞóåé ôï ëáìâáíüìåíï óÞìá r(t) Ýíá âñü÷ï êëåéäþìáôïò öÜóçò, èá
ðñÝðåé íá ðñïåðåîåñãáóôåß, üðùò öáßíåôáé óôï ó÷Þìá 3.1.
Ôï ëáìâáíüìåíï óÞìá åßíáé: [10]

r(t) = s(t) cos(2ðf0t+ �)

üðïõ f0; �, ç óõ÷íüôçôá êáé ç öÜóç ôïõ ôïðéêïý öïñÝá äéáìüñöùóçò, áíôß-
óôïé÷á. Áí õøþóïõìå ôï r(t) óôï ôåôñÜãùíï, ôï óÞìá ðïõ ðñïêýðôåé ðåñéÝ÷åé
ìéá öáóìáôéêÞ óõíéóôþóá óôï äéðëÜóéï ôçò óõ÷íüôçôáò ôïõ öÝñïíôïò, äçëáäÞ:

r2(t) = s2(t) cos2(2ðf0t+ �)

=
1

2
s2(t)(1 + cos(4ðf0t+ 2�))

ÈÝôïõìå: [10]
s2(t) = s2

avg + u(t)

üðïõ s2
avg åßíáé ç ìÝóç ôéìÞ ôïõ s

2(t) êáé u(t) äçëþíåé ôç äéáêýìáíóç ôïõ s2(t)
ãýñù áðü ôç ìÝóç ôéìÞ ôïõ. Ôüôå, ôï r2(t) ìðïñåß íá åêöñáóôåß ùò:

r2(t) =
1

2

[
s2
avg + u(t) + s2

avg cos(4ðf0t+ 2�) + u(t) cos(4ðf0t+ 2�)
]

Ãéá íá áðïìïíþóïõìå ôçí åðéèõìçôÞ óõíéóôþóá äéðëÜóéáò óõ÷íüôçôáò áðü ôéò
õðüëïéðåò óõ÷íïôéêÝò óõíéóôþóåò, ôï õøùìÝíï óôï ôåôñÜãùíï óÞìá åéóüäïõ
äéÝñ÷åôáé áðü Ýíá ößëôñï óôåíÞò æþíçò óõíôïíéóìÝíï óôç óõ÷íüôçôá 2f0.
Ç Ýîïäïò ôïõ æùíïðåñáôïý ößëôñïõ åßíáé: [10]

rp(t) = BPF
{
r2(t)

}
≈ 1

2
s2
avg cos(4ðf0t+ 2�+ ø)

üðïõ ø åßíáé ç ïëßóèçóç öÜóçò ðïõ õðåéóÝñ÷åôáé áðü ôï æùíïðåñáôü ößëôñï
óôç óõ÷íüôçôá 2f0.
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H ðéï äéáäåäïìÝíç ìÝèïäïò åêôßìçóçò öÜóçò åßíáé ï Âñü÷ïò Êëåéäþìáôïò
ÖÜóçò (PLL), üðùò öáßíåôáé óôï ó÷Þìá 3.2. ÁõôÞ ç ìÝèïäïò ìðïñåß íá åîá÷èåß
ùò Ýíáò ðñïóáñìïóôéêüò áëãüñéèìïò ìåãéóôïðïßçóçò ìéáò áðëÞò óõíÜñôçóçò
áðüäïóçò.

Ó÷Þìá 3.2 Ìðëïê ÄéÜãñáììá PLL

ÕðïèÝôïíôáò üôé ôï óÞìá ðïõ èá ïäçãÞóåé ôï PLL åßíáé: [10]

rp(t) = cos(4ðf0t+ 2�+ ø);

ïñßæïõìå ôç óõíÜñôçóç áðüäïóçò: [10]

JPLL(è) =
1

2
LPF {rp(t) cos(4ðf0t+ 2è + ø)}

=
1

2
LPF {cos(4ðf0t+ 2�+ ø) cos(4ðf0t+ 2è + ø)}

=
1

4
LPF {cos(2�− 2è) + cos(8ðf0t+ 2è + 2�+ 2ø)}

=
1

4
LPF {cos(2�− 2è)}+

1

4
LPF {cos(8ðf0t+ 2è + 2�+ 2ø)}

≈ 1

4
cos(2�− 2è);

õðïèÝôïíôáò üôé ç óõ÷íüôçôá áðïêïðÞò ôïõ ÷áìçëïðåñáôïý ößëôñïõ åßíáé êáôÜ
ðïëý ìéêñüôåñç ôçò óõ÷íüôçôáò 4f0. H ðáñáðÜíù óõíÜñôçóç áðüäïóçò ìåãé-
óôïðïéåßôáé ãéá è = �+ kð, ìå k áêÝñáéï.

Ç ðáñÜãùãïò ôçò JPLL(è) ôç ÷ñïíéêÞ óôéãìÞ k ìðïñåß íá ðñïóåããéóôåß ùò
åîÞò, ìå rp(kTs) ôá äåßãìáôá ôïõ ëáìâáíüìåíïõ óÞìáôïò: [10]

dJPLL(�)

d�
=

1

2

dLPF {rp(kTs) cos(4ðf0kTs + 2è + ø)}
dè

∣∣∣∣∣
è=è[k]

≈ 1
2
LPF

drp(kTs) cos(4ðf0kTs+2è+ø)

dè

∣∣∣∣∣
è=è[k]


= LPF {−rp(kTs) sin(4ðf0kTs + 2è(k) + ø)}
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O áíôßóôïé÷ïò ðñïóáñìïóôéêüò áëãüñéèìïò, ðïõ åßíáé ôçò ìïñöÞò ðéï Áðüôï-
ìçò ÁíÜâáóçò (Steepest Ascent) åßíáé: [10]

è[k + 1] = è[k] + ì
dJPLL(è)

dè

∣∣∣∣∣
è=è[k]

= è[k]− ìLPF {rp(kTs) sin(4ðf0kTs + 2è[k] + ø)}

Ó÷Þìá 3.3 Åêôßìçóç öÜóçò

Aí äåí õðÜñ÷åé äéáöïñÜ óõ÷íüôçôáò, ôüôå ç åêôßìçóç ôçò öÜóçò ôïõ öÝñï-
íôïò óõãêëßíåé óå ìéá ôéìÞ, üðùò öáßíåôáé óôçí áñéóôåñÞ åéêüíá ôïõ ó÷Þìáôïò
3.3. Áí Ý÷ïõìå áðüêëéóç óôç óõ÷íüôçôá, ôüôå èá ðñÝðåé íá ÷ñçóéìïðïéçèåß
äéÜôáîç äéðëïý PLL ãéá ôçí åêôßìçóç ôüóï ôçò öÜóçò üóï êáé ôçò óõ÷íüôçôáò
ôïõ öÝñïíôïò. O ðñþôïò âñü÷ïò õðïëïãßæåé ìéá åõèåßá ìå êëßóç áíÜëïãç ôçò
äéáöïñÜò áíÜìåóá óôçí ðñáãìáôéêÞ óõ÷íüôçôá ôïõ öÝñïíôïò óôïí ðïìðü êáé
ôçò óõ÷íüôçôáò óôï äÝêôç, üðùò öáßíåôáé óôç äåîéÜ åéêüíá ôïõ ó÷Þìáôïò 3.3.
O äåýôåñïò âñü÷ïò õðïëïãßæåé ìéá óôáèåñÜ êáôÜëëçëç ãéá ôçí åêôßìçóç ôçò
öÜóçò. [1]
ÕðïèÝôïõìå üôé ôï ëáìâáíüìåíï ðñïåðåîåñãáóìÝíï óÞìá åßíáé: [1]

rp(t) = cos(4ðf0t+ 2�)

Áõôü åöáñìüæåôáé ùò åßóïäïò óôï äéðëü PLL. O Üíù âñü÷ïò ëåéôïõñãåß
áêñéâþò üðùò êáé óôçí ðåñßðôùóç ôïõ áðëïý PLL: áí ç óõ÷íüôçôá óå êÜèå
ôáëáíôùôÞ åßíáé 2fc, ôüôå ç åêôßìçóç öÜóçò 2è1 óõãêëßíåé óå ìéá åõèåßá ìå
êëßóç 2ð(f0 − fc). [1]
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ÄçëáäÞ,

è1(t)→ 2ð(f0 − fc)t+ b;

üðïõ b åßíáé ôï óçìåßï ðïõ ôÝìíåé ç åõèåßá ôïí y-Üîïíá.
Óôç óõíÝ÷åéá, ïé ôéìÝò è1 ðñïóôßèåíôáé óôéò è2, ðïõ åßíáé ç åêôßìçóç öÜóçò
óôïí êÜôù âñü÷ï. Ç Ýîïäïò ôïõ êÜôù ôáëáíôùôÞ åßíáé: [1]

sin(4ðft + 2è1(t) + 2è2(t)) = sin(4ðfct+ 4ð(f0 − fc)t+ 2b+ 2è2(t))

→ sin(4ðf0t+ 2b+ 2è2(t))

Åðéôõ÷þò, ï Üíù âñü÷ïò óõíèÝôåé Ýíá óÞìá ôï ïðïßï Ý÷åé ôç óùóôÞ óõ÷íüôçôá
ãéá ôïí êÜôù âñü÷ï, üðïõ è2(t)→ �−b. ¸ôóé, äçìéïõñãåßôáé Ýíá çìéôïíïåéäÝò
óõã÷ñïíéóìÝíï ôüóï óå öÜóç üóï êáé óå óõ÷íüôçôá ìå ôï rp(t), ôï ïðïßï åßíáé
êáôÜëëçëï ãéá íá áðïäéáìïñöþóïõìå ôï ëáìâáíüìåíï óÞìá.

Ó÷Þìá 3.4 ÄéÜôáîç Äéðëïý Âñü÷ïõ Êëåéäþìáôïò ÖÜóçò

3.2.ii Âñü÷ïò Costas

¼ðùò åßäáìå ç ìÝèïäïò PLL áðáéôåß ðñïåðåîåñãáóßá ôïõ ëáìâáíüìåíïõ óÞìá-
ôïò, êáé ðéï óõãêåêñéìÝíá ôåôñáãùíéóìü êáé óôç óõíÝ÷åéá æùíïðåñáôü öéëôñÜ-
ñéóìá, ãéá íá ðáñÜãåé ìéá \êáèáñÞ" åêäï÷Þ ôïõ öïñÝá ìå äéðëÜóéá óõ÷íüôçôá
êáé öÜóç. Ìéá åíáëëáêôéêÞ ðñïóÝããéóç ëåéôïõñãåß áðåõèåßáò ðÜíù óôï ëáì-
âáíüìåíï óÞìá r(kTs) = s(kTs) cos(2ðf0kTs + �) áíôéóôñÝöïíôáò ôç óåéñÜ
åðåîåñãáóßáò: Ðñþôá áðïäéáìïñöþíïíôáò óôç âáóéêÞ æþíç, êáôüðéí åöáñ-
ìüæïíôáò ÷áìçëïðåñáôü öéëôñÜñéóìá êáé ôÝëïò ôåôñáãùíéóìü. ¼ëá áõôÜ



3. ÁíÜêôçóç ÖïñÝá & Áðïäéáìüñöùóç 23

ïäçãïýí óôçí ðáñáêÜôù óõíÜñôçóç áðüäïóçò: [10]

JC(è) = avg
{
(LPF {r(kTs) cos(2ðf0kTs + è)})2

}
Åîáéôßáò ôïõ ôñüðïõ ìå ôïí ïðïßï åéóÜãåôáé ç ìç-ãñáììéêüôçôá ôïõ ôåôñáãù-
íéóìïý óôç óõíÜñôçóçò áðüäïóçò, åðéôñÝðåôáé óôïí áëãüñéèìï íá ëåéôïõñãÞ-
óåé ÷ùñßò íá áðáéôåßôáé ðñïåðåîåñãáóßá ôïõ ëáìâáíüìåíïõ óÞìáôïò. Áíôé-
êáèéóôþíôáò ôï éóïäýíáìï ôïõ r(kTs) óôç óõíÜñôçóç êüóôïõò Ý÷ïõìå ôçí
ðáñáêÜôù ó÷Ýóç: [10]

JC(è) = avg
{
(LPF {s(kTs) cos(2ðf0kTs + �) cos(2ðf0kTs + è)})2

}
ÕðïèÝôïíôáò üôé ç óõ÷íüôçôá áðïêïðÞò ôïõ ÷áìçëïðåñáôïý ößëôñïõ åßíáé
ìåãáëýôåñç áðü ôï åýñïò æþíçò ôïõ s(kTs) êáé áêïëïõèþíôáò ôçí ßäéá ëïãéêÞ
üðùò óôçí áíÜëõóç ôïõ PLL áëëÜ ìå � áíôß ãéá 2�, è óôç èÝóç ôïõ 2è êáé
2ðf0kTs áíôß ãéá 4ðf0kTs êáôáëÞãïõìå óôçí Ýêöñáóç: [10]

LPF {s(kTs) cos(2ðf0kTs + �) cos(2ðf0kTs + è)} =
1

2
s(kTs) cos(�− è)

Áíôéêáèéóôþíôáò ôçí ðáñáðÜíù ó÷Ýóç, óôç óõíÜñôçóç áðüäïóçò ðñïêýðôåé:
[10]

JC(è) = avg

{
(
1

2
s(kTs) cos(�− è))2

}
=

1

4
avg

{
s2(kTs) cos2(�− è)

}
≈ 1

4
s2
avg cos2(�− è)

üðïõ s2
avg åßíáé ç ìÝóç ôéìÞ ôïõ ôåôñáãþíïõ ôçò áêïëïõèßáò ôùí äåäïìÝíùí

s(kTs). Åßíáé ðñïöáíÝò üôé ç óõíÜñôçóç áðüäïóçò åßíáé áíÜëïãç ôïõ cos2(�−
è) êáé ìåãéóôïðïéåßôáé ãéá è =�+kð, ãéá k áêÝñáéï. Ï âñü÷ïò Costas ìðïñåß
íá õëïðïéçèåß ùò ðñïóáñìïóôéêüò áëãüñéèìïò. Ç ðáñÜãùãïò ôçò óõíÜñôçóçò
áðüäïóçò ðñïóåããßæåôáé ùò åîÞò: [10]

dJC(è)

dè
≈ avg

{
d(LPF {r(kTs) cos(2ðf0kTs + è)})2

dè

}
= 2avg

{
LPF {r(kTs) cos(2ðf0kTs + è)} dLPF {r(kTs) cos(2ðf0kTs + è)}

dè

}
≈ 2avg

{
LPF {r(kTs) cos(2ðf0kTs + è)}LPF {d(r(kTs) cos(2ðf0kTs + è))}

dè

}
= −2avg {LPF {r(kTs) cos(2ðf0kTs + è)}LPF {r(kTs) sin(2ðf0kTs + è)}}
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ÅðïìÝíùò, ï áíôßóôïé÷ïò ðñïóáñìïóôéêüò áëãüñéèìïò, ðïõ åßíáé ôçò ìïñ-
öÞò ðéï Áðüôïìçò ÁíÜâáóçò (Steepest Ascent) åßíáé: [10]

è [k + 1] = è [k] + ì
dJC(è)

dè

∣∣∣∣∣
è=è[k]

= è [k]− ìavg {LPF {r(kTs) cos(2ðf0kTs + è [k])}
LPF {r(kTs) sin(2ðf0kTs + è [k])} }

ÓõíÞèùò, áãíïïýìå ôçí ðñÜîç ôïõ avg. Óôï ó÷Þìá 3.5 öáßíåôáé ìéá äéÜôáîç
áðëïý âñü÷ïõ Costas.

Ó÷Þìá 3.5 Ìðëïê ÄéÜãñáììá Âñü÷ïõ Costas

ÕðÜñ÷ïõí äýï âáóéêÜ ìïíïðÜôéá. Ôï ðÜíù ìïíïðÜôé äéáìïñöþíåôáé áðü Ýíá
óõíçìßôïíï êáé ìå ÷áìçëïðåñáôü öéëôñÜñéóìá ëáìâÜíïõìå ôï s(kTs) cos(�−
è), åíþ ôï êÜôù äéáìïñöþíåôáé áðü Ýíá çìßôïíï êáé ìå ÷áìçëïðåñáôü öéëôñÜ-
ñéóìá ëáìâÜíïõìå ôï −s(kTs) sin(� − è). Ï óõíäéáóìüò ôùí äýï ìáò äßíåé
ôçí åêôßìçóç ôçò öÜóçò. Áíáëüãùò ìå ôï PLL, ìðïñåß íá ÷ñçóéìïðïéçèåß
äéÜôáîç äéðëïý âñü÷ïõ Costas ãéá ôçí åêôßìçóç ôüóï ôçò öÜóçò üóï êáé ôçò
óõ÷íüôçôáò ôïõ öÝñïíôïò. [1]
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4. ÁíÜêôçóç Óõã÷ñïíéóìïý

4.1 ÃåíéêÜ

Ôï ðñüâëçìá ôçò AíÜêôçóçò Óõã÷ñïíéóìïý åßíáé íá åðéëÝîïõìå ôéò ÷ñïíé-
êÝò óôéãìÝò óôéò ïðïßåò èá äåéãìáôïëçðôÞóïõìå ôï ëáìâáíüìåíï óôï äÝêôç
áíáëïãéêü óÞìá. Áõôü ìðïñåß íá ìåôáöñáóôåß ùò Ýíá ìáèçìáôéêü ðñüâëçìá
åýñåóçò ìéáò áðëÞò ðáñáìÝôñïõ, ôçí áðüêëéóç óõã÷ñïíéóìïý ô, ç ïðïßá åëá-
÷éóôïðïéåß Þ ìåãéóôïðïéåß êÜðïéá óõíÜñôçóç êüóôïõò Þ áðüäïóçò áíôßóôïé÷á
[1]. Ðñéí áíáëýóïõìå ëåðôïìåñþò ôçí áíÜêôçóç óõã÷ñïíéóìïý, áêïëïõèåß ìéá
åíüôçôá ðïõ áíáöÝñåôáé óôïõò ðáëìïýò Nyquist êáé Üëëç ìéá ðïõ áíáöÝñåôáé
óôéò ìåèüäïõò áíÜêôçóçò óõã÷ñïíéóìïý. ÔÝëïò, áêïëïõèåß ìéá åíüôçôá ðïõ
áíáöÝñåôáé óôçí Ýííïéá ôçò ðáñåìâïëÞò.
Ïé ìÝèïäïé áíÜêôçóçò óõã÷ñïíéóìïý ðïõ áíáëýïíôáé åßíáé ïé åîÞò:

• Åëá÷éóôïðïßçóçò ôïõ Cluster Variance

• Ìåãéóôïðïßçóçò ôçò Éó÷ýïò Åîüäïõ



26

4.2 Ðáëìüò Nyquist

¼ôáí ç ðëçñïöïñßá åßíáé øçöéáêÞ, ðñÝðåé íá ìåôáôñáðåß óå Ýíá áíáëïãéêü
óÞìá ãéá íá ìåôáäïèåß. ÁõôÞ ç ìåôáôñïðÞ ãßíåôáé áðü ôï ößëôñï ìåôÜäïóçò, ôï
ïðïßï ìåôáôñÝðåé êÜèå óýìâïëï óå Ýíáí áíáëïãéêü ðáëìü. ÌåôÜ ôç ìåôÜäïóç,
ôï ößëôñï ëÞøçò óêïðü Ý÷åé ôçí áíÜêôçóç ôùí øçöéáêþí ôéìþí áðü ôïõò
ëáìâáíüìåíïõò áíáëïãéêïýò ðáëìïýò. Áí ï áíáëïãéêüò ðáëìüò Ý÷åé äéÜñêåéá
ìåãáëýôåñç áðü ôï ÷ñïíéêü äéÜóôçìá ìåôáîý äéáäï÷éêþí óõìâüëùí, ôüôå óôçí
Ýîïäï ôïõ ößëôñïõ ëÞøçò äéáäï÷éêÜ óýìâïëá ðéèáíþò íá åðéêáëýðôïíôáé. Ôï
ðñüâëçìá áõôü ïíïìÜæåôáé äéáóõìâïëéêÞ ðáñåìâïëÞ (ISI). [2]

Ìéá êáôçãïñßá ðáëìþí ðïõ åëá÷éóôïðïéïýí ôç äéáóõìâïëéêÞ ðáñåìâïëÞ
åßíáé ïé ðáëìïß Nyquist. Áõôïß Ý÷ïõí ôÝôïéï ó÷Þìá þóôå íá äßíïõí ìïíÜäá
ôéò ÷ñïíéêÝò óôéãìÝò kT êáé ìçäÝí óôéò mT ãéá m 6= k, üðïõ Ô ç ÷ñïíéêÞ
äéÜñêåéá óõìâüëïõ êáé m,k áêÝñáéïé. [2]

hNY Q(kT ) =

{
1; k = 0
0; k 6= 0

¸íáò ðáëìüò Íyquist ðïõ åßíáé ðïëý äçìïöéëÞò åßíáé ôï áíõøùìÝíï óõíç-
ìßôïíï. Óôçí åñãáóßá áõôÞ ÷ñçóéìïðïéÞèçêå ôåôñáãùíéêÞ ñßæá áíõøùìÝíïõ
óõíçìéôüíïõ (SRRC), ôï ïðïßï äåí åßíáé ðáëìüò Nyquist, áëëÜ ç óõíÝëéîç
äýï ôÝôïéùí ðáëìþí óôï ðåäßï ôïõ ÷ñüíïõ ðáñÜãåé Ýíáí ðáëìü Íyquist. Óôï
ðåäßï ôïõ ÷ñüíïõ, ôï SRRC ðåñéãñÜöåôáé áðü ôçí ðáñáêÜôù ó÷Ýóç: [2]

hSRRC(t) =


1√
T

sin(ð(1−â)t=T )+(4ât=T ) cos(ð(1+â)t=T )
(ðt=T )(1−(4ât=T )2)

; t 6= 0; t 6= ± T
4â

1√
T
(1− â + (4â=ð)) ; t = 0

â√
2T

[
(1 + 2

ð
) sin( ð

4â
) + (1− 2

ð
) cos( ð

4â
)
]
; t = ± T

4â

Óôï ðåäßï ôçò óõ÷íüôçôáò, ôï SRRC ðåñéãñÜöåôáé áðü ôçí ðáñáêÜôù ó÷Ýóç
[2]

HSRRC(f) =


1 ; |f | < f1[

1
2

(
1 + cos

[
ð(|f |−f1)

2fÄ

])] 1
2
; f1 < |f | < B

0 ; |f | > B

üðïõ

Â åßíáé ôï áðüëõôï åýñïò æþíçò,
f0 åßíáé 6 dB åýñïò æþíçò ßóï ìå ôï ìéóü ôïõ ñõèìïý óõìâüëùí,
fÄ = Â − f0,
f1 = f0 − fÄ.
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Ïñßæïõìå ôïí óõíôåëåóôÞ åðÝêôáóçò â = fÄ
f0
. Óôï ó÷Þìá 4.1 äåß÷íïõìå Ýíáí

÷áñáêôçñéóôéêü ðáëìü Nyquist, ðïõ åßíáé ôï áíõøùìÝíï óõíçìßôïíï (Raised
Cosine), ôüóï óôï ðåäßï ôïõ ÷ñüíïõ üóï êáé ôçò óõ÷íüôçôáò ãéá äéáöïñåôéêïýò
óõíôåëåóôÝò åðÝêôáóçò. Ôá êýñéá ÷áñáêôçñéóôéêÜ ôïõ ðáëìïý åßíáé ôá åîÞò:
[2]

• ðáñïõóéÜæåé ìçäåíéêÜ óå åðéèõìçôÝò ÷ñïíéêÝò óôéãìÝò

• óôï ðåäßï ôçò óõ÷íüôçôáò ïé áíåðéèýìçôåò ïõñÝò åìöáíßæïíôáé ìå ðïëý
ìéêñüôåñá ðëÜôç óå ó÷Ýóç ìå ôïí êåíôñéêü ëùâü

• ç ðåñéâÜëëïõóá áðïóâÝíåé ìå ñõèìü 1
|t|3 ãéá ìåãÜëï t. Åðßóçò, ï óõíôå-

ëåóôÞò åðÝêôáóçò â áíÞêåé óôï äéÜóôçìá [0,1] êáé üóï áõôüò áõîÜíåôáé,
óôåíåýåé ôï åýñïò ôïõ êåíôñéêïý ëùâïý. Êáèþò ôï â → 0, ç êñïõóôéêÞ
áðüêñéóç ôïõ ðáëìïý ãßíåôáé sinc.

Ó÷Þìá 4.1 RC Ðáëìüò óôï Ðåäßï ôïõ ×ñüíïõ êáé ôçò Óõ÷íüôçôáò
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4.3 ÌÝèïäïé ÁíÜêôçóçò Óõã÷ñïíéóìïý

¸÷ïõìå 2 ìåôñéêÝò ôçò ðïéüôçôáò ôçò ðáñáìÝôñïõ ô, ïé ïðïßåò ðáñÝ÷ïõí óç-
ìáíôéêÞ ðëçñïöïñßá ó÷åôéêÜ ìå ôá óçìåßá äåéãìáôïëçøßáò ôçò ëáìâáíüìåíçò
êõìáôïìïñöÞò, äéüôé ôá åëÜ÷éóôá Þ ôá ìÝãéóôÜ ôïõò óõìðßðôïõí ìå ôéò âÝëôé-
óôåò óôéãìÝò äåéãìáôïëçøßáò ôçò êõìáôïìïñöÞò.

• Cluster Variance ðïõ ïñßæåôáé ç ðïóüôçôá avg {(Q(x [k])− x [k])2}, üðïõ
ç Q(:) êâáíôßæåé ôï üñéóìÜ ôçò óôï ðëçóéÝóôåñï óýìâïëï ôïõ áóôåñé-
óìïý ðïõ ÷ñçóéìïðïéåßôáé

• Output Power ðïõ ïñßæåôáé ç ðïóüôçôá avg
{
x [k]2

}
Ðáñáäåßãìáôá ôçò ìïñöÞò ôùí óõíáñôÞóåùí áõôþí öáßíïíôáé óôï ó÷Þìá 4.2.

Ó÷Þìá 4.2 Êáìðýëåò ìåôñéêþí óõíáñôÞóåé ôçò ðáñáìÝôñïõ ô

Ôï óÞìá åéóüäïõ óå áõôÞ ôç âáèìßäá åßíáé [1]

x(t) =
∝∑

i=−∝

aiä(t− iT ) ∗ gT (t) ∗ c(t) ∗ gR(t) + w(t) ∗ gR(t)

üðïõ gT (t) åßíáé ï ðáëìüò ìïñöïðïßçóçò óôïí ðïìðü, gR(t) ï ðáëìüò ìïñöï-
ðïßçóçò óôïí äÝêôç, c(t) ç êñïõóôéêÞ áðüêñéóç ôïõ êáíáëéïý, ai ôá 4-PAM
óýìâïëá êáé w(t) ï èüñõâïò.
ÓõíäéÜæïíôáò ôá 3 ãñáììéêÜ ößëôñá ðáßñíïõìå

h(t) = gT (t) ∗ c(t) ∗ gR(t)
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¸ôóé, Ý÷ïõìå [1]

x(t) =
∑
k

akh(t− kT ) + w′(t)

ìå w′(t) = w(t) ∗ gR(t). Yðüèåôïõìå üôé ï èüñõâïò åßíáé ëåõêüò, Üñá ìéá
óôÜóéìç ôõ÷áßá äéáäéêáóßá, åðïìÝíùò ç éó÷ýò ôïõ èïñýâïõ åßíáé áíåîÜñôçôç
ôçò ÷ñïíéêÞò óôéãìÞò. Óêïðüò ìáò åßíáé ç åýñåóç ôùí ÷ñïíéêþí óôéãìþí
kT + ôÔ, ãéá ôéò ïðïßåò ôï [1]

x[k] = x(kT + ôÔ) =
+∝∑
i=−∝

a[i]h(kT + ôÔ − iÔ) + w′[k]

íá åßíáé \âÝëôéóôï" õðü êÜðïéá Ýííïéá.

4.3.i Eëá÷éóôïðïßçóç ôïõ Cluster Variance

¼ðùò áíáöÝñèçêå êáé íùñßôåñá, óôü÷ïò ìáò åßíáé íá âñïýìå ôçí ôéìÞ ôçò
ðáñáìÝôñïõ ô, ç ïðïßá åëá÷éóôïðïéåß ôç óõíÜñôçóç êüóôïõò [1]

JCV (ô) = avg
{
(Q(x [k])− x [k])2

}
ç ïðïßá ìðïñåß íá ÷ñçóéìïðïéçèåß ùò âÜóç ãéá ôç äçìéïõñãßá ôïõ ðáñáêÜôù
ðñïóáñìïóôéêïý áëãïñßèìïõ, ðïõ åßíáé ôçò ìïñöÞò ðéï Áðüôïìçò ÊáôÜâáóçò
(Steepest Descent). Åßíáé: [1]

ô [k + 1] = ô [k]− ì
dJCV (ô)

dô

∣∣∣∣∣
ô=ô[k]

Ãéá ìéêñü ì éó÷ýåé ç ðñïóÝããéóç [1]

dJCV (ô)

dô
≈ avg

{
d(Q(x [k])− x [k])2

dô

}
= −2avg

{
(Q(x [k])− x [k])

dx [k]

dô

}
¸íáò ôñüðïò íá ðñïóåããéóôåß ç ðáñÜãùãïò åßíáé [1]

dx [k]

dô
=
dx(kT + ôT )

dô
≈ x(kT + ôT + äT )− x(kT + ôT − äT )

2äT

ôï ïðïßï åßíáé ìéá êáëÞ ðñïóÝããéóç ãéá ìéêñü ä.
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Áíôéêáèéóôþíôáò ôçí ðáñáðÜíù ðñïóÝããéóç óôïí ðñïóáñìïóôéêü áëãü-
ñéèìï, Ý÷ïõìå

ô [k + 1] = ô [k]

+ ìavg {(Q(x [k])− x [k]) [x (kT + ô [k]T + äT )− x (kT + ô [k]T − äT )]}

üðïõ ì = ì
ä
. ÓõíÞèùò ðáñáëåßðåôáé ï ôåëåóôÞò avg êáé ï áëãüñéèìïò åßíáé ï

åîÞò [1]

ô [k + 1] = ô [k]+ì(Q(x [k])−x [k]) [x (kT + ô [k]T + äT )− x (kT + ô [k]T − äT )]

Ïé ôéìÝò x (kT + ô [k]T + äT ) êáé x (kT + ô [k]T − äT ) ìðïñïýí íá õðï-
ëïãéóôïýí áðü ôá äåßãìáôá ðïõ Ý÷ïõìå óôç äéÜèåóÞ ìáò ìÝóù ðáñåìâïëÞò,
üðùò èá áíáëõèåß óôçí åðüìåíç åíüôçôá. Áí ôï ô [k] åßíáé áñêåôÜ èïñõâþäåò,
ôüôå ôï ì ìðïñåß íá ìåéùèåß, ùóôüóï áõôü ìðïñåß íá ïäçãÞóåé óå áñãÞ óý-
ãêëéóç ôïõ áëãïñßèìïõ. ÔÝëïò, áêïëïõèåß ìéá ó÷çìáôéêÞ áíáðáñÜóôáóç ôïõ
áëãïñßèìïõ, üðùò öáßíåôáé óôï ó÷Þìá 4.3.

Ó÷Þìá 4.3 Ó÷çìáôéêÞ áíáðáñÜóôáóç ôïõ áëãïñßèìïõ âáóéóìÝíïõ óôçí åëá÷éóôïðïßçóç
ôïõ Cluster Variance
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4.3.ii Måãéóôïðïßçóç ôçò Éó÷ýïò Åîüäïõ

Óôü÷ïò ìáò åßíáé íá âñïýìå ôçí ôéìÞ ôçò ðáñáìÝôñïõ ô, ç ïðïßá ìåãéóôïðïéåß
ôç óõíÜñôçóç [1]

JOP (ô) = avg
{
x2 [k]

}
= avg

{
x2 (kT + ôÔ)

}
êáé ìðïñåß íá ÷ñçóéìïðïéçèåß ùò âÜóç ãéá ôç äçìéïõñãßá ôïõ ðáñáêÜôù ðñï-
óáñìïóôéêïý áëãïñßèìïõ, ðïõ åßíáé ôçò ìïñöÞò ðéï Áðüôïìçò ÁíÜâáóçò (Steep-
est Ascent). Eßíáé: [1]

ô [k + 1] = ô [k] + ì
dJOP (ô)

dô

∣∣∣∣∣
ô=ô[k]

Ãéá ìéêñü ì éó÷ýåé ç ðñïóÝããéóç [1]

dJOP (ô)

dô
≈ avg

{
dx2 [k]

dô

}
= 2avg

{
x [k]

dx [k]

dô

}
¸íáò ôñüðïò ãéá íá ðñïóåããéóôåß ç ðáñÜãùãïò åßíáé [1]

dx [k]

dô
=
dx(kT + ôÔ)

dô
≈ x(kT + ôÔ + äÔ)− x(kT + ôÔ − äÔ)

2äT

ôï ïðïßï åßíáé ìéá êáëÞ ðñïóÝããéóç ãéá ìéêñü ä. Áíôéêáèéóôþíôáò ôçí ðáñá-
ðÜíù ðñïóÝããéóç óôïí ðñïóáñìïóôéêü áëãüñéèìï, Ý÷ïõìå

ô [k + 1] = ô [k]+ìavg {x [k] [x (kT + ô [k]Ô + äÔ)− x (kT + ô [k]Ô − äÔ)]}

üðïõ ì = ì
ä
. ÓõíÞèùò ðáñáëåßðåôáé ï ôåëåóôÞò avg êáé ï áëãüñéèìïò åßíáé ï

åîÞò [1]

ô [k + 1] = ô [k] + ìx [k] [x (kT + ô [k]Ô + äÔ)− x (kT + ô [k]Ô − äÔ)]

Ïé ôéìÝò x (kT + ô [k]Ô + äÔ) êáé x (kT + ô [k]Ô − äÔ) ìðïñïýí íá õðï-
ëïãéóôïýí áðü ôá äåßãìáôá ðïõ Ý÷ïõìå óôç äéÜèåóÞ ìáò ìÝóù ðáñåìâïëÞò,
üðùò èá áíáëõèåß óôçí åðüìåíç åíüôçôá. Áí ôï ô [k] åßíáé áñêåôÜ èïñõâþäåò,
ôüôå ôï ì ìðïñåß íá ìåéùèåß, ùóôüóï áõôü ìðïñåß íá ïäçãÞóåé óå áñãÞ óý-
ãêëéóç ôïõ áëãïñßèìïõ. ÔÝëïò, áêïëïõèåß ìéá ó÷çìáôéêÞ áíáðáñÜóôáóç ôïõ
áëãïñßèìïõ, üðùò öáßíåôáé óôï ó÷Þìá 4.4.
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Ó÷Þìá 4.4 Ó÷çìáôéêÞ áíáðáñÜóôáóç ôïõ áëãïñßèìïõ âáóéóìÝíïõ óôçí ìåãéóôïðïßçóç
ôçò Éó÷ýïò Åîüäïõ
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4.4 ÐáñåìâïëÞ2

Ïëüêëçñç ç áíáëïãéêÞ êõìáôïìïñöÞ ìðïñåß íá áíáêôçèåß áðü ôéò äéáêñéôÝò
ôéìÝò ôçò üôáí ç äåéãìáôïëçøßá ãßíåôáé ìå ñõèìü ìåãáëýôåñï áðü ôï ñõèìü
Nyquist, üðùò Ý÷åé áíáöåñèåß Þäç. ¼ôáí óêïðüò ìáò åßíáé íá âñïýìå ïëü-
êëçñç ôçí êõìáôïìïñöÞ, ç äéáäéêáóßá ïíïìÜæåôáé áíáêáôáóêåõÞ, åíþ üôáí
óêïðüò ìáò åßíáé íá âñïýìå ôéìÝò ôçò êõìáôïìïñöÞò óå óçìåßá áíÜìåóá óôéò
óôéãìÝò äåéãìáôïëçøßáò, ç äéáäéêáóßá ïíïìÜæåôáé ÐáñåìâïëÞ. [1]
¸óôù ôï ëáìâáíüìåíï óÞìá

x(t) =
∑
i

aigT (t− iT − ôT )

üðïõ gT (t) ôï ößëôñï ìåôÜäïóçò ðïõ åßíáé ðáëìüò Nyquist êáé ai ç áêïëïõèßá
äåäïìÝíùí åéóüäïõ. ÈÝëïõìå íá õðïëïãßóïõìå ôï

x(kT + ôÔ) =
∑
i

aigT ((k − i)T ) = ak

áðü ôçí áêïëïõèßá {x [n]} = {x(nTs)}. Áðü ôï èåþñçìá ôçò äåéãìáôïëçøßáò,
Ý÷ïõìå

x(t) =
∑
n

x(nTs)hI(t− nTs)

ìå

hI(t) = sinc

(
ðt

Ts

)
Ãéá tn = nT + ô̂(n)T ,

x(tn) =
∑
m

x(mTs)hI(tn −mTs)

=
∑
m

x(mTs)hI(nT + ô̂(n)T −mTs) (1)

Óôç óõíÝ÷åéá ïñßæïíôáò

ln = int

(
tn
Ts

)
; ìn = frc

(
tn
Ts

)
Ý÷ïõìå üôé

tn = (ln + ìn)Ts

2ËéÜâáò, ÁèáíÜóéïò. ÐáíåðéóôçìéáêÝò Óçìåéþóåéò ÌáèÞìáôïò \ØçöéáêÜ Ôçëåðéêïéíù-
íéáêÜ ÓõóôÞìáôá ÉÉ"
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êáé ç (1) ãßíåôáé

x(tn) =
∑
m

x(mTs)hI((ln −m)Ts + ìnTs)

k=ln−m=
∑
k

hI(kTs + ìnTs)x((ln − k)Ts)

=
∑
m

hI(mTs + ìnTs)x((ln −m)Ts) (2)

Áí ÷ñçóéìïðïéÞóïõìå ðåðåñáóìÝíï ðëÞèïò äåéãìÜôùí ãéá ôçí ðáñåìâïëÞ, Ýóôù
2Ì + 1, ôüôå

x(tn) ≈
M∑

m=−M

hI(mTs + ìnTs)x((ln −m)Ts)

Áí ïñßóïõìå

x [m] = x(mTs); h
n
I [m] = hI(mTs+ìnTs) =

sin
(
ðmTs+ðìnTs

Ts

)
(
ðmTs+ðìnTs

Ts

) =
sin(ð(m + ìn))

ð(m + ìn)

ôüôå

x(tn) ≈
M∑

m=−M

hnI [m] x [ln −m]

¸ôóé, áðü ôá äåßãìáôá ðïõ Ý÷ïõìå óôç äéÜèåóÞ ìáò, ìðïñïýí íá õðïëïãé-
óôïýí ïé ôéìÝò x (kT + ô [k]Ô + äÔ) êáé x (kT + ô [k]Ô − äÔ) ãéá ôïõò äýï
áëãïñßèìïõò ðïõ áíáëýèçêáí óôéò ðñïçãïýìåíåò åíüôçôåò.
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5. Åêôßìçóç êáé ÉóïóôÜèìéóç
Êáíáëéïý

5.1 ÃåíéêÜ

Óå ðñïçãïýìåíç åíüôçôá, åßäáìå ðùò ãéá ôïí ìçäåíéóìü ôçò äéáóõìâïëéêÞò ðá-
ñåìâïëÞò óôéò ÷ñïíéêÝò óôéãìÝò äåéãìáôïëçøßáò, üðïõ ôï êáíÜëé åßíáé ãíùóôü
óôï äÝêôç êáé ôá ÷áñáêôçñéóôéêÜ ôïõ äåí ìåôáâÜëëïíôáé ìå ôï ÷ñüíï, óôü-
÷ïò ìáò Þôáí ï êáôÜëëçëïò ó÷åäéáóìüò ôïõ ößëôñïõ ëÞøçò. Ùóôüóï, óôçí
ðñÜîç óõíáíôïýìå êáíÜëéá ðïõ åßíáé Üãíùóôá Þ ìåôáâÜëëïíôáé ìå ôï ÷ñüíï.
Ãéá ðáñÜäåéãìá, óôçí ðåñßðôùóç åíüò ôçëåöùíéêïý äéêôýïõ, ôï êáíÜëé åðéêïé-
íùíßáò èá åßíáé äéáöïñåôéêü êÜèå öïñÜ ðïõ åðéëÝãïõìå Ýíáí áñéèìü, åðåéäÞ
ç äéáäñïìÞ ôïõ êáíáëéïý èá åßíáé äéáöïñåôéêÞ. Áðü ôç óôéãìÞ üìùò ðïõ èá
åðéôåõ÷èåß ç óýíäåóç, ôï êáíÜëé èá åßíáé ÷ñïíéêÜ áìåôÜâëçôï ãéá Ýíá ó÷åôéêÜ
ìåãÜëï ÷ñïíéêü äéÜóôçìá. Áõôü åßíáé Ýíá ðáñÜäåéãìá êáíáëéïý, ôïõ ïðïßïõ
ôá ÷áñáêôçñéóôéêÜ äåí åßíáé åê ôùí ðñïôÝñùí ãíùóôÜ. Óå áõôÞ ôçí êáôçãïñßá
áíÞêïõí ôá ñáäéïêáíÜëéá êáé ãåíéêüôåñá ôá êáíÜëéá ðïëëáðëþí äéáäñïìþí.
¼ôáí äåí õðÜñ÷åé äéáóõìâïëéêÞ ðáñåìâïëÞ, ç óýíèåôç êñïõóôéêÞ áðüêñéóç
ôïõ óõóôÞìáôïò (ößëôñï åêðïìðÞò + êáíÜëé + ößëôñï ëÞøçò) èá áðïôåëåßôáé
áðü ìéá ìüíï ìç ìçäåíéêÞ ôéìÞ. Ç ôéìÞ áõôÞ åîáñôÜôáé áðü ôçí ðïéüôçôá ìåôÜ-
äïóçò êáé ç êáèõóôÝñçóç ðïõ åéóÜãåôáé êáèïñßæåôáé áðü ôï ÷ñüíï ìåôÜäïóçò.
¼ìùò, üôáí õðÜñ÷åé äéáóõìâïëéêÞ ðáñåìâïëÞ, ï áñéèìüò ôùí ìç ìçäåíéêþí
ôéìþí ôçò óýíèåôçò êñïõóôéêÞò áðüêñéóçò áõîÜíåôáé. Ôï êáíÜëé ìðïñåß íá
ìïíôåëïðïéçèåß óáí Ýíá ößëôñï ðåðåñáóìÝíçò êñïõóôéêÞò áðüêñéóçò (FIR).
Óôü÷ïò ôçò ÷ñÞóçò éóïóôáèìéóôÞ, åßíáé íá äçìéïõñãçèåß Ýíá ößëôñï óôï äÝêôç
þóôå áõôü íá áíáéñÝóåé ôçí åðßäñáóç ôïõ êáíáëéïý. ÄçëáäÞ, åßíáé åðéèõìçôü
ç óýíèåôç êñïõóôéêÞ áðüêñéóç êáíáëéïý - éóïóôáèìéóôÞ íá Ý÷åé ìéá ìüíï ìç
ìçäåíéêÞ ôéìÞ. [2],[1]

¸óôù üôé Ý÷ïõìå Ýíá óýóôçìá üðùò áõôü ôïõ ó÷Þìáôïò 5.1, üðïõ gT (t)
ôï ößëôñï ìïñöïðïßçóçò óôïí ðïìðü, c(t) ôï êáíÜëé ìåôÜäïóçò êáé gR(t) ôï
ößëôñï ìïñöïðïßçóçò óôï äÝêôç. Ç óýíèåôç êñïõóôéêÞ áðüêñéóç äßíåôáé áðü
ôç ó÷Ýóç [10]

h0(t) = gT (t) ∗ c(t) ∗ gR(t)
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Tüôå, åîáéôßáò ôçò ðáñáìüñöùóçò ôïõ êáíáëéïý, ç Ýîïäïò ôïõ ößëôñïõ ëÞ-
øçò åßíáé

y(t) =
+∝∑

n=−∝

anh
0(t− nT ) + í(t)

üðïõ an ç áêïëïõèßá åéóüäïõ êáé í(t) = n(t) ∗ gR(t) ç óõíéóôþóá èïñýâïõ
óôçí Ýîïäï ôïõ ößëôñïõ ëÞøçò.

Ó÷Þìá 5.1 Óýíèåôï ÊáíÜëé Óõíå÷ïýò ×ñüíïõ

Ç Ýîïäïò ôïõ ößëôñïõ ìðïñåß íá äåéãìáôïëçðôçèåß ðåñéïäéêÜ, äçìéïõñãþ-
íôáò ôçí Ýîïäï ôïõ éóïäýíáìïõ êáíáëéïý äéáêñéôïý ÷ñüíïõ, ðáñÜãïíôáò ôçí
áêïëïõèßá [10]

ym =
+∝∑

n=−∝

anh
0
m−n + ím = h0

0am +
+∝∑

n=−∝
n6=m

anh
0
m−n

︸ ︷︷ ︸
ISI

+ím

üðïõ h0
n = h0(nT ) êáé ín = í(nT ).

ÓõíÞèùò, óôçí ðñÜîç õðïèÝôïõìå üôé ç êñïõóôéêÞ áðüêñéóç åßíáé ìéá ðå-
ðåñáóìÝíç êáé áéôéáôÞ áêïëïõèßá êáé óõíåðþò ðáßñíåé ôéò ìç ìçäåíéêÝò ôé-
ìÝò h0

0; h
0
1; :::; h

0
Ì . Ôï ãñáììéêü ÷ñïíéêÜ áìåôÜâëçôï óýóôçìá ìå êñïõóôéêÞ

áðüêñéóç {h0
n}

M
n=0 êáëåßôáé éóïäýíáìï êáíÜëé äéáêñéôïý ÷ñüíïõ êáé ç ó÷Ýóç

åéóüäïõ-åîüäïõ ôïõ äßíåôáé áðü ôçí ó÷Ýóç [10]

ym =
Ì∑
n=0

h0
nam−n + ím

¸óôù üôé ç åðéêïéíùíßá ðïìðïý-äÝêôç ãßíåôáé ìå ðáêÝôá äåäïìÝíùí. ÊÜèå
ðáêÝôï ðïõ áðïóôÝëëåôáé Ý÷åé ôçí åîÞò ìïñöÞ

a1 ::: an1−1 an1 ::: an2︸ ︷︷ ︸
training symbols

an2+1 ::: aN

üðïõ ôá óýìâïëá ðïõ ÷áñáêôçñßæïíôáé \training symbols" åßíáé ãíùóôÜ óôï
äÝêôç (äåí ðåñéÝ÷ïõí ðëçñïöïñßá) êáé ÷ñçóéìïðïéïýíôáé ãéá óõã÷ñïíéóìü êáé
åêôßìçóç/éóïóôÜèìéóç êáíáëéïý.
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Óôç óõíÝ÷åéá èá áó÷ïëçèïýìå ìå

• ÃñáììéêÞ ÉóïóôÜèìéóç

{ Åëá÷ßóôùí Ôåôñáãþíùí

{ LMS

• Mç ÃñáììéêÞ ÉóïóôÜèìéóç

{ Áëãüñéèìïò Viterbi
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5.2 ÃñáììéêÞ ÉóïóôÜèìéóç

5.2.i ÃåíéêÜ

To ðñüâëçìá ôçò ãñáììéêÞò éóïóôÜèìéóçò åßíáé íá õðïëïãßóïõìå Ýíá ãñáì-
ìéêü ößëôñï ðåðåñáóìÝíçò êñïõóôéêÞò áðüêñéóçò fi, üðùò öáßíåôáé óôï ó÷Þìá
5.3, ôï ïðïßï èá áíáéñÝóåé ôçí åðßäñáóç ôïõ êáíáëéïý êáé ðáñÜëëçëá èá åëá-
÷éóôïðïéÞóåé Üëëåò ðáñåìâïëÝò. ¸ôóé, óôçí Ýîïäï ôïõ ößëôñïõ èá ðÜñïõìå
ðñïóåããéóôéêÜ ìéá êáèõóôåñçìÝíç åêäï÷Þ ôçò áêïëïõèßáò åéóüäïõ. ÄçëáäÞ

y [k] ≈ s [k − ä]

ãéá óõãêåêñéìÝíï ä, üðïõ s [k] åßíáé ç áêïëïõèßá åéóüäïõ. Áí èåùñÞóïõìå
üôé ôï ëáìâáíüìåíï óÞìá óôï äÝêôç åßíáé ôï r [k] üðùò öáßíåôáé óôï ó÷Þìá
5.2, ç Ýîïäïò ôïõ FIR ãñáììéêïý éóïóôáèìéóôÞ ìðïñåß íá ðåñéãñáöåß áðü ôçí
ðáñáêÜôù ó÷Ýóç [1]

y [k] =
n∑
j=0

fjr [k − j] (1)

ìå fj; j = 0; 1; : : : ; n íá åßíáé ïé óõíôåëåóôÝò ôïõ ößëôñïõ ôïõ éóïóôáèìéóôÞ
(êñïõóôéêÞ áðüêñéóç), üðùò ðåñéãñÜöåôáé ó÷çìáôéêÜ óôï ó÷Þìá 5.3. Ôï-
íßæïõìå üôé ôï j äåí ìðïñåß íá åßíáé ìéêñüôåñï ôïõ ìçäåíüò äéáöïñåôéêÜ ï
éóïóôáèìéóôÞò åßíáé ìç áéôéáôüò.

Ó÷Þìá 5.2 ÁíáðáñÜóôáóç ÃñáììéêÞò ÉóïóôÜèìéóçò

Ó÷Þìá 5.3 Ößëôñï ÉóïóôáèìéóôÞ
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Ãéá íá õðïëïãßóïõìå ôçí Ýîïäï ôïõ éóïóôáèìéóôÞ ôçí ÷ñïíéêÞ óôéãìÞ n+1,
÷ñåéáæüìáóôå ôá n+ 1 ðéï ðñüóöáôá äåßãìáôá, äçëáäÞ

y [n+ 1] = [r [n+ 1] : : : r [1]]

 f0
...
fn


Aí èÝëïõìå íá õðïëïãßóïõìå ôçí Ýîïäï ôïõ éóïóôáèìéóôÞ óå Ýíá ðáñÜèõñï
÷ñïíéêþí óôéãìþí áðü n+ 1 ùò p ôüôå Ý÷ïõìå [1]

y [n+ 1]
y [n+ 2]
y [n+ 3]

...
y [p]

 =


r [n+ 1] r [n] : : : r [1]
r [n+ 2] r [n+ 1] : : : r [2]
r [n+ 3] r [n+ 2] : : : r [3]

...
... : : :

...
r [p] r [p− 1] : : : r [p− n]



f0

f1
...
fn


Ìå ôç ìïñöÞ ðéíÜêùí Ý÷ïõìå ôçí ðáñáêÜôù ó÷Ýóç

Y = RF (2)

üðïõ ï ðßíáêáò R åßíáé ðßíáêáò Toeplitz.
H Ýîïäïò ôïõ éóïóôáèìéóôÞ èÝëïõìå íá ðñïóåããßæåé üóï ôï äõíáôüí êáëýôåñá
ìéá êáèõóôåñçìÝíç åêäï÷Þ ôçò åéóüäïõ. Ôï ëÜèïò åêôßìçóçò åßíáé

e [k] = s [k − ä]− y [k] (3)

ãéá óõãêåêñéìÝíç êáèõóôÝñçóç ä.
Ïñßæïõìå ôïí ðßíáêá ôçò áêïëïõèßáò åéóüäïõ êáé ôïõ ëÜèïõò áíôßóôïé÷á [1]

S =


s [n+ 1− ä]
s [n+ 2− ä]
s [n+ 3− ä]

...
s [p− ä]



Å =


e [n+ 1]
e [n+ 2]
e [n+ 3]

...
e [p]


×ñçóéìïðïéþíôáò ôçí ó÷Ýóç (3) êáé ãñÜöïíôÜò ôçí ìå ìïñöÞ ðéíÜêùí Ý÷ïõìå

E = S - Y = S - RF (4)
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5.2.ii ÃñáììéêÞ ÉóïóôÜèìéóç Åëá÷ßóôùí

Ôåôñáãþíùí

Óå áõôÞ ôçí åíüôçôá èá äåßîïõìå ðùò ôï ëÜèïò åêôßìçóçò ìðïñåß íá ÷ñç-
óéìïðïéçèåß ãéá íá ïñßóïõìå ìéá óõíÜñôçóç êüóôïõò, ç ïðïßá åîáñôÜôáé áðü
ôéò Üãíùóôåò ðáñáìÝôñïõò fi. Yðïëïãßæïíôáò ôéò ðáñáìÝôñïõò áõôÝò þóôå íá
åëá÷éóôïðïéÞóïõìå ôç óõíÜñôçóç êüóôïõò, ôåëéêÜ Ý÷ïõìå ìéá éêáíïðïéçôéêÞ
ëýóç óôï ðñüâëçìá ôçò éóïóôÜèìéóçò. Ïñßæïõìå óáí óõíÜñôçóç êüóôïõò [1]

JLS =

p∑
i=n+1

e2 [i]

Áðü ôïí ïñéóìü ôïõ ðßíáêá E êáé áðü ôç ó÷Ýóç (4), ç óõíÜñôçóç êüóôïõò
ìðïñåß íá ãñáöåß ùò [1]

JLS = ETE = (S - RF)T (S - RF)
= STS - (RF)TS - STRF + (RF)TRF

ÅðåéäÞ, ç óõíÜñôçóç êüóôïõò åßíáé âáèìùôÞ, (RF)TS êáé STRF åßíáé åðßóçò
âáèìùôÝò. Êáèþò, ï áíÜóôñïöïò ìéáò âáèìùôÞò åßíáé ï åáõôüò ôçò, åßíáé

FTRTS = (RF)TS = STRF (5)

¸ôóé, ç ðáñáðÜíù ó÷Ýóç ãñÜöåôáé ùò

JLS = STS - 2STRF + (RF)TRF = STS - 2STRF + FT (RTR)F (6)

Óôü÷ïò ìáò åßíáé íá õðïëïãßóïõìå ôïí ðßíáêá F, Ýôóé þóôå íá åëá÷éóôïðïéÞ-
óïõìå ôç óõíÜñôçóç êüóôïõò. Ïñßæïõìå ôïí ðßíáêá [1]

A = [F - (RTR)−1RTS]T (RTR)[F - (RTR)−1RTS]
= FT (RTR)F - STRF - FTRTS + STR(RTR)−1RTS
(5)
= FT (RTR)F - 2STRF + STR(RTR)−1RTS

⇒ -2STRF + FT (RTR)F = A - STR(RTR)−1RTS

Ôüôå, áíôéêáèéóôþíôáò ôçí ðáñáðÜíù ó÷Ýóç óôçí (6) Ý÷ïõìå

JLS = A + STS - STR(RTR)−1RTS
= A + ST [I - R(RTR)−1RT ]S

Êáèþò, ç ðüóïôçôá ST [I - R(RTR)−1RT ]S äåí åßíáé óõíÜñôçóç ôïõ F, ôï
åëÜ÷éóôï ôïõ JLS åðéôõã÷Üíåôáé åêåß üðïõ ôï F åëá÷éóôïðïéåß ôï A. Áõôü
óõìâáßíåé üôáí

F = (RTR)−1RTS

õðïèÝôïíôáò üôé ï ðßíáêáò (RTR)−1 õðÜñ÷åé.
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¢ñá, ôï åëÜ÷éóôï åðéôõã÷Üíåôáé áðü ôçí ðáñáêÜôù ó÷Ýóç

Jmin
LS = ST [I - R(RTR)−1RT ]S

Ãéá íá ïëïêëçñùèåß ç äéáäéêáóßá, èá ðñÝðåé íá åðéëÝîïõìå ôçí âÝëôéóôç êá-
èõóôÝñçóç ä. Ìéá ðñïóÝããéóç åßíáé íá êÜíïõìå ìéá óåéñÜ áðü õðïëïãéóìïýò
S = RF ãéá êÜèå ôéìÞ ôçò êáèõóôÝñçóçò ä, êáôüðéí íá õðïëïãßóïõìå ôï
áíôßóôïé÷ï Jmin

LS êáé íá äéáëÝîïõìå ôçí êáèõóôÝñçóç ðïõ áíôéóôïé÷åß óôçí
ìéêñüôåñç ôéìÞ ôïõ. TåëéêÜ, ç åîßóùóç [1]

F = (RTR)−1RTS

êé åöüóïí ï ðßíáêáò (RTR)−1 õðÜñ÷åé, ìáò äßíåé ôç âÝëôéóôç ëýóç åýñåóçò
ôùí óõíôåëåóôþí fi, ìå i = 0; : : : ; n ðïõ ìðïñïýí íá ÷ñçóéìïðïéçèïýí óôï
ößëôñï ôïõ éóïóôáèìéóôÞ, âáóéæüìåíïé óôç Ëýóç Åëá÷ßóôùí Ôåôñáãþíùí.
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5.2.iii ÐñïóáñìïóôéêÞ ÉóïóôÜèìéóç - Áëãüñéèìïò

LMS

Óôçí ðñïçãïýìåíç åíüôçôá åßäáìå üôé ãéá íá õðïëïãßóïõìå ôïí âÝëôéóôï éóï-
óôáèìéóôÞ ÷ñåéÜóôçêå íá êÜíïõìå ìéá óåéñÜ áðü õðïëïãéóìïýò ðéíÜêùí üôáí
ç êáèõóôÝñçóç ðïõ åéóÜãåôáé óôï óýóôçìá åßíáé ãíùóôÞ. Áõôü ðñïûðïèÝôåé
ôïí õðïëïãéóìü ôïõ áíôßóôñïöïõ åíüò (Í +1)× (N +1) ðßíáêá, üðïõ Í åßíáé
ç ìåãáëýôåñç êáèõóôÝñçóç óôïí FIR ãñáììéêü éóïóôáèìéóôÞ. Áðü ôçí Üëëç,
óå áõôÞ ôçí åíüôçôá èá ÷ñçóéìïðïéÞóïõìå Ýíáí ðñïóáñìïóôéêü áëãüñéèìï
ðñïêåéìÝíïõ íá åëá÷éóôïðïéÞóïõìå ôï ìÝóï ôåôñáãùíéêü óöÜëìá (MSE) êáé
ôåëéêÜ íá õðïëïãßóïõìå ôïõò óõíôåëåóôÝò ôïõ FIR ößëôñïõ ôïõ éóïóôáèìéóôÞ.
Ùò óõíÜñôçóç êüóôïõò ðïõ èá åëá÷éóôïðïéåß ôï ðáñáðÜíù óöÜëìá, ïñßæïõìå
ôçí [1]

JLMS =
1

2
avg

{
e2 [k]

}
(7)

Áðü (1),(3) Ý÷ïõìå

e [k] = s [k − ä]−
n∑
j=0

fjr [k − j] (8)

üðïõ r[k] åßíáé ôï ëáìâáíüìåíï óÞìá óôç âáóéêÞ æþíç ìåôÜ ôç äåéãìáôïëçøßá.
¸íáò áëãüñéèìïò ï ïðïßïò åëá÷éóôïðïéåß ôçí JLMS åßíáé ï ðáñáêÜôù [1]

fi [k + 1] = fi [k]− ì
dJLMS

dfi

∣∣∣∣∣
fi=fi[k]

(9)

Êáôüðéí èá ðñÝðåé íá õðïëïãéóôåß ç ðáñÜãùãïò ðïõ åìöáíßæåôáé óôçí ó÷Ýóç
(9). ¸ôóé, Ý÷ïõìå [1]

dJLMS

dfi
=
davg

{
1
2
e2 [k]

}
dfi

≈ avg

{ 1
2
de2 [k]

dfi

}
= avg

{
e [k]

de [k]

dfi

}
(10)

×ñçóéìïðïéþíôáò ôç ó÷Ýóç (8) óôïí õðïëïãéóìü ôçò ðáñáãþãïõ Ý÷ïõìå

de [k]

dfi
=
ds [k − ä]

dfi
−

n∑
j=0

d(fjr [k − j])

dfi
= −r [k − i] (11)

üðïõ ds[k−ä]
dfi

= 0 êáé d(fjr[k−j])
dfi

= 0; ∀ i 6= j:

Áíôéêáèéóôþíôáò ôçí ó÷Ýóç (11) óôçí (10) Ý÷ïõìå

dJLMS

dfi
= −avg {e [k] r [k − i]}
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Aíôéêáèéóôþíôáò ôçí ðáñáðÜíù ó÷Ýóç óôçí (9) ðáßñíïõìå ôïí ðáñáêÜôù ðñï-
óáñìïóôéêü áëãüñéèìï, ðïõ åßíáé ôçò ìïñöÞò ðéï Áðüôïìçò KáôÜâáóçò (Steep-
est Descent). Åßíáé: [1]

fi [k + 1] = fi [k] + ìavg {e [k] r [k − i]}

ÓõíÞèùò ðáñáëåßðåôáé ï ôåëåóôÞò avg, êáèþò ç åðáíÜëçøç ìå Ýíá ìéêñü ì Ý÷åé
lowpass (averaging) ÷áñáêôçñéóôéêÜ. To áðïôÝëåóìá ðïõ ðñïêýðôåé êáëåéôáé
Ðñïóáñìïóôéêüò Áëãüñéèìïò LMS ãéá ãñáììéêÞ éóïóôÜèìéóç êáé åßíáé [1]

fi [k + 1] = fi [k] + ìe [k] r [k − i]

Ç ðñïóáñìïóôéêÞ éóïóôÜèìéóç áíáðáñßóôáôáé óôï ó÷Þìá 5.4. Ãéá íá åããõç-
èåß ç óýãêëéóç ôïõ áëãïñßèìïõ, ôï ì åðéëÝãåôáé íá åßíáé Ýíáò ìéêñüò èåôé-
êüò áñéèìüò. ¼ìùò, áõôü ðñïêáëåß áñãÞ óýãêëéóç ôïõ áëãïñßèìïõ, áëëÜ
ôåëéêÜ åðéôõã÷Üíåôáé ìéêñü ìÝóï ôåôñáãùíéêü óöÜëìá ðñÜãìá ðïõ äåß÷íåé
üôé ïé åêôéìþìåíïé óõíôåëåóôÝò ôïõ ößëôñïõ éóïóôÜèìéóçò âñßóêïíôáé ðïëý
êïíôÜ óôç âÝëôéóôç ôéìÞ ôïõò. Ç åðéëïãÞ ìåãÜëïõ ì, ðñïêáëåß ãñÞãïñç óý-
ãêëéóç, ùóôüóï ï áëãüñéèìïò åêäçëþíåé ìåãÜëá Üëìáôá óôï ìÝóï ôåôñáãù-
íéêü óöÜëìá. [2]

Ó÷Þìá 5.4 Åêðáéäåõüìåíç ÐñïóáñìïóôéêÞ ÃñáììéêÞ ÉóïóôÜèìéóç
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5.3 Mç ÃñáììéêÞ ÉóïóôÜèìéóç

5.3.i ÃåíéêÜ

Ïé ãñáììéêïß éóïóôáèìéóôÝò åíéó÷ýïõí ôïí èüñõâï üôáí ôï êáíÜëé Ý÷åé öá-
óìáôéêÜ êåíÜ (spectral nulls), äçëáäÞ, |H(f)| ≈ 0 ãéá êÜðïéåò óõ÷íüôçôåò
f. Áõôü óõìâáßíåé äéüôé óå áõôÝò ôéò óõ÷íüôçôåò ôï ðëÜôïò ôïõ öÜóìáôïò
ôïõ éóïóôáèìéóôÞ ðáßñíåé ìåãÜëåò ôéìÝò. ÓõíÞèùò, óå áõôÝò ôéò ðåñéðôþóåéò
ïé ãñáììéêïß éóïóôáèìéóôÝò äåí åßíáé áðïäïôéêïß êáé ôá ðñïâëÞìáôá ðïõ åé-
óáãÜãïõí áíôéìåôùðßæïíôáé ìå ìç ãñáììéêÝò äéáôÜîåéò, üðùò ï áëãüñéèìïò
Viterbi, ï éóïóôáèìéóôÞò áíÜäñáóçò áðüöáóçò (decision-feedback equalizer),
êëð. Áêïëïõèåß ç áíÜëõóç ôïõ áëãïñßèìïõ Viterbi ãéá éóïóôÜèìéóç êáíáëéïý
ðïõ ìáò áðáó÷üëçóå óôçí ðáñïýóá åñãáóßá. [10]

5.3.ii Trellis ÁíáðáñÜóôáóç3

Ó÷Þìá 5.5 ÉóïóôÜèìéóç Viterbi

Ç ó÷Ýóç åéóüäïõ-åîüäïõ ôïõ êáíáëéïý ðåñéãñÜöåôáé áðü ôç óõíÝëéîç

yn =
L∑
k=0

hka
o
n−k + un

üðïõ ôá aon áðïôåëïýí ôçí áêïëïõèßá óõìâüëùí åéóüäïõ, ç ïðïßá åßíáé Üãíù-
óôç óôïí äÝêôç, hn ç êñïõóôéêÞ áðüêñéóç ôïõ êáíáëéïý êáé un ç óõíéóôþóá
èïñýâïõ. Ôá óýìâïëá áõôÜ áíÞêïõí ãåíéêÜ óå Ýíáí áóôåñéóìü, Ýóôù Ì -PAM.
Åðßóçò, óôïí äÝêôç õðïèÝôïõìå üôé ãíùñßæïõìå ôçí êñïõóôéêÞ áðüêñéóç ôïõ
êáíáëéïý, ùóôüóï óôçí ðñÜîç äéáèÝôïõìå ìéá åêôßìçóç. Ãéá ôï ëüãï áõôü,
áíáæçôïýìå ìéá áêïëïõèßá {a∗1; : : : ; a∗N}, ç ïðïßá åßíáé ëýóç ôïõ ðñïâëÞìáôïò

3ËéÜâáò, ÁèáíÜóéïò. ÐáíåðéóôçìéáêÝò Óçìåéþóåéò ÌáèÞìáôïò \ØçöéáêÜ Ôçëåðéêïéíù-
íéáêÜ ÓõóôÞìáôá ÉÉ"
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åëá÷éóôïðïßçóçò

min
a1;:::;aN

ai∈M−PAM

N+L∑
n=1

(
yn −

L∑
k=0

hkan−k

)2

(1)

¼ôáí ôá óýìâïëá åéóüäïõ åßíáé éóïðßèáíá êáé ï èüñõâïò ëåõêüò Gaussian,
ôüôå ìðïñåß íá áðïäåé÷èåß üôé ç áêïëïõèßá áõôÞ åëá÷éóôïðïéåß ôç ìÝóç ðéèá-
íüôçôá óöÜëìáôïò.

Áöïý êÜèå óýìâïëï an ìðïñåß íá ðÜñåé M ôéìÝò, ôï ðëÞèïò ôùí äéáöïñå-
ôéêþí áêïëïõèéþí ìÞêïõò N åßíáé MN . Ëüãù ôçò ôåñÜóôéáò õðïëïãéóôéêÞò
ðïëõðëïêüôçôáò, ç åýñåóç ôçò âÝëôéóôçò áêïëïõèßáò åßíáé ðñáêôéêÜ áäýíáôç.
Ãéá íá åðéëõèåß ôï ðáñáðÜíù ðñüâëçìá, èá äçìéïõñãÞóïõìå ìéá Ýîõðíç áíá-
ðáñÜóôáóç üëùí ôùí äõíáôþí êáôáóôÜóåùí ôïõ êáíáëéïý ðïõ ïíïìÜæåôáé
Trellis ÁíáðáñÜóôáóç ðÜíù óôçí ïðïßá èá åöáñìïóôåß ï áëãüñéèìïò Viterbi.

Áò õðïèÝóïõìå üôé ôï êáíÜëé Ý÷åé 3 óõíôåëåóôÝò h0; h1; h2 êáé ï áóôåñé-
óìüò åéóüäïõ åßíáé 2-PAM ìå áëöÜâçôï (−1;+1). ÃåíéêÜ, ôï êáíÜëé Ý÷åé L+1
óõíôåëåóôÝò h0; : : : ; hL êáé ï áóôåñéóìüò åßíáé Ì -ÑÁÌ. Ãéá ôïí õðïëïãéóìü
ôçò åîüäïõ ôç ÷ñïíéêÞ óôéãìÞ n0, ôï êáíÜëé ÷ñçóéìïðïéåß ôï ôñÝ÷ïí äåßãìá
åéóüäïõ an0 êáèþò êáé 2 ðñïçãïýìåíá äåßãìáôá an0−1 êáé an0−2. Óõíåðþò,
êÜèå ÷ñïíéêÞ óôéãìÞ, ôï êáíÜëé äéáèÝôåé óôç ìíÞìç ôïõ ôá äåßãìáôá åéóüäïõ
ôùí 2 (ãåíéêÜ L) ðñïçãïýìåíùí ÷ñïíéêþí óôéãìþí. ÊÜèå ÷ñïíéêÞ óôéãìÞ, ôá
äåßãìáôá ðïõ äéáèÝôåé ôï êáíÜëé óôç ìíÞìç ôïõ, êáèïñßæïõí ôçí êáôÜóôáóç
ôïõ êáíáëéïý. Óôçí ðåñßðôùóÞ ìáò, êÜèå êáôÜóôáóç S áðïôåëåßôáé áðü 2
óôïé÷åßá s1; s2 ôá ïðïßá ôç ÷ñïíéêÞ óôéãìÞ n0 åßíáé

s1 = an0−1; s2 = an0−2

To ðëÞèïò ôùí äéáöïñåôéêþí êáôáóôÜóåùí óôéò ïðïßåò ìðïñåß íá âñåèåß ôï
êáíÜëé åßíáé ML. Ãéá ôï ðáñÜäåéãìÜ ìáò, åßíáé 22 = 4. Ôï êáíÜëé ðáñÜãåé
ìéá Ýîïäï ãéá êÜèå ÷ñïíéêÞ óôéãìÞ êáé áëëÜæåé êáôÜóôáóç. Ç íÝá êáôÜ-
óôáóç õðïëïãßæåôáé ùò åîÞò: Áí ôï êáíÜëé âñßóêåôáé ôç ÷ñïíéêÞ óôéãìÞ n0

óôçí êáôÜóôáóç S = s1s2 : : : sL êáé ôï ôñÝ÷ïí óýìâïëï åßíáé ôï s0, ôüôå ôç
÷ñïíéêÞ óôéãìÞ n0 + 1 ç êáôÜóôáóç ôïõ êáíáëéïý èá åßíáé S = s0s1 : : : sL−1.
Óôï ó÷Þìá 5.6 Ý÷åé ó÷åäéáóôåß ç áëëçëåðßäñáóç áíÜìåóá óôá ðéèáíÜ äåßã-
ìáôá åéóüäïõ êáé óôéò êáôáóôÜóåéò ôïõ êáíáëéïý ãéá ôéò ÷ñïíéêÝò óôéãìÝò
n = 1 ìÝ÷ñé n = Í + 2. Ìå óõíå÷Þ ãñáììÞ ó÷åäéÜóôçêáí ïé áêìÝò ðïõ
áíôéóôïé÷ïýí óå óýìâïëï åéóüäïõ -1 êáé ìå äéáêåêïìÝíç, áõôÝò ðïõ áíôéóôïé-
÷ïýí óå +1. Ïé áêìÝò ôùí 2 ôåëåõôáßùí ÷ñïíéêþí óôéãìþí äéáöÝñïõí áðü ôéò
õðüëïéðåò, äéüôé äåí õðÜñ÷åé äåßãìá åéóüäïõ. ÓõíÞèùò, îåêéíÜìå áðü ìéá êá-
ôÜóôáóç S, ç ïðïßá åðéëÝãåôáé áõèáßñåôá áöïý áñ÷éêÜ ôï êáíÜëé äåí äéáèÝôåé
ôßðïôá óôçí ìíÞìç ôïõ. Óôï ðáñÜäåéãìÜ ìáò, áñ÷ßæïõìå áðü ôçí êáôÜóôáóç
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S1 = −1 − 1. Aíôßóôïé÷á ãßíåôáé êáé óôï ôÝëïò ôçò Trellis áíáðáñÜóôáóçò.
Ïé ðáñáðÜíù óõìâÜóåéò äåí ïäçãïýí óå óöÜëìáôá, áñêåß ï õðïëïãéóìüò ôïõ
ôïðéêïý êüóôïõò íá ãßíåôáé ÷ñçóéìïðïéþíôáò ôçí ðñáãìáôéêÞ êáé ü÷é ôçí óõì-
âáôéêÞ êáôÜóôáóç ôïõ êáíáëéïý. Óôçí ðñáãìáôéêüôçôá, èá ìðïñïýóáìå íá
åß÷áìå áñ÷ßóåé áðü ïðïéáäÞðïôå êáôÜóôáóç ôçò ðñþôçò óôÞëçò ôïõ Trellis êáé
íá åß÷áìå êáôáëÞîåé óå ïðïéáäÞðïôå êáôÜóôáóç ôçò ôåëåõôáßáò óôÞëçò, áñêåß
íá åß÷áìå õðïëïãßóåé ôá ôïðéêÜ êüóôç óùóôÜ. Êáèåìßá áðü ôéò 2N äõíáôÝò
áêïëïõèßåò åéóüäïõ, êáèïñßæåé Ýíá ìïíïðÜôé óôï Trellis êáé áíôßóôñïöá.

Ó÷Þìá 5.6 Trellis ÁíáðáñÜóôáóç ãéá L=2 êáé óýìâïëá åéóüäïõ 2-PAM

¼ðùò öáßíåôáé êáé áðü ôï ó÷Þìá, óå êÜèå êáôÜóôáóç êáôáëÞãïõí 2 (ãå-
íéêÜ Ì) áêìÝò êáé áðü êÜèå êáôÜóôáóç åîÝñ÷ïíôáé 2 (ãåíéêÜ Ì) áêìÝò. H
åëá÷éóôïðïßçóç ôçò ó÷Ýóçò (1) ìðïñåß íá ìåôáöñáóôåß óå åýñåóç ôïõ ìïíïðá-
ôéïý åëá÷ßóôïõ êüóôïõò áðü ôçí áñ÷Þ Á Ýùò ôï ôÝëïò Â ôïõ Trellis, ïñßæïíôáò
ôá âÜñç (êüóôç) ôùí áêìþí ùò åîÞò: ÕðïèÝôïíôáò üôé ôç ÷ñïíéêÞ óôéãìÞ n0

ôï êáíÜëé åßíáé óôçí êáôÜóôáóç S = s1 : : : sL êáé ôï íÝï óýìâïëï åéóüäïõ
åßíáé ôï s0, ôüôå ç Ýîïäïò ôïõ êáíáëéïý èá åßíáé

L∑
k=0

hksk

Ôï ôïðéêü êüóôïò Viterbi, üðùò öáßíåôáé êáé óôï ó÷Þìá 5.7, èá åßíáé ç áðü-
óôáóç áõôÞò ôçò åîüäïõ áðü ôçí ðñáãìáôéêÞ Ýîïäï ôïõ êáíáëéïý yn0+1, ìå
ôçí áðüóôáóç íá áíôéóôïé÷åß óôï ôåôñÜãùíï ôçò äéáöïñÜò, äçëáäÞ(

yn0+1 −
L∑
k=0

hksk

)2

=

(
yn0+1 −

L∑
k=0

hkan0+1−k

)2

Ç ôåëåõôáßá éóüôçôá éó÷ýåé åðåéäÞ ôï s0 äçëþíåé ôï ôñÝ÷ïí äåßãìá åéóüäïõ êáé
ôá s1 : : : sL, ôá L ðéï ðñüóöáôá äåßãìáôá.
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Ó÷Þìá 5.7 Toðéêü Êüóôïò Viterbi

5.3.iii Aíáäñïìéêüò Áëãüñéèìïò Viterbi4

Óå êÜèå ÷ñïíéêÞ óôéãìÞ, üëá ôá ìïíïðÜôéá áðü ôçí áñ÷Þ Á Ýùò ôï ôÝëïò Â
ôïõ Trellis, ðåñíïýí áðü ôéò ML äõíáôÝò êáôáóôÜóåéò Si ìå i = 1; : : : ;ML.
Aí ìðïñïýóáìå íá õðïëïãßóïõìå áðïäïôéêÜ ôï âÝëôéóôï ìïíïðÜôé áðü ôï Á
óå êÜèå êáôÜóôáóç ôç ÷ñïíéêÞ óôéãìÞ n0, ôüôå èá åß÷áìå ôá ML õðïøÞöéá
áñ÷éêÜ ôìÞìáôá ôïõ âÝëôéóôïõ ìïíïðáôéïý ìÝ÷ñé ôç ÷ñïíéêÞ óôéãìÞ n0. Áõôüò
ï õðïëïãéóìüò áíáäñïìéêÜ ìðïñåß íá ãßíåé ùò åîÞò:

¸óôù üôé ôç ÷ñïíéêÞ óôéãìÞ n0 ãíùñßæïõìå ãéá êÜèå äõíáôÞ êáôÜóôáóç Si
ìå i = 1; : : : ;ML, ôï âÝëôéóôï ìïíïðÜôé áðü ôï Á óôçí êáôÜóôáóç áõôÞ, Pn0

Si
,

êáèþò êáé ôï êüóôïò ôïõ, Cn0
Si
. Ôüôå, ìðïñïýìå íá õðïëïãßóïõìå ôï âÝëôéóôï

ìïíïðÜôé ãéá ôçí êáôÜóôáóç Sj; j = 1; : : : ;ML, ôç ÷ñïíéêÞ óôéãìÞ n0 + 1,
óõãêñßíïíôáò ôï Üèñïéóìá

Cn0
Si

+ ôïðéêü êüóôïòn0+1
ij

ãéá üëåò ôéò êáôáóôÜóåéò Si, ôçò ÷ñïíéêÞò óôéãìÞò n0 ãéá ôéò ïðïßåò õðÜñ-
÷åé äõíáôüôçôá ìåôÜâáóçò óôçí Sj, ôç ÷ñïíéêÞ óôéãìÞ n0 + 1. Ùò ôïðéêü
êüóôïòn0+1

ij ïñßæåôáé ôï âÜñïò ôçò áêìÞò ðïõ óõíäÝåé ôéò 2 êáôáóôÜóåéò.
Ôï âÝëôéóôï ìïíïðÜôé êáèïñßæåôáé áðü ôï åëÜ÷éóôï áðü ôá ðáñáðÜíù áèñïß-

óìáôá ùò åîÞò: Áí ç ìåôÜâáóç óôçí Sj ãßíåôáé ìÝóù ôïõ óõìâüëïõ s∗ êáé ôï
ðáñáðÜíù Üèñïéóìá åëá÷éóôïðïéåßôáé ãéá i = i∗, ôüôå

P
S
n0+1
j

= Pn0
Si∗
∪ {s∗}

êáé
C
S
n0+1
j

= CS
n0
i∗

+ ôïðéêü êüóôïòn0+1
i∗j

Äïõëåýïíôáò áíôßóôïé÷á êáé ãéá ôéò Üëëåò êáôáóôÜóåéò ôçò ÷ñïíéêÞò óôéãìÞò
n0+1, õðïëïãßæïõìå ôá åðáõîçìÝíá âÝëôéóôá ìïíïðÜôéá êáé ôá êüóôç ôïõò êáé
ìðïñïýìå íá óõíå÷ßóïõìå óôçí áíáäñïìÞ ãéá ôç ÷ñïíéêÞ óôéãìÞ n0 + 2. Óôï
ôÝëïò, åðéëÝãïõìå ôá Í ðñþôá óýìâïëá ôïõ ìïíïðáôéïý åëá÷ßóôïõ êüóôïõò
áðü ôï Á óôï Â êáé áõôÞ åßíáé ç åêôßìçóÞ ìáò ãéá ôçí áêïëïõèßá åéóüäïõ.

4ËéÜâáò, ÁèáíÜóéïò. ÐáíåðéóôçìéáêÝò Óçìåéþóåéò ÌáèÞìáôïò \ØçöéáêÜ Ôçëåðéêïéíù-
íéáêÜ ÓõóôÞìáôá ÉÉ"
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5.4 Eêôßìçóç Êáíáëéïý

5.4.i ÌÝèïäïò Åôåñïóõó÷Ýôéóçò

Ó÷Þìá 5.8 Áðëü ÊáíÜëé

¸óôù ôï êáíÜëé äéáêñéôïý ÷ñüíïõ, êñïõóôéêÞò áðüêñéóçò hn, ìÞêïõò L, üðùò
öáßíåôáé êáé óôï ó÷Þìá 5.8. Èåùñïýìå üôé ôá ãíùóôÜ óýìâïëá åéóüäïõ åßíáé
ôá a1; a2; : : : ; ak. H áêïëïõèßá åôåñïóõó÷Ýôéóçò ìåôáîý ôùí ãíùóôþí óõìâü-
ëùí åéóüäïõ ak êáé ôçò åîüäïõ ôïõ êáíáëéïý äßíåôáé áðü ôçí åîßóùóç

rn = E [yn+iai]

= E

[(
L−1∑
j=0

hjan+i−j

)
ai

]

=
L−1∑
j=0

hjE [an+i−jai]

üðïõ ôá an+i−j; ai åßíáé üìïéá üôáí n+ i− j = i⇒ n = j. EðåéäÞ ôá óýìâïëá
åéóüäïõ åßíáé áíåîÜñôçôá, üìïéá êáôáíåìçìÝíá, ìå ìÝóç ôéìÞ 0 Ý÷ïõìå

E [aian+i−j] =

{
0 ; n 6= j
ó2 ; n = j

ÔåëéêÜ, åðéæåß Ýíáò ìüíï üñïò áðü ôï Üèñïéóìá (äçëáäÞ, üôáí n = j) êáé üëïé
ïé Üëëïé åßíáé 0. ¢ñá, Ý÷ïõìå

rn = hnó
2

üðïõ óôç ðåñßðôùóÞ ìáò (4-PAM éóïðßèáíá óýìâïëá [-3,-1,+1,+3]) èá Ý÷ïõìå

ó2 =
4∑
i=1

pix
2
i =

1

4
(−3)2 +

1

4
(−1)2 +

1

4
(1)2 +

1

4
(3)2 = 5
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Méá åêôßìçóç ôïõ rn åßíáé ç

r̂n =
1

k

k∑
i=1

yn+iai

¢ñá ìéá åêôßìçóç ôïõ êáíáëéïý åßíáé ç

ĥn =
r̂n
ó2
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5.4.ii MÝèïäïò Åëá÷ßóôùí Ôåôñáãþíùí5

¸óôù n2 − n1 > M . Oé Ýîïäïé ôïõ êáíáëéïý yn ðïõ åîáñôþíôáé ìüíï áðü ôá
óýìâïëá åêðáßäåõóçò an1 ; : : : ; an2 ìðïñïýí íá åêöñáóôïýí ùò åîÞò

yn1+M = ho0an1+M + ho1an1+M−1 + : : : + hoMan1 + un1+M

...

yn2 = ho0an2 + ho1an2−1 + : : : + hoMan2−M + un2

Óå ìïñöÞ ðéíÜêùí-äéáíõóìÜôùí, ïé ðáñáðÜíù ó÷Ýóåéò ãñÜöïíôáé yn1+M
...
yn2

 =

 an1+M an1+M−1 : : : an1

...
...

. . .
...

an2 an2−1 : : : an2−M


 ho0

...
hoM

+

 un1+M
...
un2


äçëáäÞ

y = Aho + u

üðïõ y êáé Á åßíáé ãíùóôÜ, ho êáé u, Üãíùóôá, ìå ôï äéÜíõóìá y íá áíôéóôïé-
÷åß óôçí Ýîïäï ôïõ êáíáëéïý, ôïí ðßíáêá Á óôá ãíùóôÜ óýìâïëá, ôï äéÜíõóìá
ho óôçí êñïõóôéêÞ áðüêñéóç ôïõ êáíáëéïý êáé u ôï äéÜíõóìá èïñýâïõ. Áíá-
æçôþíôáò ôï ho, èá õðïëïãßóïõìå ôï hLS ðïõ åëá÷éóôïðïéåß ôç óõíÜñôçóç
êüóôïõò

C(h) = ‖y − Ah‖22 = (y − Ah)T (y − Ah)

üðïõ h
Ä
= [h0 : : : hM ]T . ÄçëáäÞ, áíáæçôïýìå ôçí ðïóüôçôá

hLS = arg min
h

C(h)

H C(h) åßíáé ôåôñáãùíéêÞ óõíÜñôçóç ôùí óôïé÷åßùí ôïõ h, äçëáäÞ åßíáé ãñáì-
ìéêüò óõíäõáóìüò ãéíïìÝíùí ôçò ìïñöÞò hihj. Mðïñåß íá áðïäåé÷èåß üôé áí
ï ðßíáêáò A åßíáé ðëÞñïõò âáèìïý, äçëáäÞ ïé óôÞëåò ôïõ åßíáé ãñáììéêÜ áíå-
îÜñôçôåò, ôüôå ôï ðáñáðÜíù ðñüâëçìá åëá÷éóôïðïßçóçò Ý÷åé ìïíáäéêÞ ëýóç,
ç ïðïßá äßíåôáé áðü ôç ëýóç ôçò åîßóùóçò

@C(h)

@h

∣∣∣∣∣
h=hLS

= 0

5ËéÜâáò, ÁèáíÜóéïò. ÐáíåðéóôçìéáêÝò Óçìåéþóåéò ÌáèÞìáôïò \ØçöéáêÜ Ôçëåðéêïéíù-
íéáêÜ ÓõóôÞìáôá ÉÉ"



5. Åêôßìçóç êáé ÉóïóôÜèìéóç Êáíáëéïý 51

¸÷ïõìå

@C(h)

@h
=

@

@h

(
yTy − yTAh− hTATy + hTATAh

)
= −2

@

@h

(
yTAh

)
+

@

@h

(
hTATAh

)
= −2ATy + 2ATAh

üðïõ Ý÷ïõìå ÷ñçóéìïðïéÞóåé ôç óõììåôñßá ôïõ ðßíáêá ATA êáé ôï üôé yTAh =
hTATy, äéüôé êÜèå âáèìùôü åßíáé ßóï ìå ôï áíÜóôñïöü ôïõ. ÔåëéêÜ, ëáìâÜ-
íïõìå ôç ëýóç åëá÷ßóôùí ôåôñáãþíùí

hLS =
(
ATA

)−1
ATy

¸ôóé, ç ðáñáðÜíù ëýóç hLS, ìáò äßíåé ìéá åêôßìçóç ãéá ôï êáíÜëé.
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5.5 Óõã÷ñïíéóìüò Ðëáéóßïõ

ÓõíÞèùò, ç ðëçñïöïñßá óôï ìåôáäéäüìåíï óÞìá åßíáé ïìáäïðïéçìÝíåò áêïëïõ-
èßåò. ÊÜèå ôÝôïéá ïìÜäá ïíïìÜæåôáé ðëáßóéï. Áõôü áðïôåëåßôáé áðü 2 ìÝñç:[1]

1. ôçí åðéêåöáëßäá, ðïõ ìáò äåß÷íåé ôçí Ýíáñîç êÜèå ðëáéóßïõ êáé áðï-
ôåëåßôáé áðü ãíùóôÜ óýìâïëá ðïõ äßíïíôáé áðü ôéò ðñïäéáãñáöÝò ôïõ
óõóôÞìáôïò êáé ôá ïðïßá ìðïñïýí åðßóçò íá ÷ñçóéìïðïéçèïýí ãéá åêôß-
ìçóç Þ êáé éóïóôÜèìéóç êáíáëéïý

2. ôçí ìåôáäéäüìåíç ðëçñïöïñßá, ç ïðïßá ôïðïèåôåßôáé áìÝóùò ìåôá ôçí
åðéêåöáëßäá

Óêïðüò ôïõ Óõã÷ñïíéóìïý Ðëáéóßïõ åßíáé íá âñïýìå ôç èÝóç Ýíáñîçò ôïõ
ðëáéóßïõ êáé íá áöáéñÝóïõìå ôçí åðéêåöáëßäá áðü êÜèå ðëáßóéï, ëáìâÜíïíôáò
ôåëéêÜ ìüíï ôçí ùöÝëéìç ðëçñïöïñßá. Ðéèáíþò, ôï ëáìâáíüìåíï óÞìá íá
ìçí áñ÷ßæåé ìå Ýíá ðëáßóéï, oðüôå ìå ôç âïÞèåéá åíüò óõó÷åôéóôÞ ìðïñïýìå íá
åíôïðßóïõìå ôçí áñ÷Þ ôïõ ðëáéóßïõ ÷ñçóéìïðïéþíôáò ôç ãíùóôÞ áêïëïõèßá êáé
ìåôáêéíþíôáò ôçí ðÜíù óôçí áêïëïõèßá åéóüäïõ, ìå ôñüðï üðùò õðïäåéêíýåôáé
óôç óõíÝ÷åéá. Èåùñïýìå áõèáßñåôá Ýíá ðáñÜèõñï ìÞêïõò Ì , óôçí ðåñßðôùóç
ìáòM = 5, ôï ïðïßï ôï ìåôáêéíïýìå êáôÜ ìéá èÝóç êÜèå öïñÜ ðÜíù óôá óôïé-
÷åßá ðïõ Ý÷ïõí ðñïêýøåé áðü ôçí åôåñïóõó÷Ýôéóç ôïõ ëáìâáíüìåíïõ óÞìáôïò
ìå ôçí åðéêåöáëßäá åíüò ðëáéóßïõ, üðïõ ç áêïëïõèßá åôåñïóõó÷Ýôéóçò åßíáé
ìéá åêôßìçóç ãéá ôï êáíÜëé êáé õðïëïãßæïõìå ôçí åíÝñãåéá êÜèå ðáñáèýñïõ.
Óôï óçìåßï ðïõ ç åíÝñãåéá åßíáé ìÝãéóôç Ý÷ïõìå ôçí Ýíáñîç ôïõ ðëáéóßïõ. Óôá
ó÷Þìáôá ðïõ áêïëïõèïýí, ðáñïõóéÜæïõìå Ýíá ðáñÜäåéãìá, üðïõ óôï ó÷Þìá
5.9 öáßíåôáé ç áêïëïõèßá åôåñïóõó÷Ýôéóçò. ÁõôÞ ðñïÝêõøå ÷ñçóéìïðïéþíôáò
Ýíá ðáñÜèõñï 245 4-PAM óõìâüëùí ìå áëöÜâçôï (−3;−1;+1;+3), ôá ïðïßá
áðïôåëïýí ôçí åðéêåöáëßäá åíüò ðëáéóßïõ êáé åßíáé ãíùóôÜ óôïí äÝêôç, óõ-
ó÷åôßæïíôÜò ôá ìå ôçí ëáìâáíüìåíç óôïí äÝêôç áêïëïõèßá óõìâüëùí. Óôç
óõíÝ÷åéá, èåùñïýìå áõèáßñåôá Ýíá ðáñÜèõñï ìÞêïõò Ì = 5 (üóï äçëáäÞ åßíáé
èåùñçôéêÜ ôï ìÞêïò ôïõ êáíáëéïý ìáò) ðÜíù óôçí áêïëïõèßá åôåñïóõó÷Ýôéóçò
êáé õðïëïãßæïõìå ôçí åíÝñãåéá áõôïý ôïõ ðáñáèýñïõ. Ôï ðáñÜèõñï êéíåßôáé
êáôÜ ìßá èÝóç ðñïò ôá äåîéÜ êáé êÜèå öïñÜ õðïëïãßæïõìå åê íÝïõ ôçí åíÝñãåéÜ
ôïõ. Óôï ó÷Þìá 5.10, äåß÷íïõìå ôçí åíÝñãåéá êáèåíüò áðü ôá 26 ðáñÜèõñá
ìÞêïõò Ì = 5 ðÜíù óôçí áêïëïõèßá åôåñïóõó÷Ýôéóçò ôïõ ó÷Þìáôïò 5.9. Óôï
óçìåßï üðïõ ç åíÝñãåéá åßíáé ìÝãéóôç (óôï ðáñÜäåéãìá, index=3), Ý÷ïõìå ôçí
Ýíáñîç ôïõ ðëáéóßïõ (Frame Synchronization) êáé ôáõôü÷ñïíá áí ìåôáêéíÞ-
óïõìå ôï ðáñÜèõñï ðÜíù óôçí áêïëïõèßá åôåñïóõó÷Ýôéóçò óôç èÝóç ìÝãéóôçò
åíÝñãåéáò (óôï ðáñÜäåéãìá, index=3) êáé ðáßñíïíôáò ôéò Ì−1 åðüìåíåò ôéìÝò
ôçò, äéáèÝôïõìå ìå ôïí ôñüðï áõôü ìéá åêôßìçóç ãéá ôï êáíÜëé.
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Ó÷Þìá 5.9 Ôï ðáñÜèõñï ìÞêïõò Ì = 5 êéíåßôáé ðÜíù óôá äåäïìÝíá ðïõ ðñïêýðôïõí áðü
ôçí åôåñïóõó÷Ýôéóç

Ó÷Þìá 5.10 Ç èÝóç ôçò ìÝãéóôçò åíÝñãåéáò äåß÷íåé ôçí áñ÷Þ ôïõ ðëáéóßïõ
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6. Ðñïóïìïßùóç ÓõóôÞìáôïò

Óå áõôü ôï êåöÜëáéï ðáñáôßèåíôáé áðïôåëÝóìáôá êáé ãñáöÞìáôá üðùò
áõôÜ ðñïÝêõøáí áðü ôçí ðñïóïìïßùóç, üëùí ôùí ìåèüäùí ðïõ ÷ñçóéìïðïéÞ-
èçêáí. Ïé ðñïäéáãñáöÝò ôïõ óõóôÞìáôïò Ý÷ïõí áíáöåñèåß óôï ðñþôï êå-
öÜëáéï ôçò åñãáóßáò êáé âñßóêïíôáé óõãêåíôñùìÝíåò óôï ó÷Þìá 1.3. Ùò
äåäïìÝíá åéóüäïõ óôï äÝêôç ÷ñçóéìïðïéÞèçêáí 3 äéáöïñåôéêÜ mat áñ÷åßá
(easy1.mat, medium1.mat, hard1.mat), ðïõ áíôéóôïé÷ïýí óå äéáöïñåôéêÜ êá-
íÜëéá, åðßðåäá èïñýâïõ, ðáñåìâïëÝò áðü Üëëïõò ÷ñÞóôåò, áðïêëßóåéò öÜóçò-
óõ÷íüôçôáò, óõã÷ñïíéóìïý. Óôï ôÝëïò ôçò ðñïóïìïßùóçò ðáñáôßèåôáé êþäé-
êáò óôïí ïðïßï ãßíåôáé ÷ñÞóç ôïõ áëãüñéèìïõ Viterbi ãéá éóïóôÜèìéóç ôõ-
÷áßùí êáíáëéþí ìå ôõ÷áßá äåäïìÝíá åéóüäïõ. Óôï ó÷Þìá 6.1 öáßíïíôáé ôá
áðïôåëÝóìáôá ôçò ðñïóïìïßùóçò, üðïõ ÷ñçóéìïðïéÞóáìå êáíÜëéá ìå ìÞêïò
L=5 êáé äåäïìÝíá åéóüäïõ 1000 4-PAM óõìâüëùí.

• easy1.mat

{ ÖÜóìá Ëáìâáíüìåíïõ ÓÞìáôïò



6. Ðñïóïìïßùóç ÓõóôÞìáôïò 55

{ AíÜêôçóç ÖïñÝá ìå ÷ñÞóç Âñü÷ïõ Costas & ÐñïóáñìïóìÝíï ÖéëôñÜ-
ñéóìá
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6. Ðñïóïìïßùóç ÓõóôÞìáôïò 57

{ ÁíÜêôçóç Óõã÷ñïíéóìïý

∗ Åëá÷éóôïðïßçóç ôïõ Cluster Variance

∗ Ìåãéóôïðïßçóç ôçò Éó÷ýïò Åîüäïõ
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{ Åêôßìçóç Êáíáëéïý



6. Ðñïóïìïßùóç ÓõóôÞìáôïò 59

∗ ÌÝèïäïò Åôåñïóõó÷Ýôéóçò

∗ MÝèïäïò Åëá÷ßóôùí Ôåôñáãþíùí (LS)
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{ ÉóïóôÜèìéóç Êáíáëéïý

∗ ÌÝèïäïò Åëá÷ßóôùí Ôåôñáãþíùí (LS)
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∗ Ãéá Åêôßìçóç Êáíáëéïý ìå ôçí ÌÝèïäï ôçò Åôåñïóõó÷Ýôéóçò

∗ Ãéá Åêôßìçóç Êáíáëéïý ìå Ëýóç Åëá÷ßóôùí Ôåôñáãþíùí
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∗ ÐñïóáñìïóôéêÞ ÉóïóôÜèìéóç - Áëãüñéèìïò LMS
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∗ Ãéá Åêôßìçóç Êáíáëéïý ìå ôçí ÌÝèïäï ôçò Åôåñïóõó÷Ýôéóçò

∗ Ãéá Åêôßìçóç Êáíáëéïý ìå Ëýóç Åëá÷ßóôùí Ôåôñáãþíùí
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6. Ðñïóïìïßùóç ÓõóôÞìáôïò 65

• medium1.mat

{ ÖÜóìá Ëáìâáíüìåíïõ ÓÞìáôïò
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{ AíÜêôçóç ÖïñÝá ìå ÷ñÞóç Âñü÷ïõ Costas & ÐñïóáñìïóìÝíï ÖéëôñÜ-
ñéóìá
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68

{ ÁíÜêôçóç Óõã÷ñïíéóìïý

∗ Åëá÷éóôïðïßçóç ôïõ Cluster Variance

∗ Ìåãéóôïðïßçóç ôçò Éó÷ýïò Åîüäïõ
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{ Åêôßìçóç Êáíáëéïý
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∗ ÌÝèïäïò Åôåñïóõó÷Ýôéóçò

∗ MÝèïäïò Åëá÷ßóôùí Ôåôñáãþíùí (LS)
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{ ÉóïóôÜèìéóç Êáíáëéïý

∗ ÌÝèïäïò Åëá÷ßóôùí Ôåôñáãþíùí (LS)
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∗ Ãéá Åêôßìçóç Êáíáëéïý ìå ôçí ÌÝèïäï ôçò Åôåñïóõó÷Ýôéóçò

∗ Ãéá Åêôßìçóç Êáíáëéïý ìå Ëýóç Åëá÷ßóôùí Ôåôñáãþíùí
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∗ ÐñïóáñìïóôéêÞ ÉóïóôÜèìéóç - Áëãüñéèìïò LMS
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∗ Ãéá Åêôßìçóç Êáíáëéïý ìå ôçí ÌÝèïäï ôçò Åôåñïóõó÷Ýôéóçò

∗ Ãéá Åêôßìçóç Êáíáëéïý ìå Ëýóç Åëá÷ßóôùí Ôåôñáãþíùí
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• hard1.mat

{ ÖÜóìá Ëáìâáíüìåíïõ ÓÞìáôïò
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{ AíÜêôçóç ÖïñÝá ìå ÷ñÞóç Âñü÷ïõ Costas & ÐñïóáñìïóìÝíï ÖéëôñÜ-
ñéóìá
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6. Ðñïóïìïßùóç ÓõóôÞìáôïò 79

{ ÁíÜêôçóç Óõã÷ñïíéóìïý

∗ Åëá÷éóôïðïßçóç ôïõ Cluster Variance

∗ Ìåãéóôïðïßçóç ôçò Éó÷ýïò Åîüäïõ
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{ Åêôßìçóç Êáíáëéïý



6. Ðñïóïìïßùóç ÓõóôÞìáôïò 81

∗ ÌÝèïäïò Åôåñïóõó÷Ýôéóçò

∗ MÝèïäïò Åëá÷ßóôùí Ôåôñáãþíùí (LS)
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{ ÉóïóôÜèìéóç Êáíáëéïý

∗ ÌÝèïäïò Åëá÷ßóôùí Ôåôñáãþíùí (LS)
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∗ Ãéá Åêôßìçóç Êáíáëéïý ìå ôçí ÌÝèïäï ôçò Åôåñïóõó÷Ýôéóçò

∗ Ãéá Åêôßìçóç Êáíáëéïý ìå Ëýóç Åëá÷ßóôùí Ôåôñáãþíùí
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∗ ÐñïóáñìïóôéêÞ ÉóïóôÜèìéóç - Áëãüñéèìïò LMS
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∗ Ãéá Åêôßìçóç Êáíáëéïý ìå ôçí ÌÝèïäï ôçò Åôåñïóõó÷Ýôéóçò

∗ Ãéá Åêôßìçóç Êáíáëéïý ìå Ëýóç Åëá÷ßóôùí Ôåôñáãþíùí
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6. Ðñïóïìïßùóç ÓõóôÞìáôïò 87

ÐáñáôçñÞóåéò - Ó÷üëéá

Êáô'áñ÷Þí óôï easy1.mat ãéá ôçí áíÜêôçóç öïñÝá ÷ñçóéìïðïéÞèçêå áðëüò
âñü÷ïò Costas äéüôé äåí õðÜñ÷åé áðüêëéóç óôç óõ÷íüôçôá êáé üðùò öáßíåôáé
áðü ôï áíôßóôïé÷ï ãñÜöçìá, ï áëãüñéèìïò óõãêëßíåé ãñÞãïñá óôçí åêôéìþ-
ìåíç öÜóç. ÁíôéèÝôùò, ôüóï óôï medium1.mat üóï êáé óôï hard1.mat
Ý÷åé ÷ñçóéìïðïéçèåß äéðëüò âñü÷ïò Costas äéüôé õðÜñ÷åé áðüêëéóç óôç óõ÷íü-
ôçôá ôïõ öÝñïíôïò. Óôéò äýï áõôÝò ðåñéðôþóåéò Ý÷åé ðñïóôåèåß áêüìç Ýíá
ãñÜöçìá, ôï ïðïßï äåß÷íåé ìéá åõèåßá, ç êëßóç ôçò ïðïßáò äßíåé ôç äéáöïñÜ
óõ÷íüôçôáò. ¸ôóé, ï áëãüñéèìïò ÷ñçóéìïðïéþíôáò áõôÞ ôç äéáöïñÜ óõ÷íü-
ôçôáò óõãêëßíåé óôçí åêôéìþìåíç öÜóç ôïõ öÝñïíôïò. Óôç óõíÝ÷åéá, ãéá ôï
ðñþôï áñ÷åßï, ðáñáôçñïýìå üôé ïé äýï áëãüñéèìïé ðïõ ÷ñçóéìïðïéÞèçêáí ãéá
ôçí áíÜêôçóç ÷ñïíéóìïý óõãêëßíïõí óôçí ßäéá ôéìÞ åíþ ãéá ôá Üëëá äýï áñ-
÷åßá, äåí óõìâáßíåé áõôü. Áõôü ïöåßëåôáé óôï ãåãïíüò üôé óôçí ðåñßðôùóç
ôïõ easy1.mat ÷ñçóéìïðïéÞèçêå áðëü êáíÜëé ðïõ åéóÜãåé áðëÜ ìéá êáèõ-
óôÝñçóç (ìïíáäéáßï êáíÜëé) êáé Ý÷ïõìå ó÷åäüí éäáíéêÝò óõíèÞêåò, åíþ óôéò
Üëëåò äýï ðåñéðôþóåéò Ý÷ïõìå åíèüñõâá ðåñéâÜëëïíôá ìå äéáóõìâïëéêÞ ðáñåì-
âïëÞ. ÅðéðëÝïí, ï áëãüñéèìïò ìåãéóôïðïßçóçò ôçò éó÷ýïò åîüäïõ ëåéôïõñãåß
êáëýôåñá óå ó÷Ýóç ìå ôçí ìÝèïäï åëá÷éóôïðïßçóçò ôïõ cluster variance óå
åíèüñõâï ðåñéâÜëëïí, äéüôé ç ìåãéóôïðïßçóç ôçò éó÷ýïò åîüäïõ ðñïÝñ÷åôáé
áðü ìåãéóôïðïßçóç ôçò éó÷ýïò ôïõ ÷ñÞóéìïõ óÞìáôïò åîáéôßáò ôïõ ãåãïíüôïò
üôé ï èüñõâïò Ý÷åé óôáèåñÞ éó÷ý óôï ÷ñüíï. Óôç óõíÝ÷åéá ðáñáôßèåíôáé ôá
ãñáöÞìáôá ðïõ ðáñïõóéÜæïõí ìéá åêôßìçóç ôïõ êáíáëéïý ìå ôç ìÝèïäï ôçò
åôåñïóõó÷Ýôéóçò êáé ôçò ëýóçò ôùí åëá÷ßóôùí ôåôñáãþíùí, üðïõ ç ôåëåõôáßá
åßíáé ç âÝëôéóôç åêôßìçóç. Êáôüðéí, ðáñïõóéÜæïíôáé ôá ãñáöÞìáôá ôùí éóï-
óôáèìéóôþí ðïõ ÷ñçóéìïðïéÞèçêáí. Óôçí ðåñßðôùóç ôïõ éóïóôáèìéóôÞ LMS,
÷ñçóéìïðïéÞóáìå ôá taps ìåôÜ ôç óýãêëéóç ôïõ ðñïóáñìïóôéêïý áëãïñßè-
ìïõ, ãéá íá öéëôñÜñïõìå ïëüêëçñï ôï óÞìá. Ãåíéêüôåñá ï éóïóôáèìéóôÞò LS
ëåéôïõñãåß êáëýôåñá áðü ôïí LMS. Ðáñáôçñïýìå üôé êáé óôïõò äýï éóïóôáè-
ìéóôÝò ôá íÝöç ãýñù áðü ôéò ôéìÝò ôùí óõìâüëùí äéá÷Ýïíôáé ðåñéóóüôåñï üóï
ç åðåîåñãáóßá ôïõ óÞìáôïò ãßíåôáé óå ðåñéóóüôåñï åíèüñõâï ðåñéâÜëëïí, ìå
ðåñéóóüôåñåò áðïêëßóåéò êáé äéáóõìâïëéêÞ ðáñåìâïëÞ. ÔÝëïò, íá áíáöÝñïõìå
üôé õëïðïéÞèçêå ï áëãüñéèìïò Viterbi ãéá ôçí éóïóôÜèìéóç ôïõ êáíáëéïý. Ãéá
íá äåßîïõìå ôç óùóôÞ ëåéôïõñãßá ôïõ áëãïñßèìïõ, ÷ñçóéìïðïéÞóáìå ôïí áëãü-
ñéèìï óå ôõ÷áßï êáíÜëé ìÞêïõò L = 5, ìå ôõ÷áßá óýìâïëá 4-PAM áóôåñéóìïý
(-3,-1,+1,+3), ðëÞèïõò N = 1000, ãéá ôéìÝò ôïõ SNR = 5; 10; 15; 20dB.



88

Ó÷Þìá 6.1 BER ãéá ÉóïóôÜèìéóç Êáíáëéïý ìå Áëãüñéèìï Viterbi
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ÐáñÜñôçìá Á

Áðïêùäéêïðïßçóç

Óôçí ðáñïýóá äéðëùìáôéêÞ åñãáóßá, ç êùäéêïðïßçóç ôïõ êáíáëéïý Ýãéíå ÷ñç-
óéìïðïéþíôáò Äõáäéêü Ãñáììéêü Ìðëïê Êþäéêá (5,2).
Ï ãåííÞôïñáò ðßíáêáò åßíáé [1]

G =

[
1 0 1 0 1
0 1 0 1 1

]
êáé ï ðßíáêáò åëÝã÷ïõ éóïôéìßáò [1]

ÇÔ =


1 0 1
0 1 1
1 0 0
0 1 0
0 0 1


Áõôüò ï êþäéêáò, ïìáäïðïéåß ôá bits óå æåýãç êáé ïé 4 êùäéêÝò ëÝîåéò åßíáé

x1 = 00↔ c1 = x1G = 00000

x2 = 01↔ c2 = x2G = 01011

x3 = 10↔ c3 = x3G = 10101

x4 = 11↔ c4 = x4G = 11110

Ãéá ôïí õðïëïãéóìü ôùí êùäéêþí ëÝîåùí ÷ñçóéìïðïéÞèçêå äõáäéêÞ áñéèìçôéêÞ
êáé ôåëéêÜ ôá áðïôåëÝóìáôá åßíáé óå äõáäéêÞ ìïñöÞ. ÌåôÜ ôçí ìåôÜäïóç ôï
ëáìâáíüìåíï óÞìá y ðïëëáðëáóéÜæåôáé ìå ôïí ðßíáêá HT . Áí äåí Ý÷ïõí
óõìâåß ëÜèç êáôÜ ôç ìåôÜäïóç, ôüôå ôï y åßíáé ßóï ìå ìßá áðü ôéò 4 êùäéêÝò
ëÝîåéò ci. ×ñçóéìïðïéþíôáò ôïí ðßíáêá H

T üðùò Ý÷åé ïñéóôåß, Ý÷ïõìå c1H
T =

c2H
T = c3H

T = c4H
T = 0. ¸ôóé, yHT = 0. Óôçí ðåñßðôùóç ðïõ Ý÷ïõìå

ëÜèç, yHT 6= 0 êáé áõôÞ ç ôéìÞ ìðïñåß íá ÷ñçóéìïðïéçèåß ãéá íá êáèïñéóôåß
ôï ðéï ðéèáíü ëÜèïò [1]. Ãéá íá ãßíåé ðéï êáôáíïçôü áõôü, îáíáãñÜöïõìå

y = c+ (y − c) ≡ c+ e
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üðïõ e óõìâïëßæåé ôï ëÜèïò ðïõ Ý÷åé óõìâåß óôçí ìåôÜäïóç. Íá óçìåéùèåß üôé

yHT = (c+ e)HT = cHT + eHT = eHT

êáèþò cHT = 0 [1]. H ôéìÞ ôïõ eHT ìðïñåß íá ÷ñçóéìïðïéçèåß åîåôÜæïíôáò
ôïí ðßíáêá óõíäñüìïõ, üðùò óôï ó÷Þìá Á.1.

Ãéá ðáñÜäåéãìá, áò õðïèÝóïõìå üôé ôï óýìâïëï ðïõ ìåôáäüèçêå åßíáé ôï
x2 = 01, ôüôå ç áíôßóôïé÷ç êùäéêÞ ëÝîç åßíáé ç c2 = 01011. Eðßóçò, õðïèÝ-
ôïõìå üôé êáôÜ ôçí ìåôÜäïóç óõíÝâçóáí ëÜèç. ¸ôóé, ëÜâáìå ôï y = 11011.
Ðïëëáðëáóéáóìüò ôïõ y ìå ôïí ðßíáêá åëÝã÷ïõ éóïôéìßáò äßíåé yHT = eHT =
101. KïéôÜæïíôáò ôïí ðßíáêá óõíäñüìïõ öáßíåôáé üôé ôï ðéï ðéèáíü ëÜèïò åß-
íáé ôï 10000. Óýìöùíá ìå áõôü, ç êùäéêÞ ëÝîç ðïõ åßíáé ðéèáíüôåñï íá Ý÷åé
ìåôáäïèåß, åßíáé ç y − e = 11011 − 10000 = 01011, ðïõ üíôùò ìáò äßíåé ôç
óùóôÞ êùäéêÞ ëÝîç c2.

Áðü ôçí Üëëç ðëåõñÜ, áí ðåñéóóüôåñá áðü Ýíá ëÜèç óõìâïýí êáôÜ ôç ìå-
ôÜäïóç, ôüôå ï Ãñáììéêüò Êþäéêáò (5,2) äåí âñßóêåé áðáñáßôçôá ôç óùóôÞ
êùäéêÞ ëÝîç. Ãéá ðáñÜäåéãìá, õðïèÝôïõìå üôé ôï óýìâïëï ðïõ ìåôáäüèçêå
åßíáé ôï x2 = 01 ðïõ áíôéóôïé÷åß óôçí êùäéêÞ ëÝîç c2 = 01011, áëëÜ 2 ëÜèç
óõíÝâçóáí êáôÜ ôçí ìåôÜäïóç. ¸ôóé, ç ëáìâáíüìåíç ëÝîç åßíáé ç y = 00111.
O ðïëëáðëáóéáóìüò ìå ôïí ðßíáêá åëÝã÷ïõ éóïôéìßáò äßíåé yHT = eHT = 111.
ÊïéôÜæïíôáò îáíÜ óôïí ðßíáêá óõíäñüìïõ, öáßíåôáé ôï ðéèáíüôåñï ëÜèïò íá
åßíáé ôï 10010. Óýìöùíá ìå áõôü, ç êùäéêÞ ëÝîç ðïõ åßíáé ðéèáíüôåñï íá Ý÷åé
ìåôáäïèåß, åßíáé ç y − e = 00111− 10010 = 10101, ôï ïðïßï áíôéóôïé÷åß óôçí
êùäéêÞ ëÝîç c3, ðïõ áíôéóôïé÷åß óôï óýìâïëï x3 êáé ü÷é óôï x2. [1]

O ðßíáêáò óõíäñüìïõ ìðïñåß íá äçìéïõñãçèåß ùò áêïëïýèùò: ðñþôá, ðáßñ-
íïõìå êÜèå ðéèáíü ëÜèïò e (Ýíáò Üóóïò óå êÜèå ìßá áðü 5 èÝóåéò, 00001,00010
êëð), êáé õðïëïãßæïõìå ôï eHT ãéá ôï êáèÝíá. Áðü ôç óôéãìÞ ðïõ ïé óôÞëåò
ôïõ Ç åßíáé ìç ìçäåíéêÝò êáé äéáêñéôÝò, ôüôå êÜèå ëÜèïò áíôéóôïé÷åß óå äéá-
öïñåôéêü óýíäñïìï. Ãéá íá óõìðëçñùèåß ï ðßíáêáò, ðáßñíïõìå üëá ôá ðéèáíÜ
äéðëÜ ëÜèç êáé õðïëïãßæïõìå ôï eHT . ÄéáëÝãïõìå ôá 2, ðïõ áíôéóôïé÷ïýí
óôá 2 åíáðïìåßíïíôá óýíäñïìá. [1]



ÐáñÜñôçìá Á 91

Ó÷Þìá A.1 Ðßíáêáò Óõíäñüìïõ
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ÐáñÜñôçìá B

ÐëÞñçò Õëïðïßçóç ôïõ
ÓõóôÞìáôïò Ðñïóïìïßùóçò óå

ðåñéâÜëëïí Matlab

% Technical University of Crete,Fall 2005 - Spring 2006

% Telecommunications Division

% Digital Communication Systems

% Ioannis P. Lazaridis - Sotirios A. Vlachodimitropoulos

% SID: 2000030071 - 2000030055

% Directed by Dr. Athanasios P. Liavas

% Carrier Recovery Function

function dem_r = carrierRecovery(r,k,crAlgorithm,crAlgParameter,freqOffset)

% dem_r = carrierRecovery(matFile,crAlgorithm,crAlgParameter)

% 'r' is the received signal to process

% 'k' is the length of r (number of samples)

% 'crAlgorithm' is the choice of the Carrier

% Recovery Algorithm shall use

% 'crAlgParameter' is the choice of the order of Algorithm Loop

% (1->Single Loop, 2->Dual Loop)

% 'freqOffset' is the assumed clock frequency at the receiver

Ts = 1/(850*10^3); % Sampling period

time = Ts*k; % Total time

t = 0:Ts:time-Ts; % Time vector

N_F = 2000; % Number of samples for Fourier Transform

ssf = (-N_F/2:N_F/2-1)/(Ts*N_F); % Frequency Axis(-Fs/2,Fs/2)
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% Case of Dual Costas Loop

if(crAlgorithm == 1 && crAlgParameter == 2)

fl = 70; fbe = [0 102 112 425]/425; damps = [1 1 0 0];

lpfc = remez(fl,fbe,damps); % Low-pass filter Design

muc1 = 0.01; % Algorithm stepsize ì1 for the top Costas loop

muc2 = 0.00001; % Algorithm stepsize ì2 for the bottom Costas loop

f0 = 300*10^3; % Clock frequency at the transmitter

fc = freqOffset; % Assumed clock frequency at the receiver

% Initialize estimate vectors and buffers...

theta1 = zeros(1,k); theta1(1) = 0;

theta2 = zeros(1,k); theta2(1) = 0;

zs1 = zeros(1,fl+1); zc1 = zeros(1,fl+1);

zs2 = zeros(1,fl+1); zc2 = zeros(1,fl+1);

% Adaptive algorithm to estimate the phase and frequency offsets

for i=1:k-1

% Top Costas Loop

% z1's contain past fl+1 inputs

zs1 = [zs1(2:fl+1),2*r(i)*sin(2*pi*fc*t(i) + theta1(i))];

zc1 = [zc1(2:fl+1),2*r(i)*cos(2*pi*fc*t(i) + theta1(i))];

% New output of filters

lpfcs1 = fliplr(lpfc)*zs1'; lpfcc1=fliplr(lpfc)*zc1';

% Algorithm update

theta1(i+1) = theta1(i) - muc1*lpfcs1*lpfcc1;

% Bottom Costas Loop

% z2's contain past fl+1 inputs

zs2=[zs2(2:fl+1),2*r(i)*sin(2*pi*fc*t(i)+theta1(i)+theta2(i))];

zc2=[zc2(2:fl+1),2*r(i)*cos(2*pi*fc*t(i)+theta1(i)+theta2(i))];

% New output of filters

lpfcs2 = fliplr(lpfc)*zs2'; lpfcc2 = fliplr(lpfc)*zc2';

% Algorithm update

theta2(i+1) = theta2(i) - muc2*lpfcs2*lpfcc2;

end

% The estimated sinusoid to demodulate

carest = cos(2*pi*fc*t + theta1 + theta2(end));
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% Case of Single Costas Loop

elseif(crAlgorithm == 1 && crAlgParameter == 1)

fl = 70; fbe=[0 102 112 425]/425; damps = [1 1 0 0];

lpfc = remez(fl,fbe,damps); % Low-pass filter Design

muc = 0.0001; % Algorithm stepsize ì

fc = 300*10^3; % Clock frequency at the transmitter is the same

% with the clock frequency at the receiver

% (there is no frequency-offset)

% Initialize estimate vectors and buffers...

theta = zeros(1,k); theta(1) = 0;

zs = zeros(1,fl+1); zc = zeros(1,fl+1);

% Adaptive algorithm to estimate the phase offset

for i=1:k-1

% z's contain past fl+1 inputs

zs = [zs(2:fl+1),2*r(i)*sin(2*pi*fc*t(i) + theta(i))];

zc = [zc(2:fl+1),2*r(i)*cos(2*pi*fc*t(i) + theta(i))];

% New output of filters

lpfcs = fliplr(lpfc)*zs'; lpfcc = fliplr(lpfc)*zc';

% Algorithm update

theta(i+1) = theta(i) - muc*lpfcs*lpfcc;

end

% The estimated sinusoid to demodulate

carest = cos(2*pi*fc*t + theta(end));

end

% Demodulation (Downconversion)

f_r = abs(fft(r)); % Fourier Trasform of received signal r

figure();

plot(ssf,abs(fftshift(fft(r,N_F))));

xlabel('Frequency (Hz)'); ylabel('Magnitude');

title('Fourier Transform of r[kTs]','Color','r');

dem_r = r.*carest'; % Demodulated r

f_dem_r = abs((fft(dem_r))); % Fourier Trasform of demodulated

% received signal r
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figure();

plot(ssf,abs(fftshift(fft(dem_r,N_F))));

xlabel('Frequency (Hz)'); ylabel('Magnitude');

title('Fourier Transform of demodulated r[kTs]','Color','r');

% Plot phase-offset

if(crAlgorithm == 1 && crAlgParameter == 1) % Single Costas Loop

figure();

plot(t,theta);

xlabel('Time (sec)'); ylabel('\theta');

title('Phase Estimation via Single Costas Loop','Color','r');

elseif(crAlgorithm == 1 && crAlgParameter == 2) % Dual Costas Loop

figure();

plot(t,theta1);

xlabel('Time (sec)'); ylabel('\theta_1');

title('Phase Estimation via Dual Costas Loop','Color','r');

figure();

plot(t,theta2);

xlabel('Time (sec)'); ylabel('\theta_2');

end
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% Technical University of Crete,Fall 2005 - Spring 2006

% Telecommunications Division

% Digital Communication Systems

% Ioannis P. Lazaridis - Sotirios A. Vlachodimitropoulos

% SID: 2000030071 - 2000030055

% Directed by Dr. Athanasios P. Liavas

% Timing Recovery Function

function xs = timingRecovery(dem_r,trAlgorithm,rolloffFactor,k)

% xs = timingRecovery(dem_r,trAlgorithm,rolloffFactor,k)

% 'dem_r' is the demodulated received signal

% (the output of the Carrier Recovery stage)

% 'trAlgorithm' is the choice of the

% Timing Recovery Algorithm shall use

% 'rolloffFactor' is the roll-off factor on SRRC and Interpolator

% 'k' is the number of samples to process

% Matched Filtering

T = 6.4*10^-6; % Nominal symbol period

Ts = 1/(850*10^3); % Sampling period

N_F = 2000; % Number of samples for Fourier Transform

ssf = (-N_F/2:N_F/2-1)/(Ts*N_F); % Frequency Axis(-Fs/2,Fs/2)

m = T/Ts; % Evaluate at m different points

% (Oversampling factor)

l = round(4*(T/Ts)); % One sided length of data to interpolate

% (in symbols)

% Make Square Root Raised Cosine pulse shape for matched filtering

matchfilt = srrc(l,rolloffFactor,m);

% Matched filtering via convolution

r_match = conv(dem_r,matchfilt);

% Disregard the tail of convolution

r_match(end-length(matchfilt)+2:end)=[];
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% Clock Recovery minimizing Cluster Variance

if(trAlgorithm == 1)

N = round(k*Ts/T)-2*l; % Number of data points

tnow = l*m+1; tau=0; xs=zeros(1,N); % Initialize vectors and

% variables

tausave = zeros(1,N); tausave(1) = tau; i=0;

mu = 0.3; % Algorithm stepsize

delta = 0.01; % Time for derivative

while tnow<k-l*m % Run iteration

i=i+1;

% Interpolated value at tnow+tau

xs(i) = interpolation(r_match,tnow+tau,l);

% Get value to the right

x_deltap = interpolation(r_match,tnow+tau+delta,l);

% Get value to the left

x_deltam = interpolation(r_match,tnow+tau-delta,l);

% Calculate numerical derivative

dx = x_deltap - x_deltam;

% Quantize xs to nearest 4-PAM symbol

qx = quantalph(xs(i),[-3, -1, 1, 3]);

% Algorithm update (Decision Directed)

tau = tau + mu*dx*(qx-xs(i));

% Save for plotting

tnow = tnow+m; tausave(i) = tau;

end

% Optimize the output...

i=0; tau=tausave(end);

while tnow<k-l*m % Run iteration

i=i+1;

% Interpolated value at tnow+tau

xs(i) = interpolation(r_match,tnow+tau,l);

% Update time tnow

tnow = tnow+m;

end

% Disregard the first four symbols

xs = xs(round(m):end);

% Plotting

figure();

plot(tausave);
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xlabel('Iterations'); ylabel('Time Offset Estimates');

title('Clock Recovery minimizing Cluster Variance','Color','r');

figure();

scatter(1:4000,xs(1:4000));

xlabel('Iterations'); ylabel('Estimated Symbol Values');

title('Constellation History before Equalization','Color','r');

end

% Clock Recovery maximizing Output Power

if(trAlgorithm == 2)

N = round(k*Ts/T)-2*l; % Number of data points

tnow = l*m+1; tau=0; xs=zeros(1,N);% Initialize vectors and

% variables

tausave = zeros(1,N); tausave(1) = tau; i=0;

mu = 0.3; % Algorithm stepsize

delta = 0.009; % Time for derivative

while tnow<k-l*m % Run iteration

i=i+1;

% Interpolated value at tnow+tau

xs(i) = interpolation(r_match,tnow+tau,l);

% Get value to the right

x_deltap = interpolation(r_match,tnow+tau+delta,l);

% Get value to the left

x_deltam = interpolation(r_match,tnow+tau-delta,l);

% Calculate numerical derivative

dx = x_deltap - x_deltam;

% Algorithm update (energy)

tau = tau + mu*dx*xs(i);

% Save for plotting

tnow = tnow+m; tausave(i) = tau;

end

% Optimize the output...

i=0; tau=tausave(end);

while tnow<k-l*m % Run iteration

i=i+1;

% Interpolated value at tnow+tau

xs(i) = interpolation(r_match,tnow+tau,l);
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% Update time tnow

tnow = tnow+m;

end

% Disregard the first four symbols

xs = xs(round(m):end);

% Plotting

figure();

plot(tausave);

xlabel('Iterations'); ylabel('Time Offset Estimates');

title('Clock Recovery maximizing Output Power','Color','r');

figure();

scatter(1:4000,xs(1:4000));

xlabel('Iterations'); ylabel('Estimated Symbol Values');

title('Constellation History before Equalization','Color','r');

end

% Plotting for Matched Filtering (FDM user slot allotment: 204 KHz)

figure();

semilogy(ssf,abs(fftshift(fft(matchfilt,N_F))));

grid on;

xlabel('Frequency (Hz)');ylabel('Magnitude (dB)');

title('Frequency Response of Matched Filter','Color','r');

figure();

semilogy(ssf,abs(fftshift(fft(r_match,N_F))));

grid on;

xlabel('Frequency (Hz)'); ylabel('Magnitude (dB)');

title('Input Signal after Matched Filtering','Color','r');
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% Technical University of Crete,Fall 2005 - Spring 2006

% Telecommunications Division

% Digital Communication Systems

% Ioannis P. Lazaridis - Sotirios A. Vlachodimitropoulos

% SID: 2000030071 - 2000030055

% Directed by Dr. Athanasios P. Liavas

% Equalizer and Channel Estimation Function

function rq = ...

equalizer(xs,typeOfEstimation,typeOfEqualizer,headPam,taps,l_frame)

% rq = equalizer(xs,typeOfEqualizer,headPam,taps,eqDelay,l_frame)

% 'xs' is the output of the Timing Recovery stage

% (The input at the equalizer)

% 'typeOfEstimation' is the parameter which

% correponds to channel estimation method

% 'typeOfEqualizer' is the choice of the Equalizer we shall use

% 'headPam' is the header/training sequence that starts each frame

% 'taps' is the number of Equalizer taps (Equalizer coefficients)

% 'l_frame' is the frame marker sequence period (in symbols)

% Correlation can locate the header with the data

% Header is a predefined string (head_pam)

% Do correlation...

for i=0:30

corr(i+1)=headPam*xs(1+(50*l_frame)+i:length(headPam)+(50*l_frame)+i)';

corr(i+1)=corr(i+1)/(length(headPam)*5);

end

% Using correlation, find a window (5 taps)

% with maximum energy

for i=1:26

energy(i) = sum(corr(i:i+4).^2);

end

[zz,delay] = max(energy); % Location of largest energy,

% gives the channel delay
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xs = xs(delay+1:end); % Disregard the first symbols,

% according to specific channel

% delay

% Channel Estimation

if(typeOfEstimation == 1) % Using Cross-Correlation

h = corr(delay:delay+4)'; % Estimated channel impulse response

else

for i=1:241 % Using LS-solution

A(i,:) = headPam(4+i:-1:i);

end

% Estimated channel impulse response

h = inv(A'*A)*A'*xs(4:length(headPam)-1)';

end

% Plotting

figure();

stem(energy);

xlabel('Index');ylabel('Energy Over a Window Of 5 Samples');

title('Maximum Energy Corresponds To The Start Of Frame','Color','r');

figure();

stem(h);

xlabel('Taps');ylabel('Impulse Response');

title('Estimated Channel','Color','r');

% Case of LS-Equalizer

if(typeOfEqualizer == 1)

p = length(headPam)-delay; % Data windows

R = toeplitz(xs(taps:p),xs(taps:-1:1)); % Build matrix R

S = headPam(taps-delay:p-delay)'; % and vector S

f = inv(R'*R)*R'*S; % Calculate equalizer taps

y = filter(f,1,xs); % Equalizer is a filter

y = y(delay+1:end); % Synchronize data for

% specific channel delay

rq = quantalph(y,[-3 -1 1 3]); % Quantize to 4-PAM

% alphabet
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comb = conv(f,h); % Combined Impulse

% Response

% Channel with

% LS-Equalizer

% Plotting

figure();

stem(f);

xlabel('Taps'); ylabel('Value');

title('Taps of LS-Equalizer','color','r');

figure();

stem(comb);

xlabel('Index'); ylabel('Impulse Response');

title('Combined Impulse Response Channel -

LS Equalizer','color','r');

figure();

stem(corr);

xlabel('Index');

title('Correlation of Header with Data','Color','r');

figure();

scatter(1:4000,y(1:4000));

xlabel('Iterations'); ylabel('Estimated Symbol Values');

title('Optimal LS-Equalizer Output','Color','r');

end

% Case of LMS-Equalizer

if(typeOfEqualizer == 2)

f=zeros(taps,length(headPam)-taps-1); % Initialize equalizer at 0

mu=.01; % Algorithm stepsize

j=1;

for i=1+taps:length(headPam) % Iterate

rr = xs(i:-1:i-taps+1)'; % Window of Data

error = headPam(i-delay)-f(:,j)'*rr;% Calculate error

f(:,j+1) = f(:,j) + mu*error*rr; % Update equalizer

% coefficients

j = j+1;

end
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y = filter(f(:,end),1,xs); % Equalizer is a filter

y = y(delay+1:end); % Synchronize data

% for specific channel

% delay

rq = quantalph(y,[-3,-1,1,3]); % Quantize to 4-PAM

% alphabet

comb = conv(f(:,end),h); % Combined Impulse Response

% Channel with

% LMS -Equalizer

% Plotting

figure();

xlabel('Iterations'); ylabel('Value');

title('Taps of LMS-Equalizer in time','color','r');

hold on;

for i=1:taps

grid on;

plot(f(i,:));

end

figure();

stem(comb);

xlabel('Index'); ylabel('Impulse Response');

title('Combined Impulse Response Channel -

LMS Equalizer','color','r');

figure();

stem(corr);

xlabel('Index');

title('Correlation of Header with Data','Color','r');

figure();

scatter(1:4000,y(1:4000));

xlabel('Iterations'); ylabel('Estimated Symbol Values');

title('Optimal LMS-Equalizer Output','Color','r');

end
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% Case of Viterbi-Equalizer

if(typeOfEqualizer == 3)

pamSymbol = [-3 -1 1 3]; % Used known alphabet for 4-PAM

% symbols

xs = xs(1:2000);

N = length(xs); % Length of data (input)

M = length(pamSymbol); % Length of alphabet

L = length(h)-1; % L is the length of channel - 1

input=[xs' ; (ones(L,1)*-1)]; % Pad input signal with L -1 symbols

% Some initial conditions...

cost = zeros(N+L+1, M^L);

cost(:,:) = 10^10;

cost(1,1) = 0;

path = zeros(N+L+1, M^L);

path(1,:) = -3;

for n=1:N+L % Do for all time indices n

for ii=1:M^L % Update all costs and surviving sequences

for j=1:4 % For previous states

realState(j,:) = [state2sym(ii-1) pamSymbol(j)];

localCost(j) = (input(n) - sum(h'.*realState(j,:)))^2;

stSym = state2sym(ii-1);

oldState(j,:) = ...

bit2int(sym2bit([stSym(2:L) pamSymbol(j)]))+1;

symCost(j) = cost(n,oldState(j,:)) + localCost(j);

end

% Choose lower cost

[minCost,ind] = min(symCost);

% Update cost and path on trellis diagram

cost(n+1,ii) = minCost;

path(n+1,ii) = pamSymbol(ind);

end

end

currentState=1;
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% The path on trellis diagram with the lower total

% cost gives the estimation of the input at the channel

for n = N+L:-1:1

% A buffer with 4 symbols where found at specific state

currentSymbols = state2sym(currentState-1);

% Estimate the input sequence

if n<=N

rq(n) = currentSymbols(1);

end

% Update state to find the correct symbol at the input

currentState = bit2int(sym2bit(( ...

[currentSymbols(2:L) path(n+1, currentState) ] )))+1;

end

end
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% Technical University of Crete,Fall 2005 - Spring 2006

% Telecommunications Division

% Digital Communication Systems

% Ioannis P. Lazaridis - Sotirios A. Vlachodimitropoulos

% SID: 2000030071 - 2000030055

% Directed by Dr. Athanasios P. Liavas

% Decoding Function

function ztext = decoding(rq,l_frame,headPam)

% ztext = decoding(rq,l_frame,headPam)

% 'rq' is the output of the Equalization stage

% (The input for decoding)

% 'l_frame' is the frame marker sequence period (in symbols)

% 'headPam' is the header/training sequence

% that starts each frame

j=1;

for i=1:l_frame:length(rq)-l_frame

r_hat(j:(l_frame-length(headPam)-1+j))=...

rq(i+length(headPam):i+l_frame-1);

j=j+l_frame-length(headPam);

end

% (5,2) Binary Linear Block Code Part 1: Definitions

% The generator and parity check matrices

g = [1 0 1 0 1;

0 1 0 1 1];

h = [1 0 1 0 0;

0 1 0 1 0;

1 1 0 0 1];

% "Inverse" ginv such that cw*ginv=x (mod 2)

ginv = [1 1;1 0 ;0 0;1 0;0 1];
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% The syndrome table

syn = [0 0 0 0 0;

0 0 0 0 1;

0 0 0 1 0;

0 1 0 0 0;

0 0 1 0 0;

1 0 0 0 0;

1 1 0 0 0;

1 0 0 1 0];

% (5,2) Binary Linear Block Code Part 2: Decoding data

k=1;

for i=1:round(length(rq)/10) % Translate back into 0-1 binary

if r_hat(i) == +3, yy(k:k+1) = [1,1]; end

if r_hat(i) == +1, yy(k:k+1) = [1,0]; end

if r_hat(i) == -1, yy(k:k+1) = [0,1]; end

if r_hat(i) == -3, yy(k:k+1) = [0,0]; end

k = k+2;

end

% Initialize variables

k=1; z = zeros(1,floor((2/5)*length(yy)));

for i=1:5:length(yy)-4 % Decode binary using

% (5,2) block code

eh = mod(yy(i:i+4)*h',2); % Multiply by parity check h'

ehind = eh(1)*4+eh(2)*2+eh(3)+1; % Turn syndrome into index

e = syn(ehind,:); % Error from syndrome table

yy(i:i+4) = mod(yy(i:i+4)+e,2); % Add e to correct errors

z(k:k+1) = mod(yy(i:i+4)*ginv,2); % Decode corrected codeword

k = k+2;

end

% Translate from 0-1 binary to text to receive the secret signal

ztext=bin2text(z);
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% Technical University of Crete,Fall 2005 - Spring 2006

% Telecommunications Division

% Digital Communication Systems

% Ioannis P. Lazaridis - Sotirios A. Vlachodimitropoulos

% SID: 2000030071 - 2000030055

% Directed by Dr. Athanasios P. Liavas

% Viterbi Algorithm for ML sequence estimation

% Data are considered -3, -1, +1, +3

% Channel has length L+1, h(1),...,h(L+1)

close all; clear all; clc;

N = 1000; % Number of samples to process

h = randn(5,1); % Random channel with 5 elements

h = h/norm(h); % Normalized channel

s = randn(N,1); % Random process for input

r = randn(N,1); % Random process for noise

x = quantalph(s,[-3 -1 1 3]); % 4-PAM input

% (Quantize to 4-PAM alphabet)

pamSymbol = [-3 -1 1 3]; % 4-PAM alphabet we shall use

M = length(pamSymbol); % Length of alphabet

L = length(h)-1; % Length of channel -1

k=1;

for SNR = 5:5:20; % For different SNR's in dB

xpower = 5*sum(abs(h).^2); % Power of signal at

% the output of the channel

npower = xpower/(10^(SNR/10)); % Noise variance for different SNR's

noise = sqrt(npower)*r; % Additional noise

y = conv(x,h); % Convolve data with channel

y = y(1:N); % Disregard the tail of convolution

xs = y + noise; % Output of the channel
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input=[xs ; (ones(L,1).*-1)]; % Pad input signal

% with L -1 symbols

% Some initial conditions...

% Initialize cost

cost = zeros(N+L+1, M^L);

cost(1,:) = inf;

cost(1,1) = 0;

% Initialize path on trellis diagram

path = zeros(N+L+1, M^L);

path(1,:) = -3;

for n=1:N+L % Do for all time indices n

for ii=1:M^L % Update all costs and surviving sequences

for j=1:4 % For previous states

realState(j,:) = [state2sym(ii-1) pamSymbol(j)];

localCost(j) = (input(n) - sum(h'.*realState(j,:)))^2;

stSym = state2sym(ii-1);

oldState(j,:) = ...

bit2int(sym2bit([stSym(2:L) pamSymbol(j)]))+1;

symCost(j) = cost(n,oldState(j,:)) + localCost(j);

end

% Choose lower cost

[minCost,ind] = min(symCost);

% Update cost and path on trellis diagram

cost(n+1,ii) = minCost;

path(n+1,ii) = pamSymbol(ind);

end

end

currentState=1;
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% The path on trellis diagram with the lower total

% cost gives the estimation of the input at the channel

for n = N+L:-1:1

% A buffer with 4 symbols where found at specific state

currentSymbols = state2sym(currentState-1);

% Estimate the input sequence

if n<=N

out(n) = currentSymbols(1);

end

% Update state to find the correct symbol at the input

currentState = bit2int(sym2bit((...

[currentSymbols(2:L) path(n+1, currentState) ] )))+1;

end

% Calculate errors for each SNR

errors(k) = (sum(out' ~= x))/N;

k=k+1;

end

% Plotting BER

semilogy(5:5:20,errors,'-s');

grid on;

xlabel('SNR in dB');

ylabel('Bit Error Rate');

title('BER vs SNR','Color','r');
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% Technical University of Crete,Fall 2005 - Spring 2006

% Telecommunications Division

% Digital Communication Systems

% Ioannis P. Lazaridis - Sotirios A. Vlachodimitropoulos
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% Directed by Dr. Athanasios P. Liavas

% C. R. Johnson, Jr - William A Sethares

% Quantizer Function (Quantize to nearest 4-PAM symbol)

function y = quantalph(x,alphabet)

% y = quantalph(x,alphabet)

% Quantize the input signal x to the alphabet

% using nearest neighbor method

% 'x' is the input vector to be quantized

% 'alphabet' is the vector of discrete values that y can take on

% sorted in ascending order

% 'y' is the output - the quantized vector

[r c] = size(alphabet);

if c>r

alphabet = alphabet';

end

[r c] = size(x);

if c>r

x = x';

end

alpha = alphabet(:,ones(size(x)))';

dist = (x(:,ones(size(alphabet)))-alpha).^2;

[v,i] = min(dist,[],2);

y = alphabet(i);
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% Directed by Dr. Athanasios P. Liavas

% C. R. Johnson, Jr - William A Sethares

% Square Root Raised Cosine Pulse Function

function s = srrc(syms, beta, P, t_off);

% s = srrc(syms, beta, P, t_off);

% Generate a Square-Root Raised Cosine Pulse

% 'syms' is the one sided length of srrc pulse in symbol durations

% 'beta' is the rolloff factor: beta=0 gives the sinc function

% 'P' is the oversampling factor

% 't_off' is the phase (or timing) offset

% If unspecified, offset is 0

if nargin==3, t_off=0; end;

% Sampling indices as a multiple of T/P

k = -syms*P + 1e-8 + t_off:syms*P + 1e-8 + t_off;

% Numerical problems if beta=0

if (beta==0), beta = 1e-8; end;

% Calculation of srrc pulse

s = 4*beta/sqrt(P)*(cos((1+beta)*pi*k/P)+...

sin((1-beta)*pi*k/P)./(4*beta*k/P))./...

(pi*(1-16*(beta*k/P).^2));
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% Interpolator Function

function y = interpolation(x, t, l, beta)

% y = interpolation(x, t, l, beta)

% 'x' is the sampled data

% 't' is the place at which value desired

% 'l' is the one sided length of data to interpolate

% 'beta' is the rolloff factor for SRRC function

% if beta = 0 is a sinc

if nargin == 3, beta = 0; end; % If unspecified, beta is 0

tnow = round(t); % Create indices tnow = integer part

tau = t-round(t); % plus tau = fractional part

s_tau = srrc(l,beta,1,tau); % Interpolating sinc at offset tau

for i=1:2*l+1

x_tau(i) = x(tnow-i)*s_tau(i); % Interpolate the signal

end

y = sum(x_tau); % y is the new sample
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% Function which converts 7-bit representation to a text string

function ztext = bin2text(z)

rp = floor(length(z)/7); rez='';

for i=1:7*rp

rez(i) = num2str(z(i));

end

recon = reshape(rez,7,rp)';

ztext = char(bin2dec(recon))';
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% Ioannis P. Lazaridis - Sotirios A. Vlachodimitropoulos
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% Converts each 8 consecutive bits (MSbit @ bottom, LSbit @ top)

% of the bs

% column vector of bits (1/0), to the corresponding integer in

% {0,...,255}

function intrep = bit2int(bs)

intrep = [2^7 2^6 2^5 2^4 2^3 2^2 2 1]*bs;
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% Function which converts an integer to a 8-bit string

function bitstring = int2bitstring(n)

% bitstring = int2bitstring(n)

% 'n' is the input to convert

% 'bitstring' is the output of the function

% The column of this matrix will store the 8-bit binary

% representation of the integers contained in vector n.

% Most Significant bit is at the top of each

% column and Least Significant bit is at the bottom

bitstring = zeros(8,1);

for k=8:-1:1

bit = mod(n,2);

bitstring(k,:) = bit';

n = n-bit;

n = n/2;

end
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% Function which translates a decimal state (0 to 255)

% to 4 PAM symbols, using known alphabet [-3 -1 1 3]

function symbols = state2sym(state)

binState = int2bitstring(state); % Converts decimal state to binary

j=1;

for pointer=1:2:8

if binState(pointer)==0 && binState(pointer+1)==0

symbols(1,j) = -3;

elseif binState(pointer)==0 && binState(pointer+1)==1

symbols(1,j) = -1;

elseif binState(pointer)==1 && binState(pointer+1)==0

symbols(1,j) = 1;

else

symbols(1,j) = 3;

end

j=j+1;

end
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% Function which translates 4-PAM symbols to a binary

% representation, using known alphabet [-3 -1 1 3]

function bitstring = sym2bit(symbols)

j=1;

bitstring = zeros(8,1);

for i=1:min(length(symbols),4)

if(symbols(i)==-3)

bitstring(j:j+1)=[0 ; 0];

elseif(symbols(i)==-1)

bitstring(j:j+1)=[0 ; 1];

elseif(symbols(i)==1)

bitstring(j:j+1)=[1 ; 0];

else

bitstring(j:j+1)=[1 ; 1];

end

j=j+2;

end
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