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0.1 Ðñüëïãïò

Ç äéðëùìáôéêÞ áõôÞ åñãáóßá áðåõèýíåôáé óå êïéíü ðñïðôõ÷éáêïý åðéðÝ-
äïõ çëåêôñïëüãùí ìç÷áíéêþí êáé ìç÷áíéêþí õðïëïãéóôþí. Ðáñüëá áõôÜ
ãéá ôçí ðëÞñç êáôáíüçóç êáé ìåëÝôç áõôÞò ôçò äéðëùìáôéêÞò ÷ñåéÜæåôáé åì-
âÜèõíóç óôç èåùñßá óçìÜôùí (Digital Signal Processing), áñ÷þí ôçëåðéêïé-
íùíéþí, óôïí ðñïãñáììáôéóìü ìå C êáé óå áñ÷éôåêôïíéêÞ õðïëïãéóôþí êáé
óõãêåêñéìÝíá åðåîåñãáóôþí DSP.

0.2 Ðåñßëçøç

Ôï Software De�ned Radio (SDR) åßíáé Ýíáò áðïôåëåóìáôéêüôåñïò ôñü-
ðïò áóýñìáôçò åðéêïéíùíßáò. Ç äéáöïñåôéêüôçôÜ ôïõ âñßóêåôáé óôï ãåãïíüò
üôé äéáäéêáóßåò ðïõ ðáñáäïóéáêÜ åßíáé õðåýèõíï ôï hardware ãßíïíôáé áðü
software, ìå áðïôÝëåóìá íá õðÜñ÷åé ìåãáëýôåñç åõåëéîßá, áöïý ôï software
åýêïëá áëëÜæåé êáé ðáñáìåôñïðïéåßôáé. ÄçëáäÞ, âáóéêüò óêïðüò åßíáé ôï çëå-
êôñïìáãíçôéêü óÞìá íá ãßíåé Ýíá øçöéáêü óÞìá êáé óôç óõíÝ÷åéá íá ôï åðå-
îåñãáóôïýìå ìå Ýíáí êáôÜëëçëï åðåîåñãáóôÞ. Êáôáëëçëüôåñïé åðåîåñãáóôÝò
ãéá áõôÞ ôç ëåéôïõñãßá åßíáé ïé åðåîåñãáóôÝò óÞìáôïò (DSP). Åßíáé åéäéêåõ-
ìÝíïé åðåîåñãáóôÝò ðïõ åêôåëïýí êÜðïéåò óõíçèéóìÝíåò ìáèçìáôéêÝò ðñÜîåéò
ðïëý ãñÞãïñá åêìåôáëëåõüìåíïé ðáñÜëëçëåò áñ÷éôåêôïíéêÝò ðïõ Ý÷ïõí óôï
åóùôåñéêü ôïõò. Ãéá ôçí õëïðïßçóç ÁíáëõôÞ ÖÜóìáôïò óôïí õðïëïãéóôÞ ìå
ôå÷íéêÝò software radio ÷ñåéÜæåôáé ï êáôÜëëçëïò åîïðëéóìüò êáèþò êáé êá-
ôÜëëçëïò ðñïãñáììáôéóìüò ôïõ åîïðëéóìïý áõôïý. Ï áðáñáßôçôïò åîïðëéóìüò
åßíáé ìéá êåñáßá, Ýíáò ãñÞãïñïò Á/D/Á ìåôáôñïðÝáò, Ýíáò åðåîåñãáóôÞò êáé
ìéá ïèüíç. Ìéá êåñáßá ìå åõñý öÜóìá ôñïöïäïôåß ôïí Á/D ìåôáôñïðÝá ðïõ
óåñâßñåé ôá äåäïìÝíá óôïí åðåîåñãáóôÞ. Ôï ðñüãñáììá ôï ïðïßï ôñÝ÷åé óôïí
åðåîåñãáóôÞ ðñÝðåé íá åßíáé êáôÜëëçëï êáé íá õëïðïéåß ôÝôïéåò ôå÷íéêÝò ðïõ
èá åðéôñÝðïõí ôçí real-time ðáñïõóßáóç ôïõ öÜóìáôïò ôïõ ëáìâáíüìåíïõ óÞ-
ìáôïò óôçí ïèüíç.

áóýñìáôç åðéêïéíùíßá software radio SDR ìåôáôñïðÝáò åðåîåñãáóôÞò óÞìá-
ôïò DSP áíáëõôÞò öÜóìáôïò
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0.3 Summary

Software De�ned Radio is a more e�cient way of wireless communication.
The advantage of SDR is that procedures that traditionally were dealt by the
hardware now are dealt by software. This has as a result of more 
exibility in
terms of equipment and infrastructure. The basic goal is the electromagnetic
signal to become a digital signal that can be easily processed on an appro-
priate processor. The most appropriate processors for these tasks are Digital
Signal Processors (DSP). They are speci�cally designed to execute common
mathematical procedures very fast taking advantage of the parallelism they
have in their architecture. For the creation of the Spectrum Analyzer for a
PC with software radio technics, special hardware and software is required.
The hardware is a broadband antenna, a fast A/D/A converter, a precessing
unit and a monitor. The broadband antenna is connected to the A/D con-
verter that serves the data to the processor. The program that runs on that
processor has to make use of mathematical technics that will make real-time
monitoring of the frequency spectrum of the signal from a monitor possible.

wireless communication software radio SDR converter signal processor DSP
spectrum analyzer
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ÊåöÜëáéï 1

ÅéóáãùãÞ óôï Software De�ned
Radio (SDR)

1.1 Ôé åßíáé ôï SDR

Ôï Software De�ned Radio (SDR) åßíáé Ýíáò áðïôåëåóìáôéêüôåñïò ôñüðïò
áóýñìáôçò åðéêïéíùíßáò. Ç äéáöïñåôéêüôçôÜ ôïõ âñßóêåôáé óôï ãåãïíüò üôé
äéáäéêáóßåò ðïõ ðáñáäïóéáêÜ åßíáé õðåýèõíï ôï õëéêü (hardware) ãßíïíôáé áðü
ëïãéóìéêü (software), ìå áðïôÝëåóìá íá õðÜñ÷åé ìåãáëýôåñç åõåëéîßá, áöïý ôï
software åýêïëá áëëÜæåé êáé ðáñáìåôñïðïéåßôáé. Ôï éäáíéêü Software De�ned
Radio ðñïóöÝñåé ôçí ìÝãéóôç åõåëéîßá êáé ðáñáìåôñïðïéçóéìüôçôá ðïõ ìðïñåß
íá åðéôåõ÷èåß.

H ôå÷íïëïãßá ôùí ôçëåðéêïéíùíéþí, ç ïðïßá öáíôÜæåé ðáñáäïóéáêÞ, ðñü-
êåéôáé íá áëëÜîåé Üñäçí óôá ðñïóå÷Þ Ýôç. Ïé ðáñáäïóéáêïß äÝêôåò öôéÜ÷íïíôáé
ìå áíáëïãéêÜ óôïé÷åßá (ðõêíùôÝò, ðçíßá êáé áíôéóôÜóåéò) üðïõ ãéá íá åðéôåõ-
÷èåß ð.÷. ï óõíôïíéóìüò ìå Ýíá öÝñïí èá Ýðñåðå íá áëëÜîåéò ìå êÜðïéïí ôñüðï
ôá áíáëïãéêÜ áõôÜ óôïé÷åßá. Ãéá ðïëëÜ ÷ñüíéá, ìÝ÷ñé êáé óÞìåñá, ç áíáëï-
ãéêÞ áõôÞ ôå÷íïëïãßá, Ý÷ïíôáò ðñïöáíþò áíáðôõ÷èåß óöüäñá, ìáò äßíåé éêá-
íïðïéçôéêÝò ëýóåéò ãéá ôéò áíÜãêåò ìáò. ÁëëÜ áõôü ðñüêåéôáé íá áëëÜîåé óôï
ðñïóå÷Ýò ìÝëëïí. Ç FCC (Federal Communications Commission), ôï SDR
Forum êáé ç âéïìç÷áíßá ôçëåðéêïéíùíéþí åßíáé åíùìÝíá óôï êõíÞãé ôïõ éäá-
íéêïý Software-de�ned radio (SDR). Óýìöùíá ìå ôçí FCC, óå Ýíá óýóôçìá
"software-de�ned radio", äéáäéêáóßåò ïé ïðïßåò áðïêëåéóôéêÜ åêôåëïýíôáí óå
õëéêü, üðùò ð.÷. ç äçìéïõñãßá ôïõ óÞìáôïò ðïõ åðñüêåéôï íá áðïóôáëåß êáé
ï óõíôïíéóìüò êáé áíß÷íåõóç ôïõ ëáìâáíüìåíïõ óÞìáôïò, ðñáãìáôïðïéïýíôáé
áðü ëïãéóìéêü ðïõ åêôåëåßôáé óå åðåîåñãáóôÝò åéäéêåõìÝíïõò óå åðåîåñãá-
óßá óÞìáôïò. ÔÝôïéïé åðåîåñãáóôÝò ìðïñåß íá åßíáé Ýíáò DSP (Digital Signal
Processor) ôçò TI ðÜíù óå êÜðïéá âïçèçôéêÞ ðëáêÝôá Þ áêüìá êáé ìßá êÜñôá
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Ó÷Þìáôá 1.1: ÐáñáäïóéáêÞ Áñ÷éôåêôïíéêÞ

ãñáöéêþí ôåëåõôáßáò ãåíéÜò ôçò ïðïßáò ç ëåéôïõñãßá ðåñéïñßæåôáé óôï fade-in
and fade-out ôùí ðáñáèýñùí ôïõ åîåñåõíçôÞ óå êÜðïéï ëåéôïõñãéêü óýóôçìá.

Ôï SDR Forum ïñßæåé ìéá óõóêåõÞ óáí SDR-óõóêåõÞ üôáí áõôÞ ëåé-
ôïõñãåß áíåîáñôÞôùò óõ÷íüôçôáò öÝñïíôïò êáé ìðïñåß íá ëåéôïõñãÞóåé óå ìéá
ðëçèþñá áðü ðåñéâÜëëïíôá êáé ðñùôüêïëëá ôçëåðéêïéíùíéþí. Ðçãáßíïíôáò
Ýíá âÞìá ðáñáðÝñá, ôï SDR Forum ïñßæåé ôï éäáíéêü SDR ùò åêåßíï ðïõ
Ý÷åé ðïìðïäÝêôåò ðïõ Üíù-ó÷çìáôßæïõí (upconversion) êáé êÜôù-ó÷çìáôßæïõí
(downconversion) ôï óÞìá áðü óÞìá âÜóçò (baseband) óå óÞìá öÝñïíôïò
(carrier), áðïêëåéóôéêÜ øçöéáêÜ, ðåñéïñßæïíôáò ôï áíáëïãéêü êïììÜôé óå Ýíáí
åíéó÷õôÞ éó÷ýïò óôçí áðïóôïëÞ, óå Ýíáí LNA óôçí ëÞøç êáé ìéêñü ç êáèüëïõ
áíáëïãéêü öéëôñÜñéóìá. Óå áõôÞí ôçí éäáíéêÞ ðåñßðôùóç SDR, åßíáé äõíáôüí
íá áíáâáèìéóôïýí ç íá áëëÜîïõí ôåëåßùò ôá ÷áñáêôçñéóôéêÜ åíüò ôçëåðéêïé-
íùíéáêïý óõóôÞìáôïò, áðëÜ áðü ôçí áíáâÜèìéóç ôïõ ëïãéóìéêïý. Áõôü ç
éäáíéêÞ ðåñßðôùóç ðïõ áíáöÝñåé ôï SDR Forum, ìÝ÷ñé ðñüôéíïò, öÜíôáæå áäý-
íáôç ëüãù ôçò õðïáíÜðôõêôçò ôå÷íïëïãßáò ãéá ôçí Üìåóç ìåôáôñïðÞ ôïõ õøß-
óõ÷íïõ óÞìáôïò RF óå øçöéáêü óÞìá. Ôþñá íÝá ïëïêëçñùìÝíá êõêëþìáôá
ðïõ õëïðïéïýí ôÝôïéåò äéáäéêáóßåò ðñïóöÝñïõí ìåãáëýôåñåò ôá÷ýôçôåò ìå ÷á-
ìçëÞ êáôáíÜëùóç éó÷ýïò. Ôï êáëýôåñï ðïõ Ý÷åé íá áíáäåßîåé ç ôå÷íïëïãßá
óå ïëïêëçñùìÝíï êýêëùìá ãéá áõôÝò ôéò ëåéôïõñãßåò åßíáé ç ìåôáôñïðÞ óõ-
÷íïôÞôùí öÝñïíôïò ôçò ôÜîçò ôùí 5GHz Üìåóá óå øçöéáêü óÞìá. Óôï ðáñüí
êåöÜëáéï èá ðåñéãñÜøïõìå êÜðïéá ðñïúüíôá ðïõ åßíáé äéáèÝóéìá óÞìåñá, ãéá
íá êÜíïõìå ìéá ðéï ÷åéñïðéáóôÞ åéóáãùãÞ óôï Software-Radio êáé íá êáôáëÜ-
âïõìå ôé åßíáé åöéêôü óÞìåñá, ôé Ýðåôáé íá ãßíåé êáé ðïéåò åßíáé ïé äõíáôüôçôåò
áõôÞò ôçò ôå÷íïëïãßáò.
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Ó÷Þìáôá 1.2: SDR Áñ÷éôåêôïíéêÞ

1.2 Ñüëïò ôïõ SDR

Ôï SDR ðáßæåé ðïëý óðïõäáßï ñüëï ãéá ôï ìÝëëïí êáé ôçí áîéïðéóôßá ôùí
ôçëåðéêïéíùíéþí ðïõ óõìðåñéëáìâÜíïõí äéáóõíåñãáóßá (interoperability) ìå-
ôáîý ôùí óõóôçìÜôùí. ¼ðùò åßíáé ãíùóôü, êÜðïéåò õðçñåóßåò üðùò ð.÷. ç
ðõñïóâåóôéêÞ êáé ç áóôõíïìßá äåí Ý÷ïõí åðéêïéíùíßá ìåôáîý ôïõò åðåéäÞ ïé
óõ÷íüôçôåò ôéò ïðïßåò ÷ñçóéìïðïéïýí åßíáé äéáöïñåôéêÝò. Ìå ôï éäáíéêü SDR,
ìðïñåß íá ÷ñçóéìïðïéçèåß ëïãéóìéêü óáí ìåôáöñáóôÞò ìåôáîý ôåëåßùò äéáöï-
ñåôéêþí ü÷é ìüíï óõ÷íïôÞôùí áëëÜ êáé ôñüðïõ äéáìüñöùóçò. Ãéá ðáñÜäåéãìá,
ôçëåðéêïéíùíßá ìå öÝñïí óôá 900MHz èá ìðïñåß íá ìéëÞóåé ìå ôçëåðéêïéíùíßá
óôá 2.4GHz, GSM êéíçôÜ èá åðéêïéíùíïýí ìå CDMA ôçëÝöùíá.. ÓçìáíôéêÞ
åöáñìïãÞ âñßóêåé êáé ï óôñáôüò üðïõ èá ìðïñåß íá åðéêïéíùíåß óå äéÜöïñåò
óõ÷íüôçôåò. Ï óôñáôüò çò ÁìåñéêÞò (áðü üðïõ Ý÷ïõìå êáé óçìáíôéêÝò åöáñ-
ìïãÝò ôïõ Software Radio) êáé óõãêåêñéìÝíá ôï JTRS (U.S. Military Joint
Tactical Radio System) ðñüãñáììá Ýèåóå óáí óôü÷ï íá õðïóôçñßîåé 33 ôå-
÷íéêÝò äéáìüñöùóçò êáé äéáöïñåôéêÝò óõ÷íüôçôåò öÝñïíôïò ìÝóá óôï åýñïò
ôùí 2MHz Ýùò 55GHz ìå Ýíá frontend. ÌÝ÷ñé ôþñá, ï ó÷åäéáóìüò ôçëåðé-
êïéíùíéáêþí óõóôçìÜôùí ðåñéïñéæüôáí ìüíï óå áíáëïãéêÜ frontends (RFEs)
ãéá upconversion êáé downconversion óå åíäéÜìåóç óõ÷íüôçôá (IF Interme-
diate Frequency) ðïõ óõíÞèùò åßíáé êÜôù ôùí 100MHz üðïõ Áíáëïãéêïß-óå-
Øçöéáêïß Ìåôáôñïðåßò (ADC Analog-to-Digital Converters) ìðïñïýóáí íá
áíôáðåîÝëèïõí.

Ï äÝêôçò åßíáé ôï äõóêïëüôåñï êáé ðïëõðëïêüôåñï óýóôçìá ðïõ áðïôåëåß
ðñüêëçóç ãéá ôï SDR. Ï éäáíéêüò äÝêôçò ðñÝðåé íá åßíáé óå èÝóç íá áíé-
÷íåýåé ãñÞãïñá ìåôáâáëëüìåíç ðëçñïöïñßá áðü áóèåíÞ RF óÞìáôá ðíéãìÝíá
óôç èÜëáóóá ôïõ èïñýâïõ. ÍÝá RFEs ÷ñçóéìïðïéïýí åîåëéãìÝíåò ôå÷íéêÝò
(superheterodyne, direct-conversion, and hybrid techniques), áëëÜ äåí åßíáé
ìÝóá óôá ðëáßóéá ðïõ ïñßæåé ôï SDR Forum ìå ôï éäáíéêü SDR. ÁíôéèÝôùò
áðëÜ äéåõñýíïõí ôç êëßìáêá ôùí åðåîåñãáóôþí ðïõ äïõëåýïõí óôéò óõ÷íüôç-
ôåò âÜóçò (baseband) üðùò ôá óýã÷ñïíá êéíçôÜ ôçëÝöùíá.
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Ãéá ðáñÜäåéãìá, Ýíáò GSM900 äÝêôçò ìå êåíôñéêÞ óõ÷íüôçôá ëåéôïõñãßáò
ôá 947.5MHz ìå åýñïò 25MHz Ý÷åé ãéá åíäéÜìåóç óõ÷íüôçôá ôá 80MHz ðïõ
åßíáé ìÝóá óôá üñéá ôùí óýã÷ñïíùí óõíçèéóìÝíùí õøçëÞò áíÜëõóçò ADCs.
ÁõôÞ ç õøçëÞò óõ÷íüôçôáò åðåîåñãáóßá äçìéïõñãåß áíåðéèýìçôåò åéêüíåò óå
áíþôåñåò óõ÷íüôçôåò ìåôáîý 1095MHz êáé 1220MHz. ÂÝâáéá Ý÷ïõìå ôå÷íéêÝò
áðüññéøçò áõôþí ôùí åéêüíùí ìå ößëôñá áëëÜ ü÷é ìå 110db ðïõ áðáéôïýí
ïé ðñïäéáãñáöÝò. Áðü ôçí Üëëç áí áíåâÜóïõìå ôçí åíäéÜìåóç óõ÷íüôçôá
óôá 500MHz èá äçìéïõñãçèïýí åéêüíåò 1GHz ðÜíù áðü ôç óõ÷íüôçôá ôïõ
óÞìáôïò üðïõ åýêïëá ìðïñïýìå íá êüøïõìå, áëëÜ èá ÷ñåéáóôïýí ðïëëáðëÝò
ìåôáôñïðÝò (downconversion steps) ãéá íá ìðïýìå óôá üñéá ðïõ äïõëåýåé ï
ADC.

Óå åðüìåíï êåöÜëáéï èá ÷ñçóéìïðïéÞóïõìå Ýíáí ADC/DAC ðïõ äïõëåýåé
óå ìÝãéóôç óõ÷íüôçôá 105MHz. Ïé ðåñéóóüôåñïé ó÷åäéáóôÝò ôçëåðéêïéíù-
íéáêþí óõóôçìÜôùí ÷ñçóéìïðïéïýí ìéá åíäéÜìåóç óõ÷íüôçôá ôçò ôÜîçò ôùí
60-70MHz. ¢ëëåò åôáéñßåò ïé ïðïßåò åîåéäéêåýïíôáé óôï íá äçìéïõñãïýí ãñÞ-
ãïñïõò ADC åßíáé: Linear Technology Corp., Maxim Integrated Products,
Texas Instruments Inc. and TelASIC.
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ÊåöÜëáéï 2

ÅðåîåñãáóôÝò Øçöéáêïý ÓÞìáôïò
(DSP)

2.1 Åðåîåñãáóßá Øçöéáêïý ÓÞìáôïò (DSP) êáé

DSP ÓõóôÞìáôá

¸íá óýóôçìá åðåîåñãáóßáò øçöéáêïý óÞìáôïò (Digital Signal Pro-
cessing System) åßíáé Ýíá óýóôçìá ðïõ üðùò ëÝåé êáé ôï üíïìÜ ôïõ åðåîåñãÜ-
æåôáé øçöéáêü óÞìá. Ç åðåîåñãáóßá áõôÞ ãßíåôáé ìÝóá áðü ìáèçìáôéêÝò äéáäé-
êáóßåò ïé ïðïßåò ïñßæïõí êáé ôï øçöéáêü óÞìá. Ôá øçöéáêÜ óÞìáôá ðñïóäéï-
ñßæïíôáé áðü ìéá óåéñÜ ôéìþí ðïõ áðïêáëïýíôáé äåßãìáôá. ÓõíÞèùò ôÝôïéïõ
åßäïõò äåßãìáôá ëáìâÜíïõìå áðü öõóéêÜ, áíáëïãéêÜ óÞìáôá ìÝóù óõóêåõþí
ìåôáôñïðÞò, üðùò åßíáé Ýíá ìéêñüöùíï ðïõ áêïëïõèåßôáé áðü Ýíáí äåéãìáôïëÞ-
ðôç (Analog-to-Digital Converter ADC). ÌåôÜ áðü ìáèçìáôéêÞ åðåîåñãáóßá
åßíáé äõíáôüí ôá øçöéáêÜ áõôÜ óÞìáôá íá ìåôáôñáðïýí îáíÜ óå öõóéêÜ ìÝóù
ôùí øçöéïðïéçôþí (Digital-to-Analog Converters DAC).

Óå ìåñéêÜ óõóôÞìáôá, ç ÷ñÞóç ôùí DSP (Digital Signal Processors) åß-
íáé ç êáñäéÜ ãéá ôçí ëåéôïõñãßá ôïõ óõóôÞìáôïò. Ãéá ðáñÜäåéãìá, ìüíôåì
(modems) êáé êéíçôÜ ôçëÝöùíá ðåñéÝ÷ïõí êáé åîáñôþíôáé åî' ïëïêëÞñïõ áðü
ôç ÷ñÞóç ôùí DSP (Digital Signal Processor) êáé ôçí ôå÷íïëïãßá ôïõ DSP
(Digital Signal Processing). Óå Üëëá ðñïúüíôá, ç ÷ñÞóç ôùí DSP (Digital
Signal Processor) äåí åßíáé ôüóï ïõóéþäçò, áëëÜ ÷ñçóéìïðïéïýíôáé ëüãù ôùí
ðëåïíåêôçìÜôùí ðïõ Ý÷ïõí üóïí áöïñÜ ôçí åðßäïóç, ôùí åðéðëÝïí ÷áñáêôçñé-
óôéêþí ðïõ ðñïóöÝñïõí Þ áêüìá êáé ôïõ ÷áìçëïý êüóôïõò. Ãéá ðáñÜäåéãìá,
ç âÜóç ôùí íÝùí ôå÷íïëïãéþí áóýñìáôçò äéêôýùóçò âáóßæåôáé óå DSP ãéá
ëüãïõò êüóôïõò êáé åõåëéîßáò.
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2.2 ÐëåïíåêôÞìáôá ôùí Åðåîåñãáóôþí Øçöéáêïý

ÓÞìáôïò

Ç øçöéáêÞ åðåîåñãáóßá ôïõ óÞìáôïò Ý÷åé ðïëëÜ ðëåïíåêôÞìáôá óå
ó÷Ýóç ìå ôçí åðåîåñãáóßá óôï áíáëïãéêü åðßðåäï. Ôï ðéï óçìáíôéêü áðü üëá
åßíáé ôï ãåãïíüò üôé êÜðïéåò äéåñãáóßåò ðïõ óôïí áíáëïãéêü êüóìï öáíôÜ-
æïõí áäýíáôåò Þ åîáéñåôéêÜ êïóôïâüñåò, ìå ôç ÷ñÞóç DSP ãßíïíôáé ìå áðëü
ôñüðï. Ãéá ðáñÜäåéãìá, ôÝôïéïõ åßäïõò äéåñãáóßåò åßíáé ç áíáãíþñéóç êáé
óýíèåóç öùíÞò Þ ãñÞãïñá modem ðïõ ðåñéëáìâÜíïõí áëãïñßèìïõò äéüñèù-
óçò óöáëìÜôùí. ¼ëåò áõôÝò ïé äéåñãáóßåò áðáéôïýí óõíäõáóìü åðåîåñãáóßáò
óÞìáôïò êáé Ýëåã÷ï (ð.÷. ãéá áðïöÜóåéò ðïõ ðñÝðåé íá ëçöèïýí áíáëüãùò ìå
ôá åéóåñ÷üìåíá äåäïìÝíá) ðïõ åßíáé åîáéñåôéêÜ ðïëýðëïêåò ãéá íá õëïðïéçèïýí
áíáëïãéêÜ.

Ôá óõóôÞìáôá DSP Ý÷ïõí åðéðëÝïí ôá åîÞò ðëåïíåêôÞìáôá óå ó÷Ýóç ìå
ôá áíáëïãéêÜ óõóôÞìáôá:

• Áíáßóèçôá óôéò ðåñéâáíôïëëïãéêÝò ìåôáâïëÝò. Ôá óõóôÞìáôá DSP
åßíáé ðïëý ëéãüôåñï åõáßóèçôá áðü ôá áíáëïãéêÜ óõóôÞìáôá ëüãù ôçò
öýóçò ôïõò. Ãéá ðáñÜäåéãìá, ôá áíáëïãéêÜ êõêëþìáôá åðçñåÜæïíôáé
áðü åîùôåñéêÝò óõíèÞêåò üðùò ç èåñìïêñáóßá. Åí áíôéèÝóåé, ôá øç-
öéáêÜ óõóôÞìáôá äåí åîáñôþíôáé áðü ôéò óõíèÞêåò ôïõ ðåñéâÜëëïíôïò
(áí âñßóêïíôáé óôï ÷éüíé Þ óôçí Ýñçìï), ðñÜãìá ðïõ ôá êÜíåé ðåñéóóü-
ôåñï áîéüðéóôá.

• ÁíåîÜñôçôá áðü ôéò ðñïäéáãñáöÝò ôùí óõóêåõþí ôïõò. Ïé áíáëï-
ãéêÝò óõóêåõÝò áðü êáôáóêåõÞò ôïõò Ý÷ïõí êÜðïéåò ôéìÝò áíï÷Þò ðïõ
ðáñåêêëßíïõí áðü ôéò ïíïìáóôéêÝò. Ãéá ðáñÜäåéãìá, ìéá áíôßóôáóç áðü
êáôáóêåõÞò åßíáé åããõçìÝíç üôé èá Ý÷åé ùìéêÞ áíôßóôáóç üóï ç ïíï-
ìáóôéêÞ ôçò ôéìÞ ìå ðáñÝêêëéóç 1%. Ç óõìðåñéöïñÜ ôïõ áíáëïãéêïý
óõóôÞìáôïò ëïéðüí åîáñôÜôáé áðü áõôÝò ôéò ðñïäéáãñáöÝò, ìå áðïôÝëå-
óìá äýï ßäéá óõóôÞìáôá íá ìçí Ý÷ïõí áêñéâþò ôá ßäéá áðïôåëÝóìáôá.
Åí áíôéèÝóåé ôá øçöéáêÜ óõóôÞìáôá áí ó÷åäéáóôïýí êáé õëïðïéçèïýí
óùóôÜ êáé ìå ôïí ßäéï ôñüðï èá Ý÷ïõìå äýï éóïäýíáìá óõóôÞìáôá, üðïõ
ìå ßäéá åßóïäï èá Ý÷ïõìå ôçí ßäéá Ýîïäï.

ÁõôÜ ôá äýï ðëåïíåêôÞìáôá ëïéðüí óõíäõáóìÝíá ìáò äßíïõí ìéá êáëýôåñç
óõìðåñéöïñÜ óå óýãêñéóç ìå ôá áíáëïãéêÜ óõóôÞìáôá:

• ÐñïâëÝøéìç êáé åðáíáëáìâáíüìåíç óõìðåñéöïñÜ. Åöüóïí ç Ýîï-
äïò åíüò DSP óõóôÞìáôïò äåí åðçñåÜæåôáé áðü åîùôåñéêïýò ðáñÜãïíôåò
ç áðü ôéò óõóêåõÝò áðü ôéò ïðïßåò áðïôåëåßôáé, åßíáé äõíáôüí íá ó÷å-
äéáóèïýí êáé íá õëïðïéçèïýí óõóôÞìáôá ðïõ Ý÷ïõí áêñéâþò ôéò ßäéåò
óõìðåñéöïñÝò êáé áðïôåëÝóìáôá.
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ÔÝëïò, ïñéóìÝíá DSP óõóôÞìáôá ðáñïõóéÜæïõí ôá åîÞò ðëåïíåêôÞìáôá:

• ÅðáíáðñïãñáììáôÞóéìá. Ôï ðñüãñáììá ðïõ åêôåëåß Ýíáò DSP ìðï-
ñåß åýêïëá íá áëëÜîåé Þ íá ôñïðïðïéçèåß þóôå íá ðñïóöÝñåé ðáñáðÜíù Þ
äéáöïñåôéêÝò ëåéôïõñãßåò, ôç óôéãìÞ ðïõ óå ðåñßðôùóç áíáëïãéêïý óõ-
óôÞìáôïò èá ÷ñåéáæüôáí öõóéêÞ áëëáãÞ ôùí óõóêåõþí ôïõ óõóôÞìáôïò.

• Ìéêñü ìÝãåèïò. Ôï ìÝãåèïò ôùí áíáëïãéêþí óõóêåõþí ðïéêßëåé óå
ó÷Ýóç ìå ôéò ïíïìáóôéêÝò ôïõ ôéìÝò. Ãéá ðáñÜäåéãìá Ýíáò ðõêíùôÞò
100ìF åßíáé ìåãáëýôåñïò áðü Ýíáí 10pF ðïõ ÷ñçóéìïðïéïýíôáé ãéá ôç
ó÷åäßáóç åíüò áíáëïãéêïý ößëôñïõ. Óôçí ðåñßðôùóç ôïõ øçöéáêïý óõ-
óôÞìáôïò ç äéáöïñÜ áõôÞ ìåôáöñÜæåôáé óå áëëáãÞ ôùí äåäïìÝíùí ôïõ
ðñïãñÜììáôïò ðïõ åêôåëåß ï åðåîåñãáóôÞò, ìå áðïôÝëåóìá íá ìçí åðç-
ñåÜæåôáé ôï ìÝãåèïò ôçò óõóêåõÞò ðïõ óõíÞèùò åßíáé ìéêñüôåñï êáé áðü
ôéò äýï ðåñéðôþóåéò áíáëïãéêÞò ó÷åäßáóçò óôï ðáñÜäåéãìÜ ìáò.

Ôá ðáñáðÜíù ðëåïíåêôÞìáôá óå óõíäõáóìü ìå ôï ãåãïíüò üôé ïé DSPs
óõíå÷þò âåëôéþíïíôáé ìå ôçí áíÜðôõîç ôçò ôå÷íïëïãßáò ôùí ïëïêëçñùìÝíùí
êõêëùìÜôùí (Integrated Circuits), áðïôåëïýí ìßá ðïëý êáëÞ åðéëïãÞ ãéá ôçí
ó÷åäßáóç åíüò øçöéáêïý óõóôÞìáôïò.

2.3 ×áñáêôçñéóôéêÜ ôùí DSP ÓõóôçìÜôùí

¼ëá ôá óõóôÞìáôá DSP Ý÷ïõí êÜðïéá êïéíÜ ÷áñáêôçñéóôéêÜ üðùò,
áëãüñéèìïé, ñõèìüò äåéãìáôïëçøßáò, ÷ñïíéóìüò ñïëïãéïý êáé áñéèìçôéêïß ôý-
ðïé.

2.3.1 Áëãüñéèìïé

Ôá óõóôÞìáôá DSP óõ÷íÜ êáôçãïñéïðïéïýíôáé óýìöùíá ìå ôïõò áëãï-
ñßèìïõò ôïõò ïðïßïõò õëïðïéïýí. Ï áëãüñéèìïò áðáñéèìåß ôéò äéáäéêáóßåò ðïõ
ðñÝðåé íá åêôåëåóôïýí áëëÜ ü÷é ôïí ôñüðï ìå ôïí ïðïßï èá õëïðïéçèïýí. ÕðÜñ-
÷åé åðéëïãÞ õëïðïßçóçò óå ëïãéóìéêü (software) óå Ýíáí ìéêñïåðåîåñãáóôÞ
Þ DSP, Þ ìðïñåß íá õëïðïéçèåß óå õëéêü (hardware) óå Ýíá FPGA (Field-
programmable gate array) Þ Ýíá ASIC (Application-speci�c integrated cir-
cuit). Ôï ðïéá åðéëïãÞ èá ãßíåé ãéá êÜèå åöáñìïãÞ åîáñôÜôáé áðü ôéò áíÜãêåò
ãéá ôá÷ýôçôá êáé áñéèìçôéêÞ áêñßâåéá. Óôïí ðáñáêÜôù ðßíáêá ðåñéÝ÷ïíôáé
êÜðïéåò ôõðéêÝò êáôçãïñßåò áëãïñßèìùí ðïõ óõ÷íÜ õëïðïéïýíôáé óå DSP êáé
óå ðïéÝò åöáñìïãÝò âëÝðïõìå ôÝôïéåò õëïðïéÞóåéò.
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Ðßíáêåò 2.1: ÓõíÞèåéò áëãüñéèìïé ãéá DSP êáé êïéíÝò åöáñìïãÝò ôïõò
Áëãüñéèìïò DSP ÅöáñìïãÞ óå óýóôçìá DSP

Êùäéêïðïßçóç êáé
áðïêùäéêïðïßçóç
öùíÞò

ÊéíçôÜ ôçëÝöùíá, ðñïóùðéêÜ óõóôÞìáôá ôçëåðéêïéíù-
íéþí, áóýñìáôá ôçëÝöùíá, ðñïóùðéêïß õðïëïãéóôÝò ðï-
ëõìÝóùí, áóöáëåßò åðéêïéíùíßåò

ÊñõðôïãñÜöçóç êáé
áðïêñõðôïãñÜöçóç
öùíÞò

ÊéíçôÜ ôçëÝöùíá, ðñïóùðéêÜ óõóôÞìáôá ôçëåðéêïéíù-
íéþí, áóýñìáôá ôçëÝöùíá, áóöáëåßò åðéêïéíùíßåò

Áíáãíþñéóç êáé óýí-
èåóç öùíÞò

ÅîåëéãìÝíá user interfaces, ñïìðïôéêÞ, ðñïóùðéêïß õðï-
ëïãéóôÝò ðïëõìÝóùí

Êùäéêïðïßçóç êáé
áðïêùäéêïðïßçóç
õøçëÞò ðïéüôçôáò
Þ÷ïõ

ÅðáããåëìáôéêÜ êáé åñáóéôå÷íéêÜ ç÷ïóõóôÞìáôá êáé âß-
íôåï, åêðïìðÞ øçöéáêïý Þ÷ïõ, ðñïóùðéêïß õðïëïãéóôÝò
ðïëõìÝóùí

Áëãüñéèìïé óå
modems

ÊéíçôÜ ôçëÝöùíá, ðñïóùðéêÜ óõóôÞìáôá ôçëåðéêïéíù-
íéþí, áóýñìáôá ôçëÝöùíá, ðñïóùðéêïß õðïëïãéóôÝò ðï-
ëõìÝóùí, åêðïìðÞ øçöéáêïý Þ÷ïõ, óçìáôïäïóßá óå cable
TV, áóýñìáôá äßêôõá, äñïìïëüãçóç, áóöáëåßò åðéêïéíù-
íßåò

Óõìðßåóç Èïñýâïõ ÅðáããåëìáôéêÜ êáé åñáóéôå÷íéêÜ ç÷ïóõóôÞìáôá, âéïìç-
÷áíéêÝò åöáñìïãÝò, ìïõóéêÞ

ÅîïìÜëõíóç Þ÷ïõ ÅðáããåëìáôéêÜ êáé åñáóéôå÷íéêÜ ç÷ïóõóôÞìáôá, ìïõ-
óéêÞ

Åîïìïßùóç áêïõóôé-
êÞò ÷þñïõ

ÅðáããåëìáôéêÜ êáé åñáóéôå÷íéêÜ ç÷ïóõóôÞìáôá, ìïõ-
óéêÞ

Óýíèåóç ÌïõóéêÞò ÅðáããåëìáôéêÜ êáé åñáóéôå÷íéêÜ ç÷ïóõóôÞìáôá, ìïõ-
óéêÞ, ðñïóùðéêïß õðïëïãéóôÝò ðïëõìÝóùí

Ôå÷íçôÞ ¼ñáóç ÁóöÜëåéá, ÉáôñéêÞ, ðñïóùðéêïß õðïëïãéóôÝò ðïëõìÝóùí,
ÅîåëéãìÝíá user interfaces, ñïìðïôéêÞ, äñïìïëüãçóç

Óõìðßåóç êáé áðïóõ-
ìðßåóç åéêüíáò

ØçöéáêÞ öùôïãñáößá, âßíôåï, ðñïóùðéêïß õðïëïãéóôÝò
ðïëõìÝóùí, ðñïóùðéêÜ óõóôÞìáôá ôçëåðéêïéíùíéþí
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2.4 ×áñáêôçñéóôéêÜ ôùí Åðåîåñãáóôþí Øçöéáêïý

ÓÞìáôïò

Ï ÅðåîåñãáóôÞò Øçöéáêïý ÓÞìáôïò (Digital Signal Processor -DSP-)
åßíáé Ýíáò åîåéäéêåõìÝíïò åðåîåñãáóôÞò, öôéáãìÝíïò Ýôóé þóôå íá ìðïñåß íá
êÜíåé ôéò äéáäéêáóßåò ðïõ ÷ñåéÜæïíôáé ãéá ôçí Åðåîåñãáóßá Øçöéáêïý ÓÞìáôïò
(Digital Signal Processing -DSP-) ôüóï ãñÞãïñá þóôå íá ìðïñåß íá âãÜæåé
áðïôåëÝóìáôá êáé óå ðñáãìáôéêü ÷ñüíï (Real-Time). Ôá ÷áñáêôçñéóôéêÜ ðïõ
ôïí êÜíïõí ðïõ äßíïõí óôï DSP áõôÞí ôçí åîåéäßêåõóç åßíáé ôá åîÞò:

2.4.1 ÃñÞãïñïò ðïëëáðëáóéáóìüò ìå óõíÜèñïéóç

Ôï ðéï óçìáíôéêü ÷áñáêôçñéóôéêü ôùí åðåîåñãáóôþí øçöéáêïý óÞìá-
ôïò (DSP) åßíáé ç äõíáôüôçôá ðïõ Ý÷ïõí íá åêôåëïýí ðïëëáðëáóéáóìü êáé
óõíÜèñïéóç (multiply-accumulate -MAC-) óå ìéá åíôïëÞ ðïõ ÷ñåéÜæåôáé Ýíáí
êýêëï ñïëïãéïý. ÁõôÞ ç äõíáôüôçôá ðïõ Ý÷ïõí åßíáé åîáéñåôéêÜ ÷ñÞóéìç óå
áëãïñßèìïõò ðïõ ïé äéáäéêáóßåò ðïõ ðåñéÝ÷åé åßíáé ôçò öýóçò ôïõ åóùôåñéêïý
ãéíïìÝíïõ, üðùò ãéá ðáñÜäåéãìá óôá øçöéáêÜ ößëôñá, óôïí õðïëïãéóìü ôçò
óõó÷Ýôéóçò åíüò óÞìáôïò, óôï õðïëïãéóìü åíüò ìåôáó÷çìáôéóìïý Fourier.
Ãéá íá åðéôåõ÷èåß áõôü, ïé DSP ðåñéëáìâÜíïõí ðïëëáðëáóéáóôÞ êáé óõíá-
èñïéóôÞ óôçí êýñéá ìïíÜäá åðåîåñãáóßáò ôïõ (main processing unit) ç ïðïßá
ëÝãåôáé ìïíïðÜôé äåäïìÝíùí (data path) ôïõ åðåîåñãáóôÞ. Åðßóçò, ãéá íá åðé-
ôñáðïýí ðïëëÝò åêôåëÝóåéò ðïëëáðëáóéáóìïý êáé óõíÜèñïéóçò ÷ùñßò ôï öüâï
áñéèìçôéêÞò õðåñ÷åßëéóçò, óõíÞèùò ïé DSP Ý÷ïõí êáôá÷ùñçôÝò óõíÜèñïéóçò
ìå åðéðëÝïí bit ãéá íá ÷ùñÝóåé ÷ùñßò áñéèìçôéêÞ áðþëåéá ôï áðïôÝëåóìá ôçò
óõíÜèñïéóçò.

2.4.2 Áñ÷éôåêôïíéêÞ ìíÞìçò ðïëëáðëÞò ðñüóâáóçò

¸íá Üëëï ÷áñáêôçñéóôéêü ðïõ Ý÷ïõí ïé ðåñéóóüôåñïé åðåîåñãáóôÝò øç-
öéáêïý óÞìáôïò (DSP) åßíáé ç äõíáôüôçôá ðïõ Ý÷ïõí íá êÜíïõí ðÜíù áðü ìßá
ðñïóâÜóåéò óôç ìíÞìç óå Ýíáí êýêëï ñïëïãéïý. Áõôü äßíåé ôç äõíáôüôçôá
óôïí åðåîåñãáóôÞ íá áíáãíþóåé ôçí åðüìåíç åíôïëÞ (instruction fetch) åíþ
ôáõôü÷ñïíá öÝñíåé ôéò ðáñáìÝôñïõò ôçò åíôïëÞò Þ áðïèçêåýåé ôï áðïôÝëåóìá
ôçò ðñïçãïýìåíçò åíôïëÞò óôç ìíÞìç. Áðáéôåßôáé ìåãÜëç ôá÷ýôçôá ìåôáîý
ôïõ åðåîåñãáóôÞ êáé ôçò ìíÞìçò ãéá íá õðÜñ÷åé êáëÞ áðüäïóç óå åðáíáëçðôé-
êÝò äéáäéêáóßåò ðïõ áðáéôïýí åðåîåñãáóßá äåäïìÝíùí ìå ðïëëÝò ðñïóâÜóåéò
óôç ìíÞìç, ðñÜãìá ðïõ åßíáé ðïëý óýíçèåò óå ðïëëÝò åöáñìïãÝò üðïõ ÷ñçóé-
ìïðïéïýíôáé DSP.

Óå ðïëëïýò åðåîåñãáóôÝò, ç ðïëëáðëÞ ðñüóâáóç óôç ìíÞìç ìÝóá óå Ýíá
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êýêëï õðüêåéôáé óå ðïëëïýò ðåñéïñéóìïýò. ÔõðéêÜ, üëåò åêôüò áðü ìßá èÝóç
ìíÞìçò ðïõ ðñüêåéôáé íá ãßíåé ðñüóâáóç ðñÝðåé íá âñßóêåôáé óôï ßäéï êýêëùìá
ìå ôïí åðåîåñãáóôÞ (on-chip), êáé ðïëëáðëÞ ðñüóâáóç ìðïñåß íá ãßíåé ìüíï
áðü óõãêåêñéìÝíåò åíôïëÝò. Ãéá íá åðéôåõ÷èåß ðïëëáðëÞ ðñüóâáóç óå äéáöï-
ñåôéêÝò èÝóåéò ìíÞìçò, ïé åðåîåñãáóôÝò èá ðñÝðåé íá äéáèÝôïõí ðïëëáðëïýò
äéáäñüìïõò (buses) óôï ßäéï êýêëùìá, multiported on-chip memories, êáé óå
ìåñéêÝò ðåñéðôþóåéò, multiple independent memory banks. Ç áñ÷éôåêôïíéêÞ
ôçò ìíÞìçò óôïõò DSP êáé ç öéëïóïößá ìå ôçí ïðïßá åßíáé äïìçìÝíåò åßíáé
äéáöïñåôéêÞ áðü ôç öéëïóïößá ðïõ äéÝðåé ôçí áñ÷éôåêôïíéêÞ ôùí åðåîåñãáóôþí
ãåíéêïý óêïðïý (General Purpose Processors GPP).

2.4.3 ÅéäéêåõìÝíåò ÌÝèïäïé Äéåõèõíóéïäüôçóçò

Ãéá íá åðéôñáðåß ç ìÝãéóôç ôá÷ýôçôá åðåîåñãáóßáò êáé ï ðñïóäéïñéóìüò
ðïëëáðëþí ôåëåóôþí óå ìßá ìéêñÞ ëÝîç åíôïëÞò, ïé åðåîåñãáóôÝò øçöéáêïý
óÞìáôïò ðåñéÝ÷ïõí ìïíÜäåò áöéåñùìÝíåò óôç ðáñáãùãÞ äéåõèýíóåùí, ïé ïðïßåò
äïõëåýïõí óôï ðñïóêÞíéï, äçìéïõñãþíôáò ôéò äéåõèýíóåéò ðïõ áðáéôïýíôáé ãéá
ôçí ðñüóâáóç ôùí ôåëåóôþí ìå ôçí ôáõôü÷ñïíç åêôÝëåóç áñéèìçôéêþí åíôï-
ëþí. Ïé ìïíÜäåò áõôÝò óõíÞèùò õðïóôçñßæïõí êÜðïéåò ìïñöÝò äéåõèýíóåùí
ðïõ Ý÷ïõí åðéêñáôÞóåé óå åöáñìïãÝò ðïõ ÷ñçóéìïðïéïýí DSP. Ïé ðéï ãíùóôÝò
áðü áõôÝò åßíáé ç Ýììåóç-áðü-êáôá÷ùñçôÞ äéåõèõíóéïäüôçóç ìå ôáõôü÷ñïíç
ðñïóáýîçóç (register-indirect addressing with post-increment), ç ïðïßá ÷ñç-
óéìïðïéåßôáé óå ðåñéðôþóåéò üðïõ áðáéôåßôáé åðåîåñãáóßá äåäïìÝíùí üðïõ ôá
äåäïìÝíá åßíáé óôïéâáãìÝíá óôç ìíÞìç óôç óåéñÜ. ¢ëëç ìïñöÞ äéåõèýíóåùí
åßíáé ç êõêëéêÞ (circular) êáé ç modulo, üðïõ ÷ñçóéìïðïéïýíôáé ãéá íá áðëï-
ðïéçèåß ç ÷ñÞóç åíäéÜìåóçò ðñïóùñéíÞò ìíÞìçò. Åðßóçò êÜðïéïé åðåîåñãáóôÝò
õðïóôçñßæïõí äéåõèõíóéïäüôçóç ìå áíôßóôñïöá-bit (bit-reversed) ç ïðïßá äéåõ-
êïëýíåé ôçí ìåôÜöñáóç ôùí áðïôåëåóìÜôùí åíüò áëãïñßèìïõ ðïõ õëïðïéåß
Ýíáí ìåôáó÷çìáôéóìü Fourier.
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ÊåöÜëáéï 3

Õëïðïßçóç ôïõ ÁíáëõôÞ ÖÜóìáôïò

3.1 ÅðéëïãÞ Áñ÷éôåêôïíéêÞò

• Áðáñáßôçôï Õëéêü

• ASIC vs FPGA vs DSP vs GPU vs GPP

• ÄéáöïñÝò FPGA êáé DSP

3.1.1 Áðáñáßôçôï Õëéêü

"Ôé õëéêü åßíáé êáôÜëëçëï ãéá ôçí õëïðïßçóç ôïõ áíáëõôÞ öÜóìáôïò;"
Ôá áðáñáßôçôá ìÝñç áðü ôá ïðïßá áðïôåëåßôáé ï áíáëõôÞò öÜóìáôïò ï

ïðïßïò äïõëåýåé ìå ôå÷íéêÝò Software Radio åßíáé ôá åîÞò:

• Êåñáßá Broadband ç ïðïßá åßíáé õðåýèõíç ãéá ôç óõëëïãÞ ôïõ óÞìáôïò.

Ç êåñáßá ðñÝðåé íá åßíáé ìéá êåñáßá üóï ôï äõíáôüí ðåñéóóüôåñï broad-
band þóôå íá Ý÷ïõìå ëÞøç óÞìáôïò áðü üëï ôï öÜóìá êáé ï áíáëõôÞò
öÜóìáôïò íá Ý÷åé ôç äõíáôüôçôá íá áðåéêïíßæåé ìåãÜëï åýñïò.

• ¸íáò ãñÞãïñïò ìåôáôñïðÝáò A/D êáé D/A

Ï ìåôáôñïðÝáò ðñÝðåé íá åßíáé üóï ðéï ãñÞãïñïò ãßíåôáé êáé åßíáé áõôüò
ðïõ óõíÞèùò ìáò ðåñéïñßæåé ðåñéóóüôåñï óôï åýñïò öÜóìáôïò ðïõ ìðï-
ñïýìå íá åðåîåñãáóôïýìå. Ãéá ðáñÜäåéãìá Ýíáò ìåôáôñïðÝáò A/D/A
ðïõ äåéãìáôïëçðôåß óôá 100MHz ìáò äßíåé Ýíá ðïëý ìéêñü åýñïò öÜóìá-
ôïò ôùí 50MHz ãéá öáóìáôéêÞ áðåéêüíéóç. Ôçí óôéãìÞ ðïõ ãñÜöåôáé
áõôü ôï êåßìåíï, Ýíáò ôÝôïéïò ìåôáôñïðÝáò åßíáé áé÷ìÞ ôçò ôå÷íïëïãßáò
êáé ðïëý áêñéâüò. Åðßóçò ãéá ôçí åðéëïãÞ ìåôáôñïðÝá ðñÝðåé íá ëÜ-
âïõìå õðüøç êáé ôçí áêñßâåéá êáé ôçí åõáéóèçóßá ðïõ Ý÷åé. Ç áêñßâåéá
ìåôñéÝôáé óå bit åíþ ç åõáéóèçóßá óå Volt.
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• ¸íá óýóôçìá åðåîåñãáóßáò ôïõ óÞìáôïò

Ôï óýóôçìá ðïõ èá ëáìâÜíåé ôá äåßãìáôá êáé èá êÜíåé ìáèçìáôéêÝò
åðåîåñãáóßåò åßíáé êáé ç êáñäéÜ ôïõ áíáëõôÞ öÜóìáôïò. Ôï ôé åðéëïãÞ èá
êÜíïõìå ãéá ôçí êáñäéÜ åðçñåÜæåé ôçí áðüäïóç ôïõ áíáëõôÞ öÜóìáôïò
êáé ôåëéêÜ åßíáé ç êñßóéìç åðéëïãÞ ãéá ôï áí ï áíáëõôÞò èá äïõëåýåé
éêáíïðïéçôéêÜ ç ü÷é. Ïé åðéëïãÝò ðïõ Ý÷ïõìå åßíáé ðïëëÝò. Ðñïöáíþò ï
áíáãíþóôçò ðïõ Ý÷åé äéáâÜóåé ôá ðåñéå÷üìåíá Ý÷åé Þäç êáôáëÜâåé ðïéá
åßíáé êáé ç åðéëïãÞ ðïõ ðñïôáèåß. ÁëëÜ áò äïýìå üëåò ôéò åðéëïãÝò ìå
ôá èåôéêÜ êáé ôá áñíçôéêÜ ôïõò.

• ¸íá óýóôçìá ìå ïèüíç ãéá ôçí ðñïâïëÞ ôùí áðïôåëåóìÜôùí

Ôï óýóôçìá ðïõ èá ðñïâÜëëïíôáé ôá áðïôåëÝóìáôá, ìðïñåß íá åßíáé óôçí
ïèüíç ôïõ õðïëïãéóôÞ ðïõ âñßóêåôáé ìÝóá ï DSP. Áêüìç ìðïñåß íá
åßíáé êáé Ýíá áñ÷åßï óôï óêëçñü äßóêï üðïõ áðïèçêåýïíôáé êáôÜëëçëá
ïé ôéìÝò.

• ÓõíäÝóåéò ìåôáîý ôùí 4 ðñïçãïýìåíùí ìåñþí

Ïé óõíäÝóåéò ôùí ôåóóÜñùí áõôþí ìåñþí ðñÝðåé íá Ý÷ïõí ôá åîÞò ÷á-
ñáêôçñéóôéêÜ: Ôï êáëþäéï áðü ôçí êåñáßá óôïí ADC ðñÝðåé íá åßíáé
êáôÜëëçëï Ýôóé þóôå íá ìçí Ý÷ïõìå áðþëåéåò óå âáèìü íá îåöåýãåé áðü
ôéò ôéìÝò óùóôÝò ëåéôïõñãßáò ôïõ ADC. Ï DAQ åðéêïéíùíåß ìå ôïí DSP
ìÝóù åíüò ðïëý ãñÞãïñïõ êáíáëéïý ðïõ óåñâßñåôáé áðü Ýíá FPGA. Áõôü
ãßíåôáé ãéáôß ÷ñåéÜæåôáé ðÜñá ðïëý ìåãÜëç ôá÷ýôçôá óôç ìåôÜäïóç ôùí
äåéãìÜôùí. Áñêåß íá óêåöôåß êáíåßò üôé óå 100MHz ëåéôïõñãßá Ý÷ïõìå
14bit äåßãìáôïò êÜèå 1/100.000.000 ôïõ äåõôåñïëÝðôïõ Þ 175MB/s óå
real-time.
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3.1.2 ASIC vs FPGA vs DSP vs GPU vs GPP

Ó÷Þìáôá 3.1: Óýêñéóç ôùí Áñ÷éôåêôïíéêþí

• ASIC (Application-speci�c integrated circuit)

{ ÈåôéêÜ:

∗ Ç ðéï êáëÞ ëýóç áðü ðëåõñÜò áðüäïóçò óå ôá÷ýôçôá.

{ ÁñíçôéêÜ:

∗ hard-wired ëïãéêÞ

Ôï ãåãïíüò üôé åßíáé hard-wired ç ëïãéêÞ, óçìáßíåé üôé äåí åßíáé åõÝëéêôç
êáé äåí ìðïñåßò íá áëëÜæåéò Þ íá ðáñáìåôñïðïéåßò ôçí åðåîåñãáóßá ôïõ
óÞìáôïò. ÐñÝðåé åî áñ÷Þò íá Ý÷åéò áðïöáóßóåé ôé èÝëåéò êáé íá Ý÷åéò
ðñïâëÝøåé üëåò ôéò áëëáãÝò ðïõ ðñüêåéôáé íá èåò óôï ìÝëëïí. Ç åðéëïãÞ
áõôÞ áðïññßöèçêå äéüôé èåùñÞèçêå ðïëý óçìáíôéêü íá ìðïñåßò íá êÜíåéò
áëëáãÝò óôçí åðåîåñãáóßá ôïõ óÞìáôïò åßôå real-time åßôå ü÷é.

• FPGA (Field-programmable gate array)

{ ÈåôéêÜ:

∗ ÊáëÞ ëýóç áðü ðëåõñÜò áðüäïóçò óå ôá÷ýôçôá.

∗ Ó÷åôéêÜ ðáñáìåôñïðïéÞóéìï.
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{ ÁñíçôéêÜ:

∗ Áñãü Synthesizing.

∗ Äõóêïëßá Ðñïãñáììáôéóìïý.

∗ ÁêñéâÞ ëýóç.

∗ ÐåñéïñéóìÝíï ìÝãåèïò ðñïãñÜììáôïò.

Ç åðéëïãÞ áõôÞ áðïññßöèçêå äéüôé ïé åîáéñåôéêÜ ìåãÜëïé ÷ñüíïé ãéá ôçí
áëëáãÞ êáé ðáñáìåôñïðïßçóç ôçò åðåîåñãáóßáò ôïõ óÞìáôïò, êõñßùò
üôáí åðñüêåéôï ãéá real-time áëëáãÝò ôï êáèéóôïýóáí ìç ðñáêôéêü. Ðá-
ñüëá áõôÜ FPGA ÷ñçóéìïðïéÞèçêå ãéá ôçí ìåôáöïñÜ ôùí äåéãìÜôùí áðü
ôïí A/D óôï óýóôçìá åðåîåñãáóßáò üðïõ ç äïõëåéÜ Þôáí óõãêåêñéìÝíç
êáé áõóôçñþò êáèïñéóìÝíç.

• DSP (Digital Signal Processor)

{ ÈåôéêÜ:

∗ ÌÝôñéá ðñïò êáëÞ ëýóç áðü ðëåõñÜò áðüäïóçò óå ôá÷ýôçôá.

∗ ÓõìöÝñïõóá ïéêïíïìéêÜ ëýóç.

∗ ¢êñùò ðáñáìåôñïðïéÞóéìï êáé ðñïãñáììáôßóéìï.

{ ÁñíçôéêÜ:

∗ ÊáôáíÜëùóç ðåñéóóüôåñçò éó÷ýïò.

∗ ¼÷é ôüóï ãñÞãïñï üóï ïé ðñïçãïýìåíåò ëýóåéò.

Ãéá ôï óýóôçìá åðåîåñãáóßáò ÷ñçóéìïðïéÞèçêå Ýíáò ôåëåõôáßáò ôå÷íï-
ëïãßáò DSP. Ôï ãåãïíüò üôé Þôáí Üìåóá ðñïãñáììáôßóéìïò ï åðåîåñãá-
óôÞò óå ãëþóóá C êáé ôï ãåãïíüò üôé åß÷å ó÷åôéêÜ êáëÞ áðüäïóç ðáñüëï
ðïõ äåí åß÷å ôá÷ýôçôåò ôçò hard-wired ëïãéêÞò, Þôáí ï ëüãïò ãéá ôçí
åðéëïãÞ. Åðßóçò ç ôå÷íïëïãßá ôùí DSP êáé ïé ôá÷ýôçôÝò ôïõ áõîÜíï-
íôáé ìå ìåãáëýôåñï ñõèìü áðü ôéò äýï ðñïçãïýìåíåò ëýóåéò óå âáèìü
ðïõ ðéóôåýåôáé üôé ç ôá÷ýôçôá ôùí FPGA èá îåðåñáóôåß áðü ôïõò DSP.

• GPU (Graphics Processing Unit)

{ ÈåôéêÜ:

∗ ÌÝôñéá ëýóç áðü ðëåõñÜò áðüäïóçò óå ôá÷ýôçôá ìå ðñïïðôéêÝò
ãéá ôï ìÝëëïí

∗ ÓõìöÝñïõóá ïéêïíïìéêÜ ëýóç.

∗ ÐáñáìåôñïðïéÞóéìï êáé ðñïãñáììáôßóéìï.

{ ÁñíçôéêÜ:
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∗ ÊáôáíÜëùóç ðåñéóóüôåñçò éó÷ýïò.

∗ ¼÷é ôüóï ãñÞãïñï üóï ïé ðñïçãïýìåíåò ëýóåéò.

Ïé GPU åßíáé óôçí ïõóßá DSP åðåîåñãáóôÝò åðéêåíôñùìÝíïé óå ëåé-
ôïõñãßåò ãéá ãñáöéêÜ. Ôåëåõôáßá õðÜñ÷åé ç äõíáôüôçôá ðñïãñáììáôé-
óìïý áõôþí ôùí êáñôþí ãñáöéêþí ìå ðñüãñáììá ãñáììÝíï óå C üðùò
äßíåé ç Nvidia ìå ôçí ïíïìáóßá CUDA. Åßíáé ìéá êáëÞ åõêáéñßá ôï soft-
ware radio íá Ýñèåé ðéï êïíôÜ óôï mainstream pc. Ðáñïôñýíù êÜðïéïí
öïéôçôÞ óôçí äéðëùìáôéêÞ ôïõ åñãáóßá íá äïêéìÜóåé êáé íá êÜíåé bench-
marks ôïõ áíáëõôÞ öÜóìáôïò óå ìéá êÜñôá ãñáöéêþí íÝáò ôå÷íïëïãßáò.

• GPP (General Processing Processor)

{ ÈåôéêÜ:

∗ ÓõìöÝñïõóá ïéêïíïìéêÜ ëýóç.

∗ ÐáñáìåôñïðïéÞóéìï êáé ðñïãñáììáôßóéìï.

{ ÁñíçôéêÜ:

∗ ÊáôáíÜëùóç ðåñéóóüôåñçò éó÷ýïò.

∗ ×áìçëÝò åðéäüóåéò.

Ïé åðåîåñãáóôÝò ãåíéêïý óêïðïý, ðáñüëï ðïõ óôçí áé÷ìÞ ôçò ôå÷íï-
ëïãßáò óÞìåñá âëÝðïõìå ôåôñáðýñçíïõò êáé óýíôïìá ï÷ôáðýñçíïõò, äåí
ìðïñïýí íá öôÜóïõí óå åðéäüóåéò ôïõò åðåîåñãáóôÝò DSP. Ðáñüëá áõôÜ,
ìå êáôÜëëçëï ðñïãñáììáôéóìü þóôå íá åêìåôáëëåõôåß êÜðïéïò ôçí ðá-
ñáëëçëßá áõôþí ôùí åðåîåñãáóôþí êáé ìå äåäïìÝíï üôé Ý÷ïõìå ðïëý
êáëïýò C compilers öôéáãìÝíïõò ãéá áõôÝò ôéò ðëáôöüñìåò, êáèþò åðß-
óçò êáé ôï ðëÞèïò ôùí åðåíäýóåùí ãéá âåëôßùóç áõôïý ôïõ ôýðïõ ôùí
åðåîåñãáóôþí, åßíáé Üîéïé íá èåùñçèïýí óáí ìéá åðéëïãÞ. ÌÜëéóôá ôï
GNU Radio (google it) åßíáé ìéá ôÝôïéá åöáñìïãÞ ðïõ Ý÷åé öôÜóåé óå
ôÝôïéåò åðéäüóåéò þóôå íá ìðïñåßò íá áêïýóåéò ñáäéüöùíï ìå ôå÷íéêÝò
software radio.

3.1.3 ÄéáöïñÝò FPGA êáé DSP

Óôï åìðüñéï õðÜñ÷ïõí ðëçèþñá óõóôÞìáôá software radio ðïõ áíôß ãéá
DSP ÷ñçóéìïðïéïýí FPGA. Ãé áõôü ôï ëüãï áíáöÝñïíôáé åéäéêüôåñá ôá ðëåï-
íåêôÞìáôá êáé ôá ìåéïíåêôÞìáôá áõôþí ôùí äýï áñ÷éôåêôïíéêþí.

• Õøçëüò Ñõèìüò Äåéãìáôïëçøßáò ÷ùñßò áðþëåéåò.

{ DSP: äõóêïëßá ëüãù ôùí ìïéñáæüìåíùí ìåñþí (memory buses,
interrupts)
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{ FPGA: áöéåñùìÝíç ãéá áõôü ôï óêïðü ëïãéêÞ óôï õëéêü (high I/O
Rates)

• ÌåãÜëïò üãêïò äåäïìÝíùí ãéá åðåîåñãáóßá.

{ DSP: Ý÷åé ëåéôïõñãßåò êáé äéáèÝôåé åîùôåñéêÞ ìíÞìç

{ FPGA: ðåñéïñéóìÝíïò üãêïò åóùôåñéêïý áðïèçêåõôéêïý ÷þñïõ

• ¼ôáí ôï ðñüãñáììá Ý÷åé ðïëëÝò ðåñéðôþóåéò

{ DSP: åýêïëá õëïðïéÞóéìï ìå ôï íá ãßíåôáé äéáêëÜäùóç óôï êáôÜë-
ëçëï ìÝñïò ôïõ ðñïãñÜììáôïò

{ FPGA: ÷ñåéÜæåôáé áöéåñùìÝíç ëïãéêÞ óôï õëéêü ãéá êÜèå ðåñß-
ðôùóç ôïõ ðñïãñÜììáôïò

• Äõíáôüôçôåò äéáêëÜäùóçò êáé ëÞøçò áðïöÜóåùí

{ DSP: ìðïñåß íá ôñÝîåé Ýíá ðñüãñáììá óå C üðùò ãéá ðáñÜäåéãìá
ôá ðñùôüêïëëá åðéêïéíùíéþí

{ FPGA: áõôü åßíáé äýóêïëï íá ðñáãìáôïðïéçèåß ìå FPGA

• Åðáíáðñïãñáììáôéóìüò

{ DSP: áðëÜ öïñôþíåéò Ýíá íÝï ðñüãñáììá óôïí åðåîåñãáóôÞ

{ FPGA: ìåãÜëïé ÷ñüíïé åðáíáðñïãñáììáôéóìïý.
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3.2 ÐåñéãñáöÞ åðéëåãìÝíïõ õëéêïý

• Ôï ðáêÝôï ( SMT8036 ) åßíáé Ýíá åðáããåëìáôéêü óýóôçìá âáóéóìÝíï
óå ôå÷íïëïãßåò DSP, FPGA êáé DAQ ðïõ Ý÷åé:

{ Äýï êáíÜëéá 14-bit ADC 105 MSPS ôï êáèÝíá

{ FPGA ãéá ðñïåðåîåñãáóßá

{ ¸íáí åðåîåñãáóôÞ DSP õøçëÞò ôá÷Þôçôáò TMS320C64x DSP ãéá
ôçí åêôÝëåóç ôùí ðñïãñáììÜôùí

{ ÎáíÜ FPGA ãéá ìåôá-åðåîåñãáóßá

{ Êáé ôÝëïò Ýíáò äéêÜíáëïò TxDAC ðïõ ìåôáôñÝðåé ôá øçöéáêÜ äåßã-
ìáôá óå áíáëïãéêÜ óÞìáôá ìå ñõèìü 400 MSPS.

• Ôï SMT8036 áðïôåëåßôáé áðü

{ Ýíá C64xx-based module (SMT365) óõíäõáóìÝíï ìå

{ Ýíá äéðëü õøçëÞò ôá÷ýôçôáò ADC/DAC module (SMT370)

Ó÷Þìáôá 3.2: SMT8036
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• SMT365 ÷áñáêôçñéóôéêÜ:

Ó÷Þìáôá 3.3: SMT365

{ TMS320C6416 åðåîåñãáóôÞò óôá 600MHz

{ ¸îé 20MB/s ðüñôåò åðéêïéíùíßáò (Comm.-ports)

{ 8MB áðü ZBTRAM (133MHz)

{ 8MByte Flash ROM ãéá êþäéêá åêêßíçóçò êáé ðñïãñáììáôéóìü
ôïõ FPGA

{ Xilinx Virtex II XC2V2000-4

{ Global expansion connector

{ Õøçëïý Bandwidth I/O äåäïìÝíùí ìÝóù 2 Sundance õøçëÞò ôá-
÷ýôçôáò äéáäñüìùí (SHB).
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Ó÷Þìáôá 3.4: SMT365 block diagram

• SMT370 ÷áñáêôçñéóôéêÜ:

Ó÷Þìáôá 3.5: SMT370

{ Äýï 14-bit ADCs (AD6645-105) ìÝãéóôçò äåéãìáôïëçøßáò 105MHz,

{ Äéðëüò 16-bit TxDAC (AD9777) ñõèìïý 400MHz (interpolation),

{ Two Sundance High-speed Bus (SHB) connectors,

{ 50-Ohm terminated analogue inputs and outputs, external triggers
and clocks via MMBX (Huber and Suhner) connectors,
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{ Default FPGA �rmware implementing all the functions described
in the User Manual.

{ User de�ned pins for external connections,

{ TIM standard compatible

{ Two 20 MegaByte/s comm.-ports,

{ Low-jitter on-board system clock,

{ Xilinx Virtex-II XC2V1000-6 FPGA,

Ó÷Þìáôá 3.6: SMT370 block diagram
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3.3 ÐåñéãñáöÞ ôùí åñãáëåßùí áíÜðôõîçò

• ÃåíéêÜ Óôïé÷åßá

• ÁöçñçìÝíï ÌïíôÝëï

• ÅðåîåñãáóôÝò, êáëùäéþóåéò êáé óõíäÝóåéò

3.3.1 ÃåíéêÜ Óôïé÷åßá

Ï ôñüðïò ðñïãñáììáôéóìïý êáé äçìéïõñãßáò åöáñìïãþí óôï ðåñéâÜëëïí
ôïõ Diamond äéáöÝñåé óçìáíôéêÜ áðü ôïí ðáñáäïóéáêü ôñüðï ðñïãñáììáôé-
óìïý ôùí DSP ðïõ óõíÞèùò ãßíåôáé ìÝóù ôïõ ðåñéâÜëëïíôïò Code Composer
Studio (CSS). Ôï CSS Ý÷åé ó÷åäéáóôåß íá ðáñÜãåé åöáñìïãÝò êõñßùò óå óõ-
óôÞìáôá ìå ìßá ìïíÜäá åðåîåñãáóßáò. Ôï ðåñéâÜëëïí ôïõ Diamond ðñïóöÝñåé
áðëÝò ìåèüäïõò ãéá äçìéïõñãßá åöáñìïãþí ìå ðïëõåðåîåñãáóßá.

Ôï ðåñéâÜëëïí ôïõ Diamond äåí åßíáé áõôü ðïõ èá ÷ùñßóåé Ýíá Þäç õðÜñ-
÷ïí ðñüãñáììá óå ðïëëÜ ìéêñüôåñá ôá ïðïßá èá ôñÝ÷ïõí óå äéáöïñåôéêïýò
åðåîåñãáóôÝò. Áõôü åßíáé äïõëåßá ôïõ ðñïãñáììáôéóôÞ êáé ãßíåôáé âÜóåé ôùí
åðéäéþîåùí ôïõ êáé ôéò áðáéôÞóåéò ôïõ ðñïãñÜììáôïò.

Ôï ðåñéâÜëëïí ôïõ Diamond Ý÷åé ôñßá óôÜäéá ãéá ôç äçìéïõñãßá ìéáò åöáñ-
ìïãÞò:

• Ìåôáãëþôôéóç ôùí áñ÷åßùí êþäéêá ìå ôïí ìåôáãëùôôéóôÞ ôçò Texas
Instruments ï ïðïßïò âñßóêåôáé åíóùìáôùìÝíïò ìå ôï ðåñéâÜëëïí CSS

• Óýíäåóç ìå ôïí linker ôçò Texas Instruments, ãéá ôç äçìéïõñãßá ôùí
áñ÷åßùí êÜèå äéåñãáóßáò (.tsk)

• ×ñÞóç ôïõ ñõèìéóôÞ (con�gurer) ãéá ôçí Ýíùóç ôùí áñ÷åßùí ôùí äéåñãá-
óéþí óå Ýíá êáé ìüíï áñ÷åßï ôçò åöáñìïãÞò (.app) ðïõ ðåñéÝ÷åé ïôéäÞ-
ðïôå ÷ñåéÜæåôáé ãéá íá ôñÝîåé ç åöáñìïãÞ óôï DSP Board. ÓõíÞèùò äåí
÷ñåéÜæåôáé íá áíçóõ÷åß ï ðñïãñáììáôéóôÞò ãéá ôçí áíÜèåóç ìíÞìçò óôçí
åöáñìïãÞ, êáèþò áõôü ãßíåôáé áõôüìáôá áðü ôïí ñõèìéóôÞ (con�gurer).
Âåâáßùò åðéôñÝðåôáé êáé ÷åéñïêßíçôç ñýèìéóç üðïõ áðáéôåßôáé.

Áðü ôç óôéãìÞ ðïõ èá äçìéïõñãçèåß ìéá Diamond åöáñìïãÞ, öïñôþíå-
ôáé óôï DSP êáé åêôåëåßôáé áðü Ýíá Server ðñüãñáììá ðïõ åêôåëåßôáé óôïí
õðïëïãéóôÞ.
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3.3.2 ÁöçñçìÝíï ÌïíôÝëï

Ôï ìïíôÝëï ôçò Diamond ãéá ðáñÜëëçëï ðñïãñáììáôéóìü åßíáé âáóéóìÝíï
óôçí éäÝá ôçò åðéêïéíùíßáò áêïëïõèéáêþí äéåñãáóéþí. Óå áõôü ôï ìïíôÝëï,
Ýíá õðïëïãéóôéêü óýóôçìá åßíáé ìéá óõëëïãÞ áðü áêïëïõèéáêÝò äéåñãáóßåò
ðïõ åßíáé åíåñãÝò ôáõôü÷ñïíá. Óôïí åðåîåñãáóôÞ åêôåëåßôáé ìßá äéåñãáóßá óå
êÜèå ìïíÜäá åðåîåñãáóßáò, áëëÜ ç ãñÞãïñç åíáëëáãÞ ôùí äéåñãáóéþí äßíåé
ôçí áßóèçóç ôçò ôáõôü÷ñïíçò åêôÝëåóçò ôùí äéåñãáóéþí. Ï ôñüðïò ìå ôïí
ïðïßï ãßíåôáé ç åðéêïéíùíßá ìåôáîý ôùí äéåñãáóéþí åßíáé ìÝóù êáíáëéþí.

¸íá êáíÜëé ìðïñåß íá ìåôáöÝñåé ìçíýìáôá áðü ìéá äéåñãáóßá óå ìéá Üëëç.
Åðßóçò ìðïñåß íá ìåôáöÝñåé ìçíýìáôá ìüíï ðñïò ìéá êáôåýèõíóç. Áí ÷ñåéáóèåß
áìößäñïìç åðéêïéíùíßá ìåôáîý äýï äéåñãáóéþí èá ðñÝðåé íá ÷ñçóéìïðïéçèïýí
äýï êáíÜëéá. Åîßóïõ áõôüò ðïõ óôÝëíåé ôï ìÞíõìá êáé áõôüò ðïõ ôï ëáìâÜíåé
èá ðñÝðåé íá óõìöùíïýí ãéá ßäéï ìÝãåèïò ìçíýìáôïò ðñéí ãßíåé ç åðéêïéíùíßá.
¼ôáí Ýíá ìÞíõìá óôÝëíåôáé Þ ëáìâÜíåôáé, ôüôå ç äéåñãáóßá ìðëïêÜñåôáé.
ÊÜèå ðñüãñáììá ìðïñåß íá Ý÷åé üóá êáíÜëéá ãéá åßóïäï Þ Ýîïäï èÝëåé, áëëÜ
áõôÜ ôá êáíÜëéá åßíáé óôáôéêÜ êáé äçëùìÝíá åî áñ÷Þò, äçëáäÞ äåí ìðïñïýí
íá äçìéïõñãçèïýí äõíáìéêÜ êáôÜ ôç äéÜñêåéá ðïõ ôñÝ÷åé ôï óýóôçìá.

Ãéá ðáñÜäåéãìá, ìéá äéáäéêáóßá áíôéãñáöÞò äéóêÝôáò óå ìéá Üëëç, öôéáã-
ìÝíç óå êÜðïéï ëåéôïõñãéêü óýóôçìá èá ìðïñïýóå íá ðåñéãñáöåß óáí ôñåéò
äéåñãáóßåò ðïõ åêôåëïýíôáé ôáõôü÷ñïíá: äýï äéåñãáóßåò ãéá ôïí åëåãêôÞ äé-
óêÝôáò êáé ìéá äéåñãáóßá ðïõ èá êÜíåé ôçí áíôéãñáöÞ.

Äéóê1 -> áíôéãñáöÞ -> äéóê2

Áõôü ôï ðáñÜäåéãìá ìáò äåß÷íåé ìéá ðïëý óçìáíôéêÞ éäéüôçôá ôçò åðéêïéíù-
íßáò ìÝóù êáíáëéþí: åßíáé óõã÷ñïíéóìÝíá. Ìéá äéåñãáóßá ðïõ èÝëåé íá óôåßëåé
Ýíá ìÞíõìá ðÜíù áðü Ýíá êáíÜëé åßíáé ðÜíôá õðï÷ñåùìÝíç íá ðåñéìÝíåé ìÝ÷ñé
ç äéåñãáóßá ðïõ ëáìâÜíåé äéáâÜóåé üëï ôï ìÞíõìá: áõôü åßíáé ãíùóôü óáí
blocking communication. Óôï ðáñÜäåéãìÜ ìáò áõôü óçìáßíåé, üôé áí óå ðåñß-
ðôùóç ðïõ ãéá êÜðïéï ëüãï ç äéóêÝôá åîüäïõ äïõëåýåé ðéï áñãÜ êáé äåí ìðïñåß
íá öèÜóåé ôïí ñõèìü ôçò äéóêÝôáò ðçãÞò, ôï óýóôçìá ðáñüëá áõôÜ èá äïõëÝ-
øåé Üøïãá êáé ç áíôéãñáöÞ èá ãßíåé êáíïíéêÜ. Áõôü ãßíåôáé ãéáôß ç äéáäéêáóßá
áíôéãñáöÞò èá õðï÷ñåùèåß íá ðåñéìÝíåé áí äïêéìÜóåé íá óôåßëåé ìÞíõìá, ðñéí
åôïéìáóôåß íá ôï äå÷èåß ç äéóêÝôá ðïõ ëáìâÜíåé. ÌåñéêÝò öïñÝò åßíáé ÷ñÞóéìï
íá åðéôñÝðåôáé óôçí äéåñãáóßá ðïõ óôÝëíåé íá ðñïôñÝ÷åé åêåßíçò ðïõ ëáìâÜíåé
áëëÜ óå áõôÝò ôéò ðåñéðôþóåéò Ý÷åé ðñïâëåöèåß êáé Ý÷åé ðñïóôåèåß Ýíáò bu�er
ãéá áõôü ôïí óêïðü.

Ôï ìïíôÝëï ôçò Diamond ãéá ðáñÜëëçëç åðåîåñãáóßá áêïëïõèåß ôï ðñïç-
ãïýìåíï áöçñçìÝíï ìïíôÝëï ìå êÜðïéåò äéáöïñÝò êáé êÜðïéåò åëáóôéêüôçôåò
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3.3.3 ÅðåîåñãáóôÝò, êáëùäéþóåéò êáé óõíäÝóåéò

Ôï õëéêü óôï ïðïßï åêôåëåßôáé ìéá åöáñìïãÞ Diamond ðåñéãñÜöåôáé óáí
Ýíá äßêôõï åðåîåñãáóôþí, üðïõ ï êáèÝíáò Ý÷åé óõíäÝóåéò ìå êáëþäéá óå æåõ-
ãÜñéá. ÊÜèå êáëþäéï åßíáé Ýíá áìößäñïìï ìïíïðÜôé ìåôáîý áêñéâþò äýï åðå-
îåñãáóôþí. Óôçí ðñÜîç, ïé êáôáóêåõáóôÝò ðñïóöÝñïõí äéÜöïñïõò ôñüðïõò
ãéá íá åíþíïíôáé ïé åðåîåñãáóôÝò: åîåéäéêåõìÝíï õëéêü ãéá point-to-point
Ýíùóç, êïéíü÷ñçóôç ìíÞìç, äïìÝò bus, êáé ðïëëïýò Üëëïõò. Ôï Diamond
áðïêñýðôåé áõôÝò ôéò ëåðôïìÝñåéåò áðü ôïí ÷ñÞóôç êáé óõìðåñéöÝñåôáé óáí
íá õðÞñ÷å ðñáãìáôéêü êáëþäéï áíÜìåóá óôïõò åðåîåñãáóôÝò, äßíïíôáò ðñü-
óâáóç óå áõôïýò ìÝóù óõíäÝóåùí ðïõ áñéèìïýíôáé îåêéíþíôáò áðü ôï 0. Óôï
ðáñáðÜíù äéÜãñáììá, ï åðåîåñãáóôÞò P1 Ý÷åé äýï óõíäÝóåéò: ç óýíäåóç 0
ôïí åíþíåé ìå ôïí åðåîåñãáóôÞ P2 ÷ñçóéìïðïéþíôáò ôï êáëþäéï W1, êáé ç
óýíäåóç 1 ôïí åíþíåé ìå ôïí åðåîåñãáóôÞ P3 ÷ñçóéìïðïéþíôáò ôï êáëþäéï
W2.

3.3.4 Ï êåíôñéêüò åðåîåñãáóôÞò

Ôï óçìáíôéêü ãéá üëá ôá äßêôõá åðåîåñãáóôþí ðïõ õðïóôçñßæïíôáé áðü ôçí
Diamond åßíáé üôé åßíáé óõíäåäåìÝíá ìåôáîý ôïõò. ÊÜèå åðåîåñãáóôÞò óôï
äßêôõï ìðïñåß íá ðñïóðåëáóèåß áðü ïðïéïíäÞðïôå Üëëïí åðåîåñãáóôÞ ìÝóù
êáëùäßùóçò, êáíåßò åðåîåñãáóôÞò äåí åßíáé áðïìïíùìÝíïò. Åîáéôßáò áõôïý,
åßíáé äõíáôüí íá îå÷ùñßóïõìå êÜèå åðåîåñãáóôÞ ðïõ óõììåôÝ÷åé ìïíïóÞìá-
íôá, îåêéíþíôáò áðü Ýíáí óáí ñßæá êáé äßíïíôáò ôçí áêïëïõèßá óõíäÝóåùí ðïõ
ðñÝðåé íá áêïëïõèÞóåé êáíåßò ãéá íá öôÜóåé óôïõò õðüëïéðïõò. Óôï ðáñáðÜíù
ðáñÜäåéãìá, îåêéíþíôáò áðü ôïí P1, ìðïñïýìå íá âñïýìå ôïí P5 áêïëïõèþ-
íôáò ôç óýíäåóç 1 êáé ýóôåñá ôçí óýíäåóç 3.

Ôï óçìåßï Ýíáñîçò óå êÜèå åöáñìïãÞ diamond åßíáé Ýíáò åðåîåñãáóôÞò,
ï ïðïßïò êáëåßôáé êåíôñéêüò åðåîåñãáóôÞò Þ ñßæá. Ï êåíôñéêüò åßíáé ç âÜóç
ôïõ äéêôýïõ êáé ï äñüìïò ãéá ôïí åíôïðéóìü ôùí Üëëùí åðåîåñãáóôþí.

3.3.5 Ï host

Ïé åöáñìïãÝò ôïõ Diamond óõíÞèùò ôñÝ÷ïõí óå DSP ðëáêÝôåò ðïõ åßíáé
óõíÞèùò ðÜíù óå Ýíá host PC, áí êáé áõôü äåí åßíáé áðáñáßôçôï. O host åßíáé
õðåýèõíïò ãéá ôçí öüñôùóç ôçò åöáñìïãÞò êáé ãéá ôçí åðéêïéíùíßá ìáæß ôçò.
Ðáñüëï ðïõ åßíáé åöéêôü íá öôéÜîåé êáíåßò ôç äéêÞ ôïõ åöáñìïãÞ ãéá áõôÞ ôç
äïõëåéÜ, ôï diamond ðñïóöÝñåé ôï ðñüãñáììá server ðïõ áíáëáìâÜíåé áõôÝò
ôéò õðï÷ñåþóåéò.
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3.3.6 Äéåñãáóßåò (Tasks)

Ìéá ïëïêëçñùìÝíç åöáñìïãÞ åßíáé ìéá óõëëïãÞ áðü ìßá ç ðåñéóóüôåñåò
äéåñãáóßåò ðïõ åêôåëïýíôáé ôáõôü÷ñïíá êáé åßíáé óõíäåäåìÝíåò ìå êáíÜëéá.
ÊÜèå äéåñãáóßá åßíáé êáé Ýíá îå÷ùñéóôü C ðñüãñáììá, ìå ôç äéêéÜ ôïõ îå-
÷ùñéóôÞ main function êáé ôéò äéêÝò ôïõ ðåñéï÷Ýò ìíÞìçò ãéá êþäéêá êáé
äåäïìÝíá. Ïé äéåñãáóßåò diamond èá ðñÝðåé íá ðåéèáñ÷ïýí óôïõò ðåñéïñé-
óìïýò ôùí êáôá÷ùñçôþí ðïõ âÜæåé ï C compiler ôçò Texas Instruments. Ï
êþäéêáò ìéáò äéåñãáóßáò åßíáé Ýíá áñ÷åßï êáé ìüíï ðïõ äçìéïõñãåßôáé áðü ôïí
óõíäÝôç (linker). Ïé äéåñãáóßåò diamond äåí ðåñéÝ÷ïõí óôáôéêÝò äéåõèýíóåéò
ìíÞìçò êáé ãé áõôüí ôïí ëüãï åßíáé åðáíåíôïðßóçìåò. Ï äéáìïéñáóìüò ôçò
ìíÞìçò ãßíåôáé óå ìåôÝðåéôá óôÜäéï. Åßíáé óôçí áñìïäéüôçôá ôïõ ðñïãñáì-
ìáôéóôÞ íá äéáëÝîåé ôçí êÜèå äéåñãáóßá óå ðïéïí åðåîåñãáóôÞ èá åêôåëåßôáé.
Ìðïñïýìå íá Ý÷ïõìå üóåò äéåñãáóßåò èÝëïõìå óå êÜèå åðåîåñãáóôÞ, ôï ìüíï
ðïõ ìáò ðåñéïñßæåé åßíáé ç äéáèÝóéìç ìíÞìç. Ìðïñïýìå áêüìç íá Ý÷ïõìå êáé
áíôßãñáöá ôçò ßäéáò äéåñãáóßáò óå Ýíáí åðåîåñãáóôÞ. ÊÜèå åðåîåñãáóôÞò èá
åêôåëåß ìüíï êáé ìüíï ôéò äéåñãáóßåò ïé ïðïßåò Ý÷ïõí ðñïïñéóôåß ãéá áõôüí
áðü ôïí ðñïãñáììáôéóôÞ.

ÕðÜñ÷ïõí äýï åéäþí äéåñãáóßåò: full äéåñãáóßåò êáé stand-alone äéåñãáóßåò

Full äéåñãáóßåò

Ïé full äéåñãáóßåò åßíáé óõíäåäåìÝíåò ìå ôçí standard run-time library
(rtl.lib) ìå ôç ÷ñÞóç ôçò åíôïëÞò 3L t. Ìå áõôüí ôïí ôñüðï äßíåôáé óôçí
äéåñãáóßá ç äõíáôüôçôá íá åðéêïéíùíåß ìå ôï host PC ìÝóù ôïõ server. Äç-
ëáäÞ ìðïñåß íá ÷ñçóéìïðïéåß ôéò åíôïëÝò printf, scanf ôçò standard C.

Stand-Alone äéåñãáóßåò

Ïé stand-alone äéåñãáóßåò åßíáé óõíäåäåìÝíåò ìå ôçí stand-alone library
(sartl.lib) ìå ôç ÷ñÞóç ôçò åíôïëÞò 3L ta. ÁõôÞ ç âéâëéïèÞêç ðáñáëåßðåé ôéò
óõíáñôÞóåéò ãéá åðéêïéíùíßá ìå ôïí host. ÓõãêåêñéìÝíá, äéåñãáóßåò ðïõ åßíáé
óõíäåäåìÝíåò ìå ôçí stand-alone library äåí Ý÷ïõí stdin, stdout êáé stderr
êáé äåí ìðïñïýí íá ðÜñïõí ðáñÜìåôñï êáôÜ ôçí åêêßíçóç ôïõò áðü command
line.

3.3.7 Ðüñôåò

ÊÜèå äéåñãáóßá Ý÷åé Ýíá äéÜíõóìá áðü "ðüñôåò åéóüäïõ" êáé Ýíá äéÜíõóìá
áðü "ðüñôåò åîüäïõ" ðïõ ÷ñçóéìïðïéïýíôáé ãéá ôçí óýíäåóç ôùí äéåñãáóéþí
ìåôáîý ôïõò. Ìéá äéåñãáóßá åßíáé óáí Ýíá ìáýñï êïõôß áðü ëïãéóìéêü, Ý÷ïíôáò
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åðéêïéíùíßá ìå ôïí Ýîù êüóìï ìüíï ìÝóù ôùí ðüñôùí ôïõ, üðùò öáßíåôáé
ðáñáêÜôù:

Ïé äéåñãáóßåò åíþíïíôáé óõíäÝïíôáò ðüñôåò åîüäïõ ìå ðüñôåò åéóüäïõ ÷ñç-
óéìïðïéþíôáò êáíÜëéá, êáé áõôÞ ç óõëëïãÞ áðü äéåñãáóßåò åíþíïíôáé óå ìßá
êáé ìüíï åöáñìïãÞ óå Ýíá áñ÷åßï ìÝóù åíüò åñãáëåßïõ ðïõ ïíïìÜæåôáé ñõè-
ìéóôÞò (con�gurer).

3.3.8 Ïñßóìáôá ôçò main

int main(int argc, char *argv[], char *envp[],

CHAN * in_ports[], int ins,

CHAN *out_ports[], int outs)

Argc ï áñéèìüò ôùí ïñéóìÜôùí áðü command-line Argv ôá ïñßóìáôá áðü
command-line Envp ðÜíôá null Inports ôï äéÜíõóìá ôùí ðüñôùí åéóüäïõ Ins
ôï ðëÞèïò ôùí ðüñôùí åéóüäïõ Outports ôï äéÜíõóìá ôùí ðüñôùí åîüäïõ
Outs ôï ðëÞèïò ôùí ðüñôùí åîüäïõ /par Ãéá ðáñÜäåéãìá, ìéá áðëÞ äéåñãáóßá
èá ìðïñïýóå íá äÝ÷åôáé ìéá ñïÞ áðü ôéìÝò óå ìéá ðüñôá åéóüäïõ, üðùò ãéá
ðáñÜäåéãìá ÷áñáêôÞñåò, êáé íá ôïõò ìåôáôñÝðåé óå êåöáëáßá, óôÝëíïíôáò ôç
ñïÞ áõôÞ ìÝóù ìéáò ðüñôá åîüäïõ óå ìéá Üëëç äéåñãáóßá. Ï êþäéêáò ìéáò
ôÝôïéáò áðëÞò äéåñãáóßáò öáßíåôáé ðáñáêÜôù.

#include <chan.h>

#include <ctype.h>

#include <stdio.h> // for EOF

main(int argc, char *argv[], char *envp[],

CHAN * in_ports[], int ins,

CHAN *out_ports[], int outs)

{

int c;

for (;;) {

chan_in_word(&c, in_ports[0]);

if (c == EOF) break; // terminate task

chan_out_word(toupper(c), out_ports[0]);

}

}

3.3.9 Ðüñôåò êáé ÊáíÜëéá

Ìðïñïýìå íá öáíôáóôïýìå ôéò äéåñãáóßåò óáí áôïìéêÝò ìïíÜäåò ðáñÜë-
ëçëùí óõóôçìÜôùí. Ìðïñïýí íá åíùèïýí ìåôáîý ôïõò ìå êáíÜëéá, üðùò óå
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çëåêôñïíéêÜ óõóôÞìáôá. Ç óýíäåóç ìðïñåß íá åðéôåõ÷èåß óôç ìíÞìç Þ íá åßíáé
ìéá óýíäåóç ìåôáîý åðåîåñãáóôþí, åßôå Üìåóá ìÝóù êáëùäßùóçò Þ Ýììåóá ìå
äñïìïëüãçóç áðü ëïãéóìéêü. ÊáíÜëéá ðïõ óõíäÝïõí äéåñãáóßåò óôïí ßäéï åðå-
îåñãáóôÞ ïíïìÜæïíôáé åóùôåñéêÜ êáíÜëéá êáé áõôÜ ðïõ óõíäÝïõí äéåñãáóßåò
óå äéáöïñåôéêïýò ïíïìÜæïíôáé åîùôåñéêÜ êáíÜëéá.

Ôá äéáíýóìáôá ôùí ðüñôùí åéóüäïõ êáé åîüäïõ ðåñíéïýíôáé óáí ðáñÜìåôñïé
óôç main óõíÜñôçóç. ÊÜèå ðüñôá åßíáé ôýðïõ "äåßêôçò óå êáíÜëé" (CHAN *).
Ç run-time âéâëéïèÞêç ôïõ Diamond äéáèÝôåé óõíáñôÞóåéò ãéá ôçí áðïóôïëÞ
êáé ëÞøç ìçíõìÜôùí ìÝóá áðü êáíÜëéá.

Ï ñõèìéóôÞò ìðïñåß íá êáèïäçãçèåß þóôå íá äçìéïõñãÞóåé ðïëëÝò óõí-
äÝóåéò. ÊÜèå óýíäåóç åßíáé Ýíá êáíÜëé åéóüäïõ óõíäåäåìÝíï ìå Ýíá êáíÜëé
åîüäïõ. Ï ñõèìéóôÞò åíþíåé áõôÜ ôá êáíÜëéá óå ðüñôåò äéåñãáóéþí êáé äç-
ìéïõñãåß äéáäñïìÞ áðü ìéá äåäïìÝíç ðüñôá åéóüäïõ óå ìéá äéåñãáóßá óå ìéá
äåäïìÝíç ðüñôá åéóüäïõ ìéáò Üëëçò äéåñãáóßáò. Ìðïñåß êÜðïéïò íá Ý÷åé ðñü-
óâáóç óå áõôÜ ôá êáíÜëéá áðü ôéò äéåñãáóßåò åßôå ìÝóù ôùí ðáñáìÝôñùí ðïõ
Ý÷ïõí ðåñáóôåß óôçí main, Þ ÷ñçóéìïðïéþíôáò ôï üíïìá ôçò óýíäåóçò ãéá íá
ðñïóäéïñßóåé Üìåóá ôï êáíÜëé.

3.3.10 Äßêôõá ðïëõåðåîåñãáóßáò

Áí êáé êÜèå åðåîåñãáóôÞò ìðïñåß íá ôñÝ÷åé ïóïäÞðïôå áñéèìü áðü äéåñãá-
óßåò ðåñéïñéæüìåíïò ìüíï áðü ôç äéáèÝóéìç ìíÞìç, ïé äéåñãáóßåò ðïõ åðéêïéíù-
íïýí ìåôáîý ôïõò äå ÷ñåéÜæïíôáé íá âñßóêïíôáé óôïí ßäéï åðåîåñãáóôÞ. Óôçí
ðñáãìáôéêüôçôá, ïé äéåñãáóßåò ìéáò åöáñìïãÞò ìðïñïýí íá åßíáé äéáóêïñðé-
óìÝíåò óå ðïëëïýò åðåîåñãáóôÝò óôï äßêôõï.

ÊÜèå óýíäåóç ìÝóù êáíáëéþí áðü ôïí Ýíáí åðåîåñãáóôÞ óôïí Üëëïí õëï-
ðïéåßôáé ìå ìéá öõóéêÞ óýíäåóç Þ êáëþäéï ìåôáîý ôùí åðåîåñãáóôþí. Ìðïñåß
íá õëïðïéçèåß ìå ðïëëïýò ôñüðïõò, áëëÜ ç åðéêïéíùíßá ðïõ õðïóôçñßæåôáé åßíáé
áìößäñïìç.

¼ôáí Ýíá êáíÜëé óõíäÝåé äéåñãáóßåò ðïõ âñßóêïíôáé óå äéáöïñåôéêïýò åðå-
îåñãáóôÝò, ôá ìçíýìáôá óå áõôü ôï êáíÜëé äñïìïëïãïýíôáé ìÝóù ôçò óýíäå-
óçò ôùí åðåîåñãáóôþí. ÊÜèå óýíäåóç ìðïñåß íá õðïóôçñßîåé ìüíï äýï öõóéêÜ
êáíÜëéá, Ýíá ãéá êÜèå öïñÜ ôçò äéáäñïìÞò. Ï ðñïãñáììáôéóôÞò Ý÷åé ôç äõíá-
ôüôçôá íá ÷ñçóéìïðïéÞóåé áõôÜ ôá äýï êáíÜëéá ùò Ý÷ïõí Þ íá åðéôñÝøåé óôï
diamond íá ôá ÷åéñéóôåß êáé íá äþóåé Ýíá ðëÞèïò áðü åéêïíéêÜ êáíÜëéá ôá
ïðïßá èá åßíáé öõóéêÜ êáé ðéï áñãÜ. Ôï äßêôõï äåí èá ìðïñåß íá ÷ôéóèåß áí
äåí õðÜñ÷ïõí ôüóåò óõíäÝóåéò ìåôáîý äýï åðåîåñãáóôþí þóôå íá õðïóôçñß-
îïõí üëá ôá áðáéôïýìåíá êáíÜëéá.

ÊÜèå äéåñãáóßá ìðïñåß íá åðéêïéíùíÞóåé ìå êÜèå Üëëç äéåñãáóßá, áíåîÜñ-
ôçôá áðü ôï ðïý åßíáé ìÝóá óôï äßêôõï. Ôá ìçíýìáôá ìðïñïýí íá äñïìï-
ëïãçèïýí ìÝóù åíäï-åðåîåñãáóôéêþí óõíäÝóåùí ðÜíù áðü åéêïíéêÜ êáíÜëéá.
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ÅðéðëÝïí, üëåò ïé äéåñãáóßåò ìðïñïýí íá Ý÷ïõí ðñüóâáóç óôï C standard
I/O.

3.3.11 ÅéêïíéêÜ êáé ÖõóéêÜ ÊáíÜëéá

Ôï diamond ðñïêáèïñéóìÝíá, ìåôáôñÝðåé üëá ôá åîùôåñéêÜ êáíÜëéá óå
åéêïíéêÜ, äçëáäÞ áõôüìáôá ìåôáöÝñïõí ìçíýìáôá ìåôáîý áðïìáêñõóìÝíùí
åðåîåñãáóôþí ìÝóù åíäéÜìåóùí êüìâùí ôïõ äéêôýïõ. Åöüóïí ðïëëÜ åéêï-
íéêÜ êáíÜëéá ìðïñïýí êáé ìïéñÜæïíôáé ôïí ßäéï öõóéêü óýíäåóìï, ïóáäÞðïôå
åéêïíéêÜ êáíÜëéá ìðïñïýí íá åíþóïõí äéåñãáóßåò óå äéáöïñåôéêïýò åðåîåñãá-
óôÝò. Ç ìåôÜâáóç ðÜíù áðü åéêïíéêÜ êáíÜëéá åßíáé åããõçìÝíá áðáëëáãìÝíç
áðü áäéÝîïäá.

Ðáñüëá áõôÜ, ôá åéêïíéêÜ êáíÜëéá åßíáé ðéï áñãÜ áðü ôá õðïâüóêïíôá
öõóéêÜ êáíÜëéá. Ôï diamond ëïéðüí ðñïóöÝñåé êáé öõóéêÜ êáíÜëéá, ðïõ
êëåéäþíïõí êáôåõèåßáí óôï õëéêü. Ôï ðëåïíÝêôçìÜ ôïõò åßíáé ç ôá÷ýôçôá åíþ
ôï ìåéïíÝêôçìá åßíáé üôé ï áñéèìüò ôùí öõóéêþí óõíäÝóåùí êáé ôá ìïíïðÜôéá
åßíáé ðåñéïñéóìÝíá áðü ôï äéáèÝóéìï õëéêü.

¼ôáí ôï throughput êÜðïéùí êáíáëéþí åßíáé êñßóéìï ãéá ôçí åðßäïóç ôçò
åöáñìïãÞò, ï ðñïãñáììáôéóôÞò ìðïñåß íá ðåéñáìáôéóèåß ìå ôïõò ôñüðïõò óýí-
äåóçò êáé íá åðéëÝîåé ôïí êáëýôåñï ãéá ôçí åöáñìïãÞ ôïõ. Ï ðåéñáìáôéóìüò
åßíáé åýêïëïò êáèþò äåí ÷ñåéÜæåôáé áëëáãÞ óôïí êþäéêá ãéáôß ïé óõíáñôÞóåéò
ãéá ìåôáâßâáóç ìçíõìÜôùí åßíáé ßäéåò.

3.3.12 Ôáõôü÷ñïíç Åßóïäïò

ÌåñéêÝò öïñÝò, ìéá äéåñãáóßá ðïõ äÝ÷åôáé åßóïäï áðü äýï Þ ðåñéóóüôåñá
êáíÜëéá äåí ìðïñåß íá îÝñåé ðéï êáíÜëé èá åßíáé ôï åðüìåíï Ýôïéìï ãéá íá
ìåôáöÝñåé ôï ìÞíõìá. Äåí ìðïñåß ç äéåñãáóßá íá äéáâÜæåé êÜèå êáíÜëé ìå ôç
óåéñÜ, äéüôé áõôü èá ìðëüêáñå ôç äéåñãáóßá ìÝ÷ñéò üôïõ ôï Ýíá óõãêåêñéìÝíï
êáíÜëé íá ãßíåé Ýôïéìï, ôá Üëëá êáíÜëéá ðïõ èá åßíáé Þäç Ýôïéìá íá ìåôáöÝñïõí
ìçíýìáôá èá Ýðñåðå íá ðåñéìÝíïõí.

Ôï diamond åðéëýåé áõôü ôï ðñüâëçìá ìå ôçí ïìÜäá óõíáñôÞóåùí âé-
âëéïèÞêçò ðïõ âñßóêïíôáé óôï alt.h. ÁõôÝò ïé óõíáñôÞóåéò åðéôñÝðïõí óôï
ðñüãñáììá íá ðåñéìÝíåé ìÝ÷ñéò üôïõ Ýíá êáíÜëé ôçò ïìÜäáò ôùí åéêïíéêþí
êáíáëéþí åëåõèåñùèåß êáé åßíáé Ýôïéìï ãéá åðéêïéíùíßá. Ôï êáíÜëé ðïõ åëåõ-
èåñþíåôáé ðñþôï áíáãíùñßæåôáé áðü ôï êáëþí ðñüãñáììá ôï ïðïßï Ýðåéôá
äéáâÜæåé ôï ìÞíõìá ÷ñçóéìïðïéþíôáò áðü ôéò ßäéåò óõíáñôÞóåéò ðïõ ÷ñçóéìï-
ðïßçóå ãéá íá óôåßëåé ìÞíõìá.
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3.3.13 ÍÞìáôá ÐáñÜëëçëçò ÅêôÝëåóçò

Ôï diamond õðïóôçñßæåé ðïëõíçìáôéêÝò äéåñãáóßåò. Ïé äéåñãáóßåò äç-
ìéïõñãïýí äõíáìéêÜ íÝá íÞìáôá ðåñíþíôáò Ýíá äåßêôç óå ìéá óõíÜñôçóç êáé
ôï ðëÞèïò ôçò ìíÞìçò óå ìéá óõíÜñôçóç âéâëéïèÞêçò. Ôï íÝï íÞìá îåêéíÜåé
íá åêôåëåß ôïí êþäéêá ôçò óõíÜñôçóçò ôáõôü÷ñïíá ìå ôï íÞìá ôï ïðïßï ôï
äçìéïýñãçóå. Ôï íÝï íÞìá ôñÝ÷åé óôï ßäéï ðåñéâÜëëïí ìå ôïí äçìéïõñãü ôïõ,
ìïéñÜæïíôáé ôçí óôáôéêÞ, åîùôåñéêÞ êáé heap èÝóåéò ìíÞìçò. Ï ìüíïò éäéùôé-
êüò áðïèçêåõôéêüò ÷þñïò ôïõ íÝïõ íÞìáôïò åßíáé ôï workspace ôïõ. Ôï íÞìá
ãïíÝáò äåí Ý÷åé Üìåóï Ýëåã÷ï ôïõ ðáéäéïý ôïõ, ôï ïðïßï óõíå÷ßæåé íá åêôå-
ëåßôáé ìÝ÷ñé íá ôåñìáôßóåé åßôå ãõñßæïíôáò áðü ôç óõíÜñôçóç áðü ôçí ïðïßá
êáëÝóôçêå Þ áðü åéäéêÞ óõíÜñôçóç âéâëéïèÞêçò. ÁõôÞ ç óõìðåñéöïñÜ åßíáé
ðáñüìïéá ìå ôá íÞìáôá óôïí ðñïãñáììáôéóìü ãéá windows êáé ãéá ìåñéêÝò
åêäüóåéò ôïõ Unix. ÊÜèå íÞìá Ý÷åé ôçí äéêÞ ôïõ stack ìíÞìç áëëÜ ìïéñÜæåôáé
ôá õðüëïéðá äåäïìÝíá ôïõ ìå üëá ôá Üëëá íÞìáôá óôçí ßäéá äéåñãáóßá.

Ôá íÞìáôá óõíÞèùò äçìéïõñãïýíôáé êáôÜ ôçí áñ÷éêïðïßçóç ìéáò äéåñãá-
óßáò. Ç óõ÷íÞ äçìéïõñãßá êáé ôåñìáôéóìüò íçìÜôùí óõíÞèùò ðñïäßäåé ìéá
êáêÞ õëïðïßçóç ôïõ ðñïãñÜììáôïò.

ÓõíáñôÞóåéò óçìáöüñùí óôçí run-time âéâëéïèÞêç ìðïñïýí íá ÷ñçóéìï-
ðïéçèïýí ãéá íá áðïöåõ÷èåß ç ðáñÝìâáóç ôïõ åíüò íÞìáôïò ìå ôï Üëëï. Äéá-
öïñåôéêÜ, åóùôåñéêÜ êáíÜëéá äçëùìÝíá óáí ìåôáâëçôÝò ôïõ ðñïãñÜììáôïò
ìðïñïýí íá ÷ñçóéìïðïéçèïýí ãéá íá óõã÷ñïíéóôïýí ïé ëåéôïõñãßåò ôùí íçìÜ-
ôùí êáé íá ãßíåé ç ìåôáâßâáóç ìçíõìÜôùí ãéá ôçí ìåôáîý ôïõò åðéêïéíùíßá.
Ôï diamond ðñïóöÝñåé Ýíáí ôýðï äåäïìÝíùí ôïí CHAN ðïõ ìðïñåß íá ÷ñç-
óéìïðïéçèåß ãéá ôçí äÞëùóç ôÝôïéùí êáíáëéþí ìåôáâëçôþí.

ÖõóéêÜ, üðùò óå ïðïéïäÞðïôå êôßóéìï ìéáò åöáñìïãÞò, ôá íÞìáôá ÷ñç-
óéìïðïéïýíôáé êáé ÷ùñßò íá åßíáé áõóôçñþò áðáñáßôçôç ç ÷ñÞóç ôïõò. Áõôü
ãßíåôáé ãéáôß ðïëëÜ ðñïâëÞìáôá áðü ôç öýóç ôïõò åðéëýïíôáé êáëýôåñá êáé
ðéï áíèñþðéíá ìå ôç ÷ñÞóç íçìÜôùí êáé ðïëõíçìáôéêþí äéåñãáóéþí.

¼ôáí ìéá äéåñãáóßá îåêéíÞóåé ôçí åêôÝëåóÞ ôçò, ç êýñéá óõíÜñôçóÞ ôçò
óõìðåñéöÝñåôáé óáí Ýíá íÞìá, óõãêåêñéìÝíá, ìðïñåß íá äéáêïðåß ç åêôÝëåóÞ
ôçò ìå ôçí óõíÜñôçóç thread stop.

3.3.14 Ñõèìßæïíôáò ìéá åöáñìïãÞ

¼ôáí ìéá åöáñìïãÞ ó÷åäéáóôåß êáé ãñáöôåß óáí ìéá óõëëïãÞ áðü äéåñãá-
óßåò ðïõ åðéêïéíùíïýí, ðþò ãßíåôáé íá öïñôùèåß óå Ýíá äßêôõï åðåîåñãáóôþí;

Ðñþôá, êÜèå îå÷ùñéóôÞ äéåñãáóßá ÷ôßæåôáé ìå ôï íá ìåôáãëùôéóèïýí üëá
ôá áñ÷åßá êþäéêá ìå ôïí C compiler êáé ÷ñçóéìïðïéþíôáò ôïí linker íá óõí-
äåèïýí ôá object áñ÷åßá ìå ôá áðáñáßôçôá êïììÜôéá êþäéêá áðü ôçí run-time
âéâëéïèÞêç. ÅðáíáëáìâÜíïíôáò áõôÞ ôç äéáäéêáóßá ãéá êÜèå äéåñãáóßá Ý÷ïõìå
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ùò áðïôÝëåóìá ðïëëÜ áñ÷åßá ðïõ êÜèå Ýíá áíôéðñïóùðåýåé êáé ìéá äéåñãáóßá.
Ôþñá áõôÜ ôá ðïëëÜ áñ÷åßá-äéåñãáóßåò èá ðñÝðåé íá óõíåíùèïýí óå Ýíá

êáé ìïíáäéêü åêôåëÝóéìï áñ÷åßï ðïõ èá áðïôåëåß êáé ôï áñ÷åßï ôçò åöáñìïãÞò.
Ôï ðñüãñáììá ðïõ êÜíåé üëåò áõôÝò ôéò äïõëåéÝò ïíïìÜæåôáé con�gurer. Óáí
åßóïäï ôï ðñüãñáììá áõôü äÝ÷åôáé Ýíá áñ÷åßï ãñáììÝíï áðü ôïí ðñïãñáììá-
ôéóôÞ óå ìïñöÞ êåéìÝíïõ êáé êáèïñßæåé:

• Ôçí äïìÞ ôïõ õëéêïý

{ ÄéáèÝóéìïé åðåîåñãáóôÝò

{ ÓõíäÝóåéò ìåôáîý ôùí åðåîåñãáóôþí

• Ôçí äïìÞ ôïõ ëïãéóìéêïý

{ Ïé äéåñãáóßåò ðïõ ðñüêåéôáé íá åíóùìáôùèïýí

{ ÓõíäÝóåéò ìå êáíÜëéá ìåôáîý ôïõò

• Ôïí ôñüðï ðïõ èá ãßíåé ç áíôéóôïß÷çóç ôïõ ëïãéóìéêïý óôï õëéêü

Ï ñõèìéóôÞò êñáôÜåé ìíÞìç ãéá ôéò äéåñãáóßåò êáé ôéò åíþíåé óå Ýíá êáé ìï-
íáäéêü áñ÷åßï ôçò åöáñìïãÞò ôï ïðïßï ìðïñåß íá öïñôùèåß óôï õëéêü ðïõ Ý÷åé
ðñïóäéïñéóèåß êáé íá åêôåëåóèåß ÷ñçóéìïðïéþíôáò ôçí åíôïëÞ ôïõ Diamond:
3L x. Ï ñõèìéóôÞò åßíáé åðßóçò õðåýèõíïò ãéá ôïí êáèïñéóìü ôùí äéåñãáóéþí
ðïõ ðñÝðåé íá öïñôùèïýí.

Ãéá íá ãßíåé ìéá áëëáãÞ óôïí ôñüðï ìå ôïí ïðïßï ïé äéåñãáóßåò åßíáé óõí-
äåäåìÝíåò ìåôáîý ôïõò ç óôï ðïéåò äéåñãáóßåò åßíáé íá åêôåëåóôïýí, äåí åßíáé
áðáñáßôçôç ìéá áëëáãÞ óôïí êþäéêá ôïí äéåñãáóéþí ïýôå ÷ñåéÜæåôáé êÜðïéá
åðáíáìåôáãëþôôéóç êáé åðáíáóýíäåóç. Ç áëëáãÞ ãßíåôáé ìüíï óôïí ñõèìéóôÞ
üðïõ áëëÜæïõìå ôï áñ÷åßï êåéìÝíïõ ðïõ ðñïóäéïñßæåé áõôÝò ôéò ðëçñïöïñßåò.
¸ôóé ëïéðüí ãéá ðáñÜäåéãìá, åßíáé åöéêôü íá ðáñÜãïõìå ìéá åöáñìïãÞ ðïõ
üëåò ïé äéåñãáóßåò èá åêôåëïýíôáé óå Ýíáí åðåîåñãáóôÞ, Ýðåéôá íá áëëÜîïõìå
ãíþìç, íá ôçí ñõèìßóïõìå áëëéþò, êáé ÷ùñßò êáìßá áëëáãÞ óôïí êþäéêá íá
ôñÝîåé ç åöáñìïãÞ óå äßêôõï åðåîåñãáóôþí. Ôá öõóéêÜ êáíÜëéá ìðïñïýí íá
áíôéêáôáóôáèïýí äéáöáíþò áðü åéêïíéêÜ êáíÜëéá ìå ðáñüìïéï ôñüðï.

3.3.15 ÄïìÞ ôçò ÅöáñìïãÞò

ÌÝ÷ñé ôþñá Ý÷ïõìå äåé åöáñìïãÝò Diamond óáí Ýíá äßêôõï äéåñãáóéþí
áðëùìÝíåò óå Ýíá ðëÞèïò åðåîåñãáóôþí, ìå ðéèáíüí ðïëëÝò äéåñãáóßåò óå êÜèå
åðåîåñãáóôÞ. ÁõôÝò ïé äéåñãáóßåò åðéêïéíùíïýí ìåôáîý ôïõò ìüíï ìÝóù êá-
íáëéþí. Áí ìéá äéáäéêáóßá åðéèõìåß íá åðéêïéíùíÞóåé ìå ìéá äéåñãáóßá óå Ýíáí
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Üëëïí åðåîåñãáóôÞ, ôá ìçíýìáôá èá ìåôáöåñèïýí óå áõôüí ôïí åðåîåñãáóôÞ
ìÝóù óõíäÝóåùí ôùí åðåîåñãáóôþí ìåôáîý ôïõò.

ÔõðéêÜ, ôï äßêôõï åëÝã÷åôáé áðü Ýíáí Üëëïí åðåîåñãáóôÞ ôïí ïðïßï ïíï-
ìÜæïõìå host. Ï host åðéêïéíùíåß Üìåóá ìå ìüíï Ýíáí åðåîåñãáóôÞ óôï äßêôõï
ôïí ïðïßï ïíïìÜæïõìå êåíôñéêü åðåîåñãáóôÞ Þ ñßæá. Óôçí ðñáãìáôéêüôçôá,
ç åöáñìïãÞ ðåñéëáìâÜíåé ðëÞèïò Üëëùí ðñáãìÜôùí ôá ïðïßá èá åîåôÜóïõìå
ðáñáêÜôù.

3.3.16 Ï ÌéêñïðõñÞíáò

Ï ñõèìéóôÞò áõôüìáôá ôïðïèåôåß óå êÜèå åðåîåñãáóôÞ Ýíáí êáôÜëëçëï
ðõñÞíá ëïãéóìéêïý, ï ïðïßïò êÜðïéåò äïõëåéÝò ðïõ êÜíåé åßíáé:

• ×ñïíïðñïãñáììáôéóìüò ôùí íçìÜôùí ðïõ ôñÝ÷ïõí óôïí åðåîåñãáóôÞ

• Äéá÷åßñéóç ôùí åóùôåñéêþí óõíäÝóåùí êáé êáíáëéþí ôùí åðåîåñãáóôþí

• Ñýèìéóç ôçò äéåñãáóßáò ðïõ êñáôÜåé ôïí ÷ñüíï

• ÄéáèÝôåé ôá áðáñáßôçôá ãéá ôçí ÷ñÞóç óåìáöüñùí êáé óõìâÜíôùí

• Äéá÷åéñßæåôáé ôéò äéáêïðÝò

Ï ðõñÞíáò åßíáé Ýíá ðáèçôéêü óôïé÷åßï óôï óýóôçìá. Êáôáíáëþíåé ÷ñüíï
áðü ôïí åðåîåñãáóôÞ ìüíï üôáí êáëåßôáé íá êÜíåé êÜôé, åßôå óáí áðïôÝëå-
óìá ìéáò äéáêïðÞò ç ëüãù ìéáò áíáöïñÜò áðü êÜðïéï ðñüãñáììá (ãéá ðá-
ñÜäåéãìá ìéá ëåéôïõñãßá óýíäåóçò Þ óåìáöüñïõ). Ïé äéáêïðÝò ôïõ TIMER0
÷ñçóéìïðïéïýíôáé áðü ôïí ðõñÞíá ãéá íá äéá÷åéñéóèåß ôï åóùôåñéêü ôïõ ñïëüé
(timer now, timer delay, timer wait) êáé ãéá ôïí ÷ùñéóìü ôïí ÷ñïíïèõñßäùí.
Ç äéá÷åßñéóç áõôÞ ôïõ ÷ñüíïõ ÷ñåéÜæåôáé ðåñßðïõ 25 êýêëïõò êÜèå ÷éëéïóôü
ôïõ äåõôåñüëåðôïõ. Áí õðÜñ÷åé ìüíï Ýíá íÞìá óôïí åðåîåñãáóôÞ äå èá ãßíåé
÷ùñéóìüò óå ÷ñïíïèõñßäåò. Áí èÝóïõìå CLOCK=0 óôïí åðåîåñãáóôÞ, ôüôå
ï ÷ùñéóìüò óå ÷ñïíïèõñßäåò äéáêüðôåôáé êáèþò êáé ïé äéáêïðÝò ôïõ ñïëïãéïý
ôïõ ðõñÞíá. ¼ëïé ïé êýêëïé ôïõ åðåîåñãáóôÞ èá åßíáé äéáèÝóéìïé ãéá ôçí
åöáñìïãÞ. ÂÝâáéá áõôü ðïõ ðåñéãñÜöçêå ôþñá óðáíßùò åßíáé óõìöÝñïí ãéá
ìéá åöáñìïãÞ.

Ï ðõñÞíáò åßíáé ðïëý áðïäïôéêüò êáé ç áðüäïóÞ ôïõ äåí åîáñôÜôáé áðü
ôïí áñéèìü ôùí íçìÜôùí óôï óýóôçìá.

3.3.17 ×ñïíïäñïìïëïãçôÞò

Óå Ýíáí åðåîåñãáóôÞ ìðïñïýí íá ôñÝ÷ïõí ðïëëÝò äéåñãáóßåò, êáé ïé äéåñãá-
óßåò áõôÝò áðïôåëïýíôáé áðü Ýíá ç ðåñéóóüôåñá íÞìáôá, ôá ïðïßá åêôåëïýíôáé
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ôáõôü÷ñïíá. Ï ìéêñïðõñÞíáò ìïéñÜæåé ôïí äéáèÝóéìï ÷ñüíï ôïõ åðåîåñãáóôÞ
áíÜìåóá óôá äéÜöïñá íÞìáôá. ÁõôÞ ç äéáäéêáóßá åßíáé ãíùóôÞ ùò ÷ñïíïäñï-
ìïëüãçóç. ÊÜèå íÞìá Ý÷åé ìéá äåäïìÝíç ðñïôåñáéüôçôá, Ýíá íïýìåñï ìåôáîý
0 êáé 7, ôï ïðïßï êáèïñßæåé ôï ðüóï óçìáíôéêü åßíáé ôï íÞìá óå ó÷Ýóç ìå ôá
õðüëïéðá ðïõ ôñÝ÷ïõí óôïí ßäéï åðåîåñãáóôÞ. ¼óï ðéï ìéêñü åßíáé ôï íïý-
ìåñï, ôüóï ìåãáëýôåñç ç ðñïôåñáéüôçôá ôïõ íÞìáôïò. Ôá íÞìáôá ðïõ Ý÷ïõí
ôçí ýøéóôÞ ðñïôåñáéüôçôá (äçëáäÞ Ý÷ïõí 0) ïíïìÜæïíôáé êáé åðåßãïí íÞìáôá.

¸íá íÞìá ðïõ åêôåëåßôáé ìðïñåß íá ìðåé óôçí áíáìïíÞ êáé íá ìçí ìðáß-
íåé óôçí ïõñÜ ôçò ÷ñïíïäñïìïëüãçóçò Þ Ýíá íÞìá ìðïñåß íá óõíå÷ßóåé ôçí
åêôÝëåóÞ ôïõ üôáí óõìâåß êÜôé áðü áõôÜ:

• Ôï íÞìá åðéëÝãåé íá ìçí ÷ñïíïäñïìïëïãçèåß êáëþíôáò ôçí thread deschedule

• Ôï íÞìá ðñÝðåé íá ðåñéìÝíåé êÜôé (åðéêïéíùíßá ìÝóù êáíáëéïý, Ýíáí
óçìáöüñï, Ýíá óõìâÜí, Þ ôï ñïëüé)

• Ôï íÞìá ðáñáãêùíßæåôáé áðü Ýíá íÞìá ìå õøçëüôåñç ðñïôåñáéüôçôá ôï
ïðïßï åßíáé Ýôïéìï íá óõíå÷ßóåé ôçí åêôÝëåóç

• Ôï íÞìá äñïìïëïãåßôáé áðü ôïí ÷ñïíïäñïìïëïãçôÞ äéüôé Ý÷åé åêôåëåóôåß
óôïí ÷ñüíï ðïõ ôïõ äéáôÝèçêå ÷ùñßò äéáêïðÞ êáé ç ÷ñïíïèõñßäá ôïõ
ôåëåßùóå.

Ôá åðåßãïí íÞìáôá ìå ôçí ýøéóôç ðñïôåñáéüôçôá, ìå íïýìåñï 0, äåí åðé-
ôñÝðåôáé íá ðáñáãêùíéóôïýí áðü Üëëï íÞìá áêüìá êáé íá åßíáé åðåßãïí êáé
áõôü. ÄçëáäÞ, ôá åðåßãïí ìçíýìáôá åßíáé óáí íá Ý÷ïõí ìéá ÷ñïíïèõñßäá Üðåé-
ñçò äéÜñêåéáò êáé èá åêôåëïýíôáé ãéá ðÜíôá ÷ùñßò êÜðïéïò íá ôá âÜæåé óå
áíáìïíÞ. Ôá íÞìáôá ìéêñüôåñçò ðñïôåñáéüôçôáò, áëëÜ áêüìá êáé ôá åðåßãïí
íÞìáôá, èá ìÝíïõí ôåëåßùò åêôüò åêôÝëåóçò. Ç óùóôÞ ÷ñÞóç ôùí åðåßãïí íç-
ìÜôùí ìðïñåß íá âåëôéþóåé ðÜñá ðïëý ôçí áðüäïóç ôçò åöáñìïãÞò, áëëÜ ìéá
áëüãéóôç ÷ñÞóç ôïõò èá ìðïñïýóå åîßóïõ íá ìåéþóåé ðÜñá ðïëý ôçí áðüäïóç.
Ãéá áõôüí ôï ëüãï, ôá åðåßãïí íÞìáôá ðñÝðåé íá ÷ñçóéìïðïéïýíôáé ìå ðïëý
ðñïóï÷Þ. ¸íáò ãåíéêüò êáíüíáò åßíáé üôé ôá åðåßãïí íÞìáôá ÷ñçóéìïðïéïý-
íôáé ãéá äéåñãáóßåò åðéêïéíùíßáò.

¢ðáî êáé Ýíá íÞìá ìðåé óå áíáìïíÞ, ôï åðüìåíï íÞìá ðïõ Ý÷åé ôç ìåãá-
ëýôåñç ðñïôåñáéüôçôá êáé åßíáé Ýôïéìï åêôåëåßôáé. ¼ôáí ôá íÞìáôá Ý÷ïõí ôçí
ßäéá ðñïôåñáéüôçôá ìå åîáßñåóç ôá åðåßãïí, ï ìéêñïðõñÞíáò èá ìïéñÜóåé ôïí
÷ñüíï ôïõ åðåîåñãáóôÞ äßêáéá óå üëá ôá íÞìáôá êáé ìå �fo ëïãéêÞ.

Ç áëëáãÞ ôùí íçìÜôùí åîáéôßáò äéáêïðÞò åßíáé ëßãï ðéï áêñéâÞ óå ÷ñüíï
åðåîåñãáóôÞ áðü ôçí áëëáãÞ ãéá ïðïéïäÞðïôå Üëëï ëüãï.

Óôç äïìÞ ôçò åöáñìïãÞò óõãêáôáëÝãïíôáé êáé ôï Universal Packer Router
(UPR), ôï Global File Services (GFS) êáé ôï Virtual Channel Router (VCR).
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Ôï UPR åßíáé õðåýèõíï ãéá ôçí åðéêïéíùíßá üôáí äåí õðÜñ÷åé öõóéêüò óýíäå-
óìïò áíÜìåóá óôïõò åðåîåñãáóôÝò. Ôï GFS äßíåé äõíáôüôçôá óå åðåîåñãáóôÝò
ðïõ äåí åßíáé ñßæá íá ÷ñçóéìïðïéïýí ëåéôïõñãßåò I/O. Ôï VCR äßíåé ôç äõíá-
ôüôçôá óôéò äéåñãáóßåò íá åðéêïéíùíïýí ìåôáîý ôïõò ìå êáíÜëéá êáé åßíáé áõôü
ðïõ äßíåé ôç äõíáôüôçôá ãéá åéêïíéêÜ êáíÜëéá ðÜíù áðü Ýíá öõóéêü êáíÜëé.

3.3.18 O Server

Ï server åßíáé ìéá åöáñìïãÞ ãéá Windows ðïõ ôñÝ÷åé óôï host êáé Ý÷åé
äýï óçìáíôéêÝò ëåéôïõñãßåò:

• öïñôþíåé ôï ðñüãñáììá óôï óýóôçìá

• åêôåëåß åßóïäï-Ýîïäï êáé Üëëåò ëåéôïõñãßåò óôïí host ðáßñíïíôáò åíôï-
ëÝò áðü ôï äßêôõï ôùí åðåîåñãáóôþí

Ëüãù ôçò äåýôåñçò ëåéôïõñãßáò, ï server óõíÞèùò ôñÝ÷åé óôïí host óõíå÷þò
êáé üëç ôçí þñá ðïõ ôñÝ÷åé ç åöáñìïãÞ óôï board. Ïé ëåðôïìÝñåéåò áõôþí ôùí
åñãáóéþí ðïõ êÜíåé ï server åßíáé áäéáöáíÞò. Ï ðñïãñáììáôéóôÞò áðëÜ êáëåß
ôéò óõíáñôÞóåéò ôçò C üðùò ð÷ ôçí printf. Ç run-time âéâëéïèÞêç ìåôáôñÝðåé
áõôÝò ôéò êëÞóåéò óå êáôÜëëçëåò åíôïëÝò óôïí server.

3.3.19 Áõôïäýíáìåò (stand-alone) åöáñìïãÝò

Åßíáé åöéêôü íá äçìéïõñãçèïýí åöáñìïãÝò ïé ïðïßåò äåí ÷ñçóéìïðïéïýí êá-
èüëïõ ôïí sever. ¸íá áðëü ðáñÜäåéãìá åßíáé ìéá åöáñìïãÞ ç ïðïßá êñáôåßôáé
óôçí ROM ìíÞìç êáé öïñôþíåôáé áõôüìáôá üôáí îåêéíÞóåé ï åðåîåñãáóôÞò.
¸íá Üëëï ðáñÜäåéãìá åßíáé ìéá åöáñìïãÞ ðïõ öïñôþíåôáé êáé ìéëÜåé Üìåóá
ìå êþäéêá ãñáììÝíï óôïí host. ÔÝôïéåò åöáñìïãÝò Ý÷ïõí ðëÞñç Ýëåã÷ï ãéá
ôçí åðéêïéíùíßá ìå ôï host áí õðÜñ÷åé êÜðïéá.

¼ôáí ï ðñïãñáììáôéóôÞò öôéÜ÷íåé ìéá áõôïäýíáìç åöáñìïãÞ èá ðñÝðåé íá
Ý÷åé õðüøç üôé:

• ¼ëåò ïé äéåñãáóßåò ðñÝðåé íá óõíäåèïýí ìå ìéá stand-alone âéâëéïèÞêç

• ÐñÝðåé ï ñõèìéóôÞò íá åêôåëåóôåß ìå ôçí ðáñÜìåôñï -Á.

3.3.20 Áðüäïóç

Ôï diamond Ý÷åé ó÷åäéáóèåß Ýôóé þóôå íá åðéôñÝðåé óôïí ðñïãñáììáôéóôÞ
íá ãñÜøåé åöáñìïãÝò õøçëÞò áðüäïóçò ìå ôïí ìéêñüôåñï äõíáôü êüðï. Ï
ìéêñïðõñÞíáò ìåñéìíÜ þóôå ç äéáèÝóéìç CPU íá ÷ñçóéìïðïéåßôáé áðïäïôéêÜ.
¼ôáí Ýíá íÞìá ðåñéìÝíåé ãéá êÜôé (åðéêïéíùíßá ìå ôïí host ç ìå Ýíáí Üëëïí
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åðåîåñãáóôÞ ãéá ðáñÜäåéãìá), ï ðõñÞíáò âÜæåé ôï íÞìá áõôü óå áíáìïíÞ êáé
äßíåé ôïí Ýëåã÷ï óôï åðüìåíï óôç óåéñÜ íÞìá ôï ïðïßï åßíáé Ýôïéìï ãéá åêôÝ-
ëåóç. ¸íá íÞìá óå áíáìïíÞ äåí ÷ñçóéìïðïéåß êýêëïõò ôïõ åðåîåñãáóôÞ. Ôï
íÞìá èá îõðíÞóåé êáé èá åôïéìáóôåß ãéá åêôÝëåóç üôáí åêôåëåóôåß ôï óõìâÜí
ðïõ ðåñéìÝíåé.

3.3.21 ÁêïëïõèéáêÜ ÐñïãñÜììáôá

Ç äéáäéêáóßá ãéá ôçí ìåôáôñïðÞ åíüò ç ðåñéóóüôåñùí áñ÷åßùí êþäéêá óå
ìéá Ýôïéìç åöáñìïãÞ áðáéôåß ôñßá âÞìáôá:

• Ìåôáãëþôôéóç ôùí áñ÷åßùí êþäéêá óå object áñ÷åßá.

• Óýíäåóç ôùí áñ÷åßùí áõôþí ìå âéâëéïèÞêåò ãéá ôç äçìéïõñãßá äéåñãá-
óéþí

• Ñýèìéóç ôùí äéåñãáóéþí ãéá ôçí ÝíùóÞ ôïõò êáé ôç äçìéïõñãßá ôçò åêôå-
ëÝóéìçò åöáñìïãÞò

3.3.22 Ìåôáãëþôôéóç

ÊÜèå áñ÷åßï êþäéêá ìåôáãëùôôßæåôáé óå Ýíá object áñ÷åßï ðïõ ðåñéÝ÷åé
ôéò åíôïëÝò óå ãëþóóá ôïõ åðåîåñãáóôÞ. Ç ìåôáãëþôôéóç ãßíåôáé ìå ôçí
áêüëïõèç åíôïëÞ:
3L c source-�le

ÁõôÞ ç åíôïëÞ êáëåß ôïí ìåôáãëùôôéóôÞ ãéá ôçí C ôçò Texas Instruments
ìå ôéò êáôÜëëçëåò ðáñáìÝôñïõò. Ôï áñ÷åßï êþäéêá èá ðñÝðåé íá Ý÷åé ôçí
åðÝêôáóç ".c" êáé ôï üíïìá ôïõ áñ÷åßïõ èá ðñÝðåé íá ãñáöèåß ìå ôçí åðÝêôáóÞ
ôïõ. ¸ôóé ãéá íá ìåôáãëùôôßóåé êáíåßò ôï hello.c èá ðñÝðåé íá äþóåé ôçí åîÞò
åíôïëÞ:
3L c hello.c

Áí ôï ðñüãñáììá äåí ðåñéÝ÷åé êÜðïéï ëÜèïò, èá äçìéïõñãçèåß Ýíá object
áñ÷åßï ìå üíïìá hello.obj. Áí ï ìåôáãëùôôéóôÞò óõíáíôÞóåé ëÜèç óôï ðñü-
ãñáììá, åìöáíßæåé äéáãíùóôéêÜ ìçíýìáôá óôçí ïèüíç.

3.3.23 ÐáñÜìåôñïé êáé ÅðéëïãÝò ôïõ ÌåôáãëùôôéóôÞ

Åêôüò áðü ôéò åðéëïãÝò êáé ðáñáìÝôñïõò ðïõ ç åíôïëÞ 3L c ÷ñçóéìïðïéåß
áõôüìáôá, ï ìåôáãëùôôéóôÞò äéáèÝôåé êáé Üëëåò åðéëïãÝò. ÁõôÝò äßíïíôáé óôçí
åíôïëÞ ìåôáãëþôôéóçò, üðùò öáßíåôáé ðáñáêÜôù:
3L c hello.c -dDEBUG -k
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ÁõôÞ ç åíôïëÞ èá ìåôáãëùôôßóåé ôï ðñüãñáììá hello.c ìå ôçí åðéëïãÞ DE-
BUG. Ç Ýîïäïò ôïõ ìåôáãëùôôéóôÞ óå áñ÷åßï ìå åíôïëÝò ãëþóóáò ìç÷áíÞò èá
êñáôçèåß êáé ìåôÜ ôï ôÝëïò ôçò ìåôáãëþôôéóçò, üðïõ èá óâçíüôáí óå áíôßèåôç
ðåñßðôùóç.

3.3.24 Óýíäåóç (Linking)

¼ôáí Ýíá ðñüãñáììá ìåôáãëùôôéóôåß óå Ýíá ç ðåñéóóüôåñá áñ÷åßá object,
ôï åðüìåíï âÞìá åßíáé íá óõíäåèåß ìå ôéò åîùôåñéêÝò óõíáñôÞóåéò ðïõ ÷ñç-
óéìïðïéåß. Áõôü åßíáé áðáñáßôçôï ðñéí ôñÝîåé. ÔÝôïéåò óõíáñôÞóåéò åßíáé ãéá
ðáñÜäåéãìá óõíáñôÞóåéò áðü ôçí run-time âéâëéïèÞêç üðùò ç printf. Ï óõí-
äÝôçò ôçò Texas Instruments ôï êÜíåé áõôü êáé ç Ýîïäüò ôïõ åßíáé Ýíá áñ÷åßï
äéåñãáóßáò.

Ïé äéåñãáóßåò ôïõ diamond åßíáé åðáíáôïðïèåôÞóçìåò óôç ìíÞìç, áõôü óç-
ìáßíåé üôé ïé äéÜöïñåò ðåñéï÷Ýò ìíÞìçò ãéá êþäéêá êáé äåäïìÝíá ðïõ ðåñéÝ÷ïõí
äåí Ý÷ïõí óõãêåêñéìÝíåò èÝóåéò óôç ìíÞìç. Ç áíÜèåóç ìíÞìçò èá ãßíåé äõíá-
ìéêÜ óå åðüìåíá âÞìáôá. Ãé' áõôüí ôïí ëüãï äåí ðñÝðåé íá äéáèÝôïõìå óôïí
óõíäÝôç ôçí ðëçñïöïñßá ãéá ôá ôìÞìáôá ìíÞìçò üðùò óå áíôßèåôç ðåñßðôùóç
èá Ýðñåðå íá åß÷å ãßíåé áí ÷ñçóéìïðïéïýóáìå ôá åñãáëåßá ôçò TI ìüíïí.

ÐáñáêÜôù öáßíïíôáé ïé âáóéêÝò ëåéôïõñãßåò ôïõ óõíäÝôç. Ìðïñïýìå íá
óõíäÝóïõìå ïóáäÞðïôå áñ÷åßá object ãéá ôç äçìéïõñãßá ìéáò äéåñãáóßáò ìå
ôçí ðáñáêÜôù åíôïëÞ:
3L t object-�le object-�le �
Ãéá ðáñÜäåéãìá: 3L t hello

H 3L t åßíáé ìéá åíôïëÞ ðïõ êáëåß ôïí óõíäÝôç ìéá ôïí ðéï óýíçèåò ôñüðï.
Ç åðÝêôáóç äåí åßíáé áðáñáßôçôç êáôÜ ôï êÜëåóìá áõôÞò ôçò åíôïëÞò êáèþò
õðïèÝôåé ôçí åðÝêôáóç .obj Ôï üíïìá ôïõ ðñþôïõ èá ÷ñçóéìïðïéåßôáé ãéá íá
êáôáóêåõáóôåß ôï üíïìá ôçò äéåñãáóßáò êáé èá ðáßñíåé åðÝêôáóç .tsk.

¸ôóé óôï ðáñáðÜíù ðáñÜäåéãìá, ôï hello.obj èá óõíäåèåß ìå ôéò áðáñáßôç-
ôåò ëåéôïõñãßåò áðü ôç âéâëéïèÞêç, êáé èá äçìéïõñãçèåß Ýíá áñ÷åßï äéåñãáóßáò
hello.tsk.

Ãéá ðáñÜäåéãìá åÜí Ý÷ïõìå äýï áñ÷åßá C ìå êþäéêá, main.c êáé fns.c ãéá
íá äçìéïõñãÞóïõìå ôç äéåñãáóßá main.tsk èá ðñÝðåé íá áêïëïõèÞóïõìå ôéò
ðáñáêÜôù åíôïëÝò:
3L c main.c
3L c fns.c
3L t main fns

Åßíáé äõíáôüí íá åíóùìáôùèïýí êáé ðáñÜìåôñïé ôïõ óõíäÝôç óôçí åíôïëÞ
3L t. Ãéá ðáñÜäåéãìá ç ðáñáêÜôù åíôïëÞ èá äçìéïõñãÞóåé Ýíá áñ÷åßï ÷Üñôç
ôïõ óõíäÝôç óôï mail.lis
3L t main fns -m main.lis
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3.3.25 Ñýèìéóç ÅöáñìïãÞò

Áöïý Ý÷ïõí óõíäåèåß ôá áðáñáßôçôá óôïé÷åßá ãéá ôç äçìéïõñãßá ìéáò äéåñãá-
óßáò, èá ðñÝðåé íá ñõèìéóèåß. ÁõôÞ ç äéáäéêáóßá åßíáé åêåßíç üðïõ áðïöáóß-
æåôáé ðþò ôá äéÜöïñá ìÝñç ôïõ ðñïãñÜììáôïò èá áíá÷èïýí óôç ìíÞìç, êáé
äçìéïõñãåß ôï áñ÷åßï ôçò åöáñìïãÞò åíóùìáôþíïíôáò ôïí ìéêñïðõñÞíá ôçò
Diamond, ôéò äéåñãáóßåò ðïõ ÷ñåéÜæïíôáé ãéá ôéò åðéêïéíùíßåò êáé ëïéðÜ. Ôï
ðñüãñáììá ðïõ ôá êÜíåé üëá áõôÜ ïíïìÜæåôáé ñõèìéóôÞò (con�gurer). Ï óêï-
ðüò áõôïý ôïõ ðñïãñÜììáôïò åßíáé íá åíþóåé ìáæß ðïëëÝò äéåñãáóßåò Ýôïéìåò
íá öïñôùèïýí óå Ýíá äßêôõï åðåîåñãáóôþí, áëëÜ ï ðñïãñáììáôéóôÞò ôï ÷ñç-
óéìïðïéåß ãéá ðéï áðëïýò ëüãïõò.

3.3.26 Êáëþíôáò ôïí ÑõèìéóôÞ

Ôï ðñþôá ðñÜãìá ðïõ ðñÝðåé íá ãßíåé ðñéí ñõèìéóôåß ìéá åöáñìïãÞ åßíáé
íá ãñáöèåß Ýíá áñ÷åßï êåéìÝíïõ. Áõôü ôï áñ÷åßï ðåñéÝ÷åé ðëçñïöïñßåò ãéá ôéò
äéåñãáóßåò êáé ôïõò åðåîåñãáóôÝò ðïõ èá ÷ñåéáóôåß ç åöáñìïãÞ.

Áñ÷éêÜ èá õðïèÝóïõìå ìéá åöáñìïãÞ ðïõ Ý÷åé ìüíï ìéá äéåñãáóßá ðïõ
ôñÝ÷åé óå Ýíáí ìüíï åðåîåñãáóôÞ, Ýôóé ôï ñõèìéóôéêü áñ÷åßï èá åßíáé üóï ðéï
áðëü ãßíåôáé. Ãéá ðáñÜäåéãìá ôï ðáñáêÜôù ñõèìéóôéêü áñ÷åßï (myprog.cfg)
ðïõ áðïôåëåßôáé áðü ôñåéò ãñáììÝò èá ìðïñïýóå íá ÷ñçóéìïðïéçèåß ãéá íá
äçìéïõñãÞóåé ìéá åöáñìïãÞ áðü ôçí äéåñãáóßá myprog.tsk

PROCESSOR root TYPE=MyBoard (1)

TASK myprog DATA=? (2)

PLACE myprog root (3)

• Ç åíôïëÞ PROCESSOR ìáò äßíåé ôï õëéêü ôï ïðïßï ðñüêåéôáé íá ÷ñç-
óéìïðïéÞóïõìå. Êáèïñßæåé ôï üíïìá ôïõ åðåîåñãáóôÞ, ðïõ óôçí ðåñß-
ðôùóÞ ìáò èá ðñÝðåé íá åßíáé ï åðåîåñãáóôÞò ñßæá, êáèþò ðñïóäéïñßæåé
êáé ôïí ôýðï ôïõ. Ï ôýðïò äåß÷íåé ü÷é ìüíï üôé ðñüêåéôáé ãéá Ýíáí
DSP åðåîåñãáóôÞ, áëëÜ äåß÷íåé áêüìç ðïéüí áêñéâþò åðåîåñãáóôÞ ÷ñç-
óéìïðïéïýìå. Óôç èÝóç ôïõ MyBoard ôïðïèåôåßôáé ï êáôÜëëçëïò ðñïó-
äéïñéóìüò ôïõ åðåîåñãáóôÞ, üðïõ óôï äéêü ìáò Board åßíáé SMT365
(C6416). Åßíáé óçìáíôéêü ï ôýðïò íá åßíáé óùóôüò, äéüôé êÜèå äéáöïñå-
ôéêüò åðåîåñãáóôÞò Ý÷åé äéáöïñåôéêïýò ôñüðïõò áñ÷éôåêôïíéêÞò ìíÞìçò,
åðéêïéíùíéþí êáé ôñüðïõò äéá÷åßñéóçò ôïõò.

• Ç åíôïëÞ TASK êáèïñßæåé ôï üíïìá ôçò äéåñãáóßáò. Ï ñõèìéóôÞò èá
÷ñçóéìïðïéÞóåé áõôü ôï üíïìá ãéá íá âñåé ôï áñ÷åßï ôçò äéåñãáóßáò.
Ç ðáñÜìåôñïò DATA=? ËÝåé óôïí ñõèìéóôÞ íá áíáèÝóåé ìéá óõíå÷Þò
ðåñéï÷Þ óôç ìíÞìç ãéá ôçí óôïßâá êáé ôï heap ôçò åöáñìïãÞò. ÁõôÞ ç
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ðåñéï÷Þ èá åßíáé ç ìåãáëýôåñç ðåñéï÷Þ ðïõ èá Ý÷åé ìåßíåé áöïý áíáôå-
èïýí ïé ðåñéï÷Ýò ãéá üëá ôá õðüëïéðá (åíôïëÝò, óôáôéêÜ äåäïìÝíá ãéá
ðáñÜäåéãìá). ÅÜí ðáñáëçöèåß ôï DATA=? Ï ñõèìéóôÞò èá åíåñãÞóåé
ìå ôïí ßäéï ôñüðï áëëÜ èá åìöáíßóåé Ýíá ìÞíõìá ðñïåéäïðïßçóçò.

• Ç ôåëåõôáßá ãñáììÞ ôïõ ñõèìéóôéêïý áñ÷åßïõ åßíáé ìéá åíôïëÞ PLACE,
ç ïðïßá ëÝåé óôïí ñõèìéóôÞ íá ôïðïèåôÞóåé ôçí äéåñãáóßá myprog óôïí
åðåîåñãáóôÞ ñßæá.

Ôþñá ðïõ Ý÷åé äçìéïõñãçèåß ôï ñõèìéóôéêü áñ÷åßï ìðïñïýìå íá äçìéïõñãÞ-
óïõìå ôï áñ÷åßï ôçò åöáñìïãÞò êáëþíôáò ôïí ñõèìéóôÞ üðùò èá äåßîïõìå ðá-
ñáêÜôù, üðïõ ïé åðåêôÜóåéò ôùí áñ÷åßùí èá ðñÝðåé íá êáèïñßæïíôáé.
3L A con�guration-�le application-�le
Ï ñõèìéóôÞò ìðïñåß íá êëçèåß êáé ìå ìüíï ìßá ðáñÜìåôñï.
3L A �le
Áõôü Ý÷åé ôçí ßäéá éó÷ý ìå ôçí åíôïëÞ
3L A �le.cfg �le.app
Ôï ðñüãñáììá myprog ðïõ ðåñéãñÜöèçêå ðñïçãïõìÝíùò èá ìðïñïýóå íá ñõè-
ìéóôåß ìå ôçí ðáñáêÜôù åíôïëÞ
3L A myprog.cfg myprog.app

Ï ñõèìéóôÞò èá ðÜñåé ôï áñ÷åßï ôçò äéåñãáóßáò êáé áõôüìáôá èá áíáèÝóåé
ìíÞìá ãéá üëá ôá óôïé÷åßá ôçò äéåñãáóßáò. Áí åßíáé åðéèõìçôü íá äïýìå ðïõ
áíáèÝôåé ï ñõèìéóôÞò ôá äéÜöïñá óôïé÷åßá, ìðïñïýìå íá êÜíïõìå ôïí ñõèìéóôÞ
íá óôÝëíåé ëåðôïìåñÞ áíáöïñÜ óôçí Ýîïäï ìå ôçí åðéëïãÞ -L üðùò ðáñáêÜôù:
3L A myprog.cfg myprog.app -L myprog.lis

Ìðïñïýìå íá Ý÷ïõìå ðëÞñç Ýëåã÷ï ôùí áíáèÝóåùí óôç ìíÞìç ðïõ êÜíåé
ï ñõèìéóôÞò, áëëÜ åßíáé ðñïôåéíüìåíï ôéò áíáèÝóåéò áõôÝò íá ôéò áíáëáìâÜíåé
áõôüìáôá ï ñõèìéóôÞò êáôÜ ôç äéÜñêåéá ôçò äçìéïõñãßáò ôçò åöáñìïãÞò.

3.3.27 ÅêôÝëåóç

Ïé åöáñìïãÝò óõíÞèùò öïñôþíïíôáé óå DSP åðåîåñãáóôÝò êáé åêôåëïý-
íôáé ÷ñçóéìïðïéþíôáò ôï Server ðñüãñáììá ðïõ ëÝãåôáé WS3L. Áõôü åßíáé
Ýíá êáíïíéêü Windows ðñüãñáììá ðïõ ôñÝ÷åé óôïí õðïëïãéóôÞ host. Áöïý
öïñôùèåß ôï ðñüãñáììá óôïõò DSP, óõíÞèùò ðáñáìÝíåé åíåñãü êáè' üëç ôç
äéÜñêåéá æùÞò ôïõ ðñïãñÜììáôïò. Ç C run-time âéâëéïèÞêç óôÝëíåé åíôïëÝò
óôïí server üôáí ÷ñåéÜæåôáé íá åêôåëåóôåß ìéá ëåéôïõñãßá óôïí host, üðùò ãéá
ðáñÜäåéãìá íá äéáâáóôïýí ðëçñïöïñßåò áðü ôïí äßóêï, íá åìöáíéóèïýí ðëç-
ñïöïñßåò óôçí ïèüíç Þ êÜôé Üëëï. Ï server óôÝëíåé ôá áðïôåëÝóìáôá áõôþí
ôùí ëåéôïõñãéþí ðßóù óôïõò DSP.

Ç åêêßíçóç ôïõ server ìðïñåß íá ãßíåé ìå ôÝóóåñéò ôñüðïõò:
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• ôñÝ÷ïíôáò ôï WS3L.EXE Þ ìéá óõíôüìåõóç óå áõôü

• ôñÝ÷ïíôáò ôï .app áñ÷åßï ðïõ Ý÷åé äçìéïõñãçèåß

• ìå drag&drop ôïõ áñ÷åßïõ .app óôï ðáñÜèõñï ôïõ server.

• äßíïíôáò ôéò åíôïëÝò áðü ãñáììÞ åíôïëþí 3L X Þ 3L X üíïìá-áñ÷åßïõ

Ôï üíïìá áñ÷åßïõ èá ðñÝðåé íá åßíáé ôï üíïìá ôïõ áñ÷åßïõ ôçò åöáñìïãÞò
ðïõ äçìéïõñãÞèçêå áðü ôïí ñõèìéóôÞ. Áí äåí äïèåß åðÝêôáóç, ðñïóôßèåôáé ç
åðÝêôáóç .app.

¼ëåò áõôÝò ïé åíôïëÝò èá öÝñïõí ôï ðáñÜèõñï ôïõ server. Áí äåí Ý÷åé
÷ñçóéìïðïéçèåß Ýíá áñ÷åßï .app ãéá íá öÝñåé ôï ðáñÜèõñï, áðü ôï �le ìåíïý
ìðïñåß íá åêôåëåóôåß ìéá åöáñìïãÞ.

Ðñéí åðéôñÝøïõìå óôïí server íá öïñôþóåé ôçí åöáñìïãÞ óôï äßêôõï ôùí
DSP êáé ôçí åêôåëÝóåé, èá ðñÝðåé íá Ý÷ïõìå ðåé óôïí server ðéï DSP Board
÷ñçóéìïðïéïýìå. Áõôü ãßíåôáé áðü ôï ìåíïý Board/Select. ÅÜí äåí Ý÷åé
åðéëåãåß êÜðïéï board, ôï server ðñüãñáììá èá äéáëÝîåé áõôüìáôá ôï ðñþôï
ðïõ èá âñåé êáé Ýðåéôá èá åêôåëÝóåé ôçí åöáñìïãÞ.
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ÊåöÜëáéï 4

Êþäéêáò ôçò ÅöáñìïãÞò
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• Õëïðïßçóç ôïõ êõñßùò ðñïãñÜììáôïò

• Ôï con�guration áñ÷åßï

• Ôï MAKEFILE áñ÷åßï

• Ç Õëïðïßçóç ôïõ FFT

• Ç Äéåñãáóßá åìöÜíéóçò óôçí ïèüíç

• Ç Äéåñãáóßá åëÝã÷ïõ ôùí ðáñáìÝôñùí

• Õëïðïßçóç ìå áíÜëõóç 1024-point FFT

• Õëïðïßçóç ìå áíÜëõóç 2048-point FFT

• Õëïðïßçóç ìå áíÜëõóç 4096-point FFT

• Ïé äéåñãáóßåò ôïõ FPGA

• ÓõíôåëåóôÝò ôùí Ößëôñùí

4.1 Õëïðïßçóç ôïõ êõñßùò ðñïãñÜììáôïò

Ðçãáßïò Êþäéêáò ôïõ SDR8036

Ó÷Þìáôá 4.1: Ç êõñßùò äéåñãáóßá

Ç äéåñãáóßá áõôÞ åßíáé ç êõñßùò äéåñãáóßá ôïõ áíáëõôÞ öÜóìáôïò. ÁõôÞ
ç äéåñãáóßá êáëåß êÜðïéá tasks, åêôåëåß êÜðïéåò ëåéôïõñãßåò êáé áðïôåëåß ôïí
äéáéôçôÞ üëçò ôçò åöáñìïãÞò. Êáëåß ôéò äéåñãáóßåò ãéá ôçí áðåéêüíéóç óôçí

44



ïèüíç êáé ôçí äéåñãáóßá ãéá ôïí Ýëåã÷ï ôùí ðáñáìÝôñùí ôçò åöáñìïãÞò. Áíá-
ëáìâÜíåé ôçí ëÞøç ôùí äåäïìÝíùí áðü ôçí äéåñãáóßá ôïõ FPGA ðïõ ëáìâÜíåé
ôá äåßãìáôá áðü ôïí A/D ìåôáôñïðÝá êáé ôá óåñâßñåé óôéò êáôÜëëçëåò äéåñãá-
óßåò. Åßíáé õðåýèõíç ãéá ôçí áîéüðéóôç êáé áðñüóêïðôç ëÞøç ôùí äåäïìÝíùí
ìå ôç ÷ñÞóç óåìáöüñùí. ÔÝëïò åßíáé åêåßíç ðïõ óôáìáôÜåé ôéò äéåñãáóßåò
êáôÜ ôï êëåßóéìï ôçò åöáñìïãÞò.

#include "coefs.h"

#de�ne M 8
#de�ne LOG2N 9
#de�ne SAMPLES ((1 << LOG2N))

// samples per channel
#de�ne BYTES ((SAMPLES)*2*sizeof(short))
#de�ne MAXIMUM 16000

#include <stdio.h>
#include <stdlib.h>
#include <thread.h>
#include <par.h>
#include <sema.h>
#include <alt.h>
#include <chan.h>
#include <string.h>
#include <math.h>
#include "dsp\display\display.h" 10

#include "sdr8036.h"

INPUT PORT ( 0, SHUTDOWN)
// a command to shutdown this tasks

INPUT PORT ( 1, STORAGE)
// data captured by the storage task

INPUT PORT ( 2, FREQ SETTINGS)
// user selected ADC and DAC sampling frequencies

INPUT PORT ( 3, FROMDAQ)
// receive SMT370 con�guration update requests 20

OUTPUT PORT( 0, RAW1)
// raw data display for channel 1

OUTPUT PORT( 1, RAW1 CONFIG)
// con�guration control channel for display

OUTPUT PORT( 2, RAW2)
// raw data display for channel 2

OUTPUT PORT( 3, RAW2 CONFIG)
// con�guration control channel for display

OUTPUT PORT( 4, STORAGE CMD) 30
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// command to storage task to capture data

OUTPUT PORT( 5, TOVFFT)
// channel 1 data to the VFFT task

OUTPUT PORT( 6, VFFT CONFIG)
// con�guration control channel for �t display

OUTPUT PORT( 7, TOFFT2)
// channel 2 data to the FFT task

OUTPUT PORT( 8, FFT2 CONFIG)
// con�guration control channel for �t display

OUTPUT PORT( 9, TODAQ) 40

// send SMT370 con�guration update request

static unsigned int FsAdc=10, FsDac=10;
static 
oat *stream1;
static 
oat *stream2;
static volatile int shutdown = 0;

SEMA sema read;
// protect access to the SMT370 con�guration

SEMA sema �rst dac con�g; 50

// indicate that the DAC has been con�gured at least once

void * GetMem(unsigned int size)
{
void * P = memalign(128, size);
if (P==0) {
printf("Cannot allocate buffers\n");
exit(1);
}
return P; 60

}

void InitDisplay( char *idtag, char *title, char *xtitle,
char *xunit, char *ytitle, char *yunit,

double pmin, double psize, double xmin,
double xsize, double ymin, double ysize,
CHAN *C, unsigned int log2n)

{
Display init di;
strcpy(di.idtag, idtag); 70

di.log2n = log2n;
strcpy(di.graph title, title);
strcpy(di.x title, xtitle);
strcpy(di.x unit, xunit);
strcpy(di.y title, ytitle);
strcpy(di.y unit, yunit);
di.phys min = pmin;
di.phys ysize = psize;
di.user xmin = xmin;
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di.user xsize = xsize; 80

di.user ymin = ymin;
di.user ysize = ysize;
chan out word(CMD DISPLAY INIT, C);
chan out message(sizeof(Display init), &di, C);
}

void SetDisplay(double xmin, double xsize,
double ymin, double ysize, CHAN *C)

{
Display setuser di; 90

di.user xmin = xmin;
di.user xsize = xsize;
di.user ymin = ymin;
di.user ysize = ysize;
chan out word(CMD DISPLAY SETUSER, C);
chan out message(sizeof(Display setuser), &di, C);
}

void SetupGraphs(unsigned int AdcFreq, unsigned int DacFreq)
{ 100

SetDisplay(0, SAMPLES*1000/AdcFreq, 0, 16*1024, &RAW1 CONFIG);
// SetDisplay(0, SAMPLES*1000/AdcFreq, 0, 16*1024, &RAW2 CONFIG);
SetDisplay(0, (FsAdc)*1000, −150, 200, &VFFT CONFIG);

// SetDisplay(0, (FsAdc)*1000, −150, 200, &FFT2 CONFIG);
}

// When the user selects a sampling frequency for the ADC and DAC,
// we need to change the scales of the displays

void monitor thread(void* a)
{ 110

unsigned int sd;
for (;;) {
int n = alt wait(2, &FREQ SETTINGS, &SHUTDOWN);

if (n) {
chan in word(&sd, &SHUTDOWN);
shutdown = sd;
break;
}

120

chan in word(&FsAdc, &FREQ SETTINGS);
chan in word(&FsDac, &FREQ SETTINGS);
SetupGraphs(FsAdc, FsDac);
}
}

THREAD HANDLE Startup(void (*Thread)(void *))
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{
THREAD HANDLE H = thread new(Thread, 1000, 0); 130

if (!H) {
par printf("Could not start threads\n");
exit(1);

}
return H;

}

// This thread is used to protect access to the SMT370

// con�guration.
void protect read thread(void* a) 140

{
int x;
for (;;) {
// wait for pending change to the SMT370 settings

chan in word(&x, &FROMDAQ);
// stop the main task from accessing the SMT370

sema wait(&sema read);
// instruct DACControl task to proceed with SMT370 update

chan out word(0, &TODAQ);
// wait for update to complete 150

chan in word(&x, &FROMDAQ);
// allow main task to access SMT370

sema signal(&sema read);
sema signal(&sema �rst dac con�g);
}
}

void main()
{
int n,i=0,s,sw=0; 160

short *data;
THREAD HANDLE hThread;

printf("3L Diamond : SDR8036\n");

data = GetMem(BYTES);
stream1 = GetMem(sizeof(
oat)*SAMPLES);
stream2 = GetMem(sizeof(
oat)*SAMPLES);

if ((data==0) | | (stream1==0) | | (stream2==0) ){ 170

printf("Cannot allocate buffers\n");
exit(1);
}

hThread = Startup(monitor thread);

sema init(&sema read,1);
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sema init(&sema �rst dac con�g, 0);

Startup(protect read thread); 180

InitDisplay("Sdr8036_time1", "Time domain - Channel 1",
"Time", "[ns]", "Amplitude", "[unit]",

0, 16*1024, 0, SAMPLES*1000/FsAdc,
0, 16*1024, &RAW1 CONFIG, LOG2N);

InitDisplay("Sdr8036_vfft", "Channel 1 VFFT",
"Frequency", "[KHz]", "Amplitude", "[Db]",

−50, 200, 0, (FsAdc)*1000/2, −150, 200,
&VFFT CONFIG, (LOG2N+M/2)−1); 190

// wait here for DAC to be con�gured for the �rst time

sema wait(&sema �rst dac con�g);

while (!shutdown) {
short *pS = data;

sema wait(&sema read);

// instruct the storage task to capture data. We do this 200

// by sending the number of words to capture

chan reset(&STORAGE);
chan out word(BYTES/sizeof(int), &STORAGE CMD);

// read the data from storage

chan in message(BYTES, data, &STORAGE);

sema signal(&sema read);

sw=0; 210

switch(sw) {
case 0:

// EISODOS APO ADC

for (n=0; n<SAMPLES; n++) {
stream1[n] = *pS++;
stream2[n] = *pS++;

// printf("\n%f",stream1[n]);
// printf("\n0");

}
break; 220

case 1:
// KROUSTIKI

i = (i++)%M;
for (s=0;s<SAMPLES;s++) stream1[s] = stream2[s] = 8000;

if (i==1) stream1[0] = stream2[0] = 15000;
break;
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case 2:
// TETRAGONIKOS PALMOS

for (s=0 ; s<1*SAMPLES/4;s++)
stream1[s] = stream2[s] = 12000; 230

for (s=SAMPLES/4 ; s<2*SAMPLES/4;s++)
stream1[s] = stream2[s] = 4000;

for (s=SAMPLES/2 ; s<3*SAMPLES/4;s++)
stream1[s] = stream2[s] = 12000;

for (s=3*SAMPLES/4; s<4*SAMPLES/4;s++)
stream1[s] = stream2[s] = 4000;

break;
}

chan out message(SAMPLES*sizeof(
oat), stream1, &RAW1); 240

// chan out message(SAMPLES*sizeof(
oat), stream2, &RAW2);
chan out message(SAMPLES*sizeof(
oat), stream1, &TOVFFT);
//chan out message(SAMPLES*sizeof(
oat), stream2, &TOFFT2);
};

// send close command to graphs

chan out word(CMD DISPLAY SHUTDOWN, &RAW1 CONFIG);
// chan out word(CMD DISPLAY SHUTDOWN, &RAW2 CONFIG);
chan out word(CMD DISPLAY SHUTDOWN, &VFFT CONFIG);

// chan out word(CMD DISPLAY SHUTDOWN, &FFT2 CONFIG); 250

thread wait(hThread);

free(data);
free(stream1);
free(stream2);
}
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4.2 Ôï con�guration áñ÷åßï

Ôï con�guration áñ÷åßï ìáò ñõèìßæåé ôïõò åíåñãïýò åðåîåñãáóôÝò ìå ôçí
ëÝîç PROCESSOR, ôßò áðáéôïýìåíåò óõíäåóìïëïãßåò ìå ôçí ëÝîç WIRE,
ç êÜèå äéåñãáóßá ðüóåò ðüñôåò åéóüäïõ êáé åîüäïõ Ý÷åé ìå ôç ëÝîç TASK,
ôéò óõíäÝóåéò ìåôáîý ôùí äéåñãáóéþí ìå ôç ëÝîç CONNECT, êáé ôï ðïéÝò
äéåñãáóßåò èá ôñÝ÷ïõí óå ðïéüí åðåîåñãáóôÞ ìå ôç ëÝîç PLACE.

! Declare the processors in the system

PROCESSOR Root SMT365 8 1

PROCESSOR F FPGA ATTACH=Root

! WIRE statements describe physical

! connections between processors

WIRE W1 Root[SDB:0] F[SDB DEVICE:0]
WIRE ? Root[SDB:1] F[SDB DEVICE:1]
WIRE ? Root[CP:1] F[CP DEVICE:1]

10

! The DSP tasks in the system

TASK sdr8036 INS=4 OUTS=10 DATA=500K
TASK DAQControl INS=1 OUTS=6 DATA=500K

�le = "dsp\DAQControl\DAQControl.tsk"

TASK display INS=2 OUTS=0 DATA=200K
�le = "dsp\display\display.tsk"

!TASK display2 INS=2 OUTS=0 DATA=200K
�le = "dsp\display\display.tsk"

TASK �tdisplay INS=2 OUTS=0 DATA=200K
�le = "dsp\display\display.tsk" 20

!TASK �tdisplay2 INS=2 OUTS=0 DATA=200K
�le = "dsp\display\display.tsk"

TASK �t INS=1 OUTS=1 DATA=200K
�le = "dsp\tifft\tifft.tsk"

!TASK i�t INS=1 OUTS=1 DATA=200K
�le = "dsp\tiifft\tiifft.tsk"

TASK chan INS=3 OUTS=3 DATA=200K
�le = "dsp\chan\chan.tsk"

! The FPGA tasks in the system

TASK USERPROC INS=2 OUTS=2 30

�le = "fpga\userproc\userproc.fcd"

TASK extract INS=1 OUTS=2
�le = "fpga\extract\Extract.fcd"

TASK combine INS=2 OUTS=1
�le = "fpga\combine\Combine.fcd"

TASK duplicate INS=1 OUTS=2
�le = "fpga\duplicate\duplicate.fcd"

TASK mux INS=3 OUTS=1
�le = "fpga\mux\Mux.fcd"

TASK storage INS=2 OUTS=1 40
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�le = "fpga\storage\Storage.fcd"

CONNECT ? sdr8036 [9] DAQControl [0]
CONNECT ? DAQControl [5] sdr8036 [3]

! How the tasks are connected

CONNECT ? sdr8036 [0] display [0]
CONNECT ? sdr8036 [1] display [1]
!CONNECT ? sdr8036 [2] display2 [0]
!CONNECT ? sdr8036 [3] display2 [1] 50

CONNECT ? sdr8036 [4] Storage [1]
! storage command

CONNECT ? sdr8036 [5] chan [0]
!CONNECT ? sdr8036 [5] �t [0]
CONNECT ? sdr8036 [6] �tdisplay [1]
!CONNECT ? sdr8036 [7] �t2 [0]
!CONNECT ? sdr8036 [8] �tdisplay2[1]

CONNECT ? DAQControl [1] Mux [2]
! pattern for DAC 60

CONNECT ? DAQControl [2] Mux [0]
! mux control

CONNECT ? DAQControl [3] sdr8036 [2]
! current sampling frequencies selected

CONNECT ? DAQControl [4] sdr8036 [0]
! shutdown command

CONNECT ? Extract [0] USERPROC [0]
CONNECT ? Extract [1] USERPROC [1]

70

CONNECT ? USERPROC [0] Combine [0]
CONNECT ? USERPROC [1] Combine [1]

CONNECT ? combine [0] duplicate [0]

CONNECT ? duplicate [0] mux [1]
! DAC direct DATA to mux

CONNECT ? duplicate [1] storage [0]
! duplicated DATA from fpga

80

CONNECT C1 Storage [0] sdr8036 [1]
! storage DATA from fpga

CONNECT ? chan [1] �t [0]
CONNECT ? �t [0] chan [1]
CONNECT ? chan [0] �tdisplay [0]

! PLACE the tasks on the processors
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PLACE sdr8036 Root 90

PLACE DAQControl Root

PLACE display Root

!PLACE display2 Root

PLACE �t Root

!PLACE i�t Root

PLACE �tdisplay Root

!PLACE �tdisplay2 Root

PLACE chan Root

PLACE USERPROC F

PLACE Extract F 100

PLACE Combine F

PLACE Duplicate F

PLACE Mux F

PLACE Storage F

! Special considerations
PLACE C1 W1

! We want the connection C1 to be placed on

! WIRE W1 because the SDB interface is

! slightly faster than the comport interface, 110

! and we want to use it to read the

! DATA from the storage TASK

! Connecting tasks to connectors

CONNECT ? F[SDB:0] Extract [0]
CONNECT ? DAQControl [0] Root [CP:0]

! control task uses a comport to con�gure the DAC

CONNECT ? Mux [0] F [SDB:1]
! patern to the DAC

4.3 Ôï MAKEFILE áñ÷åßï

Ôï make�le áñ÷åßï ìáò åðéôñÝðåé ôçí áõôüìáôç ìåôáãëþôôéóç-óýíäåóç êáé
äçìéïõñãßá åêôåëÝóéìïõ ìå ìßá batch åíôïëÞ.

sdr8036.app: sdr8036.tsk sdr8036.cfg MAKEFILE

3L a sdr8036 −v

sdr8036.tsk: sdr8036.obj MAKEFILE

3L t sdr8036

sdr8036.obj: sdr8036.c MAKEFILE

3L c sdr8036.c

clean : 10
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del sdr8036.app
del sdr8036.tsk
del sdr8036.obj
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4.4 Ç Õëïðïßçóç ôïõ FFT

Ó÷Þìáôá 4.2: Ç äéåñãáóßá ðïõ õëïðïéåß ôïí FFT

Ç äéåñãáóßá áõôÞ õëïðïéåß 512 óçìåßùí Fast Fourier Transform ìå áðï-
äïôéêü áëãüñéèìï õëïðïéçìÝíï áðü ôçí åôáéñßá TI ðïõ ôïí äéáèÝôåé åëåýèåñá
ãéá ÷ñÞóç.

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <chan.h>
#include ". ./. ./sdr8036.h"

#include "dsp_fft32x32.h"

#de�ne PI (3.141592654) 10

#de�ne NN (512)

#pragma DATA ALIGN(x, 8)
#pragma DATA ALIGN(xx, 8)
#pragma DATA ALIGN(y, 8)
#pragma DATA ALIGN(w, 8)
#pragma DATA ALIGN(yy, 8)
#pragma DATA ALIGN(mag, 8)

INPUT PORT (0, MAININPUT) 20

OUTPUT PORT (0, MAINOUTPUT)

int x[2*NN];
int w[2*NN];
int xx[2*NN];
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int y[2*NN];

oat yy[2*NN];

oat mag[NN];

static int d2i(double d) 30

{
if (d >= 2147483647.0) return (int)0x7FFFFFFF;
if (d <= −2147483648.0) return (int)0x80000000;
return (int)d;

}

//GEN TWIDDLE −− Generate twiddle factors for �t32x32().
//
//USAGE 40

//This routine is called as follows:
//
//int gen twiddle �t32x32(short *w, int n, double scale)
//
//int *w Pointer to twiddle−factor array
//int n Size of FFT

//double scale Scale factor to apply to values.
//
//The routine will generate the twiddle−factors directly into the

//array you specify. The array needs to be approximately 2*N 50

//elements long. (The actual size, which is slightly smaller, is
//returned by the function.)

int gen twiddle �t32x32(int *w, int n, double scale)
{

int i, j, k, s=0, t;

for (j = 1, k = 0; j < n >> 2; j = j << 2, s++)
{

for (i = t=0; i < n >> 2; i += j, t++) 60

{
w[k + 5] = d2i(scale * cos(6.0 * PI * i / n));
w[k + 4] = d2i(scale * sin(6.0 * PI * i / n));

w[k + 3] = d2i(scale * cos(4.0 * PI * i / n));
w[k + 2] = d2i(scale * sin(4.0 * PI * i / n));

w[k + 1] = d2i(scale * cos(2.0 * PI * i / n));
w[k + 0] = d2i(scale * sin(2.0 * PI * i / n));

70

k += 6;
}

}
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return k;
}

//RIVISION HISTORY

//30−Jun−2002 Initial revision 80

//31−Dec−2002 Improved benchmarking

//
//USAGE
//void main ();
//This program is to show how to use DSP �t32x32()
//when data are in L2SRAM.
//
//DESCRIPTION
//First, function call overhead for timer functions is measured.
//Then, the execution cycles for the target function is measured. 90

//Finally, the timer function call overhead is excluded from the

//execution cycles measured.
//The cycle count measured will include L1P/D miss overhead as

//well as function call overhead.
//
//ASSUMPTIONS

//The benchmarking code assumes C64x, e.g., 1 count = 8 CPU cycles.
//
// Copyright (c) 2003 Texas Instruments, Incorporated.
// All Rights Reserved. 100

void * GetMem(unsigned int size)
{
void * P = memalign(128, size);
if (P==0) {
printf("Cannot allocate buffers\n");
exit(1);
}
return P;
} 110

void main(void)
{

int i;

oat *data;
data = GetMem(NN*sizeof(
oat));

// Generate twiddle factors

gen twiddle �t32x32(w, NN, 2147483647.);

for(;;) { 120

chan in message(NN*sizeof(
oat), data, &MAININPUT);

// Generate Q.31 input data
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for(i=0; i<NN; i++)
{

//printf("\n%d: %f ", i, *(data+i)/16384 );
x[2*i] = xx[2*i] = 2147483647./16384/(NN) * (*(data+i));
//printf("= %d ",x[2*i]);
x[2*i+1] = xx[2*i+1] = 0;

} 130

DSP �t32x32(w, NN, x, y);
for(i=0;i<2*NN;i+=2) {

yy[i] = ((
oat)y[i])*(NN)/2147483647.;
yy[i+1] = ((
oat)y[i+1])*(NN)/2147483647.;
//printf("\nfourier%d: %f+j%f and ", i/2, yy[i],yy[i+1]);
mag[i/2] = 20*log10(sqrt(yy[i]*yy[i]+yy[i+1]*yy[i+1]))+100;
//printf("mag%d = %f ", i/2, yy[i/2]);

}
140

chan out message(NN*sizeof(
oat), mag, &MAINOUTPUT);
}

}
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4.5 Ç Äéåñãáóßá åìöÜíéóçò óôçí ïèüíç

ÁõôÞ ç äéåñãáóßá åìöáíßæåé óôçí ïèüíç ôï ðáñÜèõñï ìå ôá áðïôåëÝóìáôá.

4.6 Ç Äéåñãáóßá åëÝã÷ïõ ôùí ðáñáìÝôñùí

ÁõôÞ ç äéåñãáóßá ðáñÝ÷åé Ýíá User Interface ãéá ôçí ìåôáâïëÞ ôùí ðáñá-
ìÝôñùí ôïõ ðñïãñÜììáôïò.
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4.7 Õëïðïßçóç ìå áíÜëõóç 1024-point FFT

Ó÷Þìáôá 4.3: ÁíÜëõóç ÖÜóìáôïò ìå áêñßâåéá: 1024-point FFT

Åäþ âëÝðïõìå ôï áðïôÝëåóìá ôïõ áíáëõôÞ öÜóìáôïò Ý÷ïíôáò áêñßâåéá
1024 óçìåßùí óôïí FFT ôïõ. ¼óï ìåãáëýôåñç áêñßâåéá æçôÜìå áðü ôïí
áíáëõôÞ öÜóìáôïò ôüóï ðåñéóóüôåñç õðïëïãéóôéêÞ éó÷ýò áðáéôåßôáé áðü ôïí
åðåîåñãáóôÞ DSP. Ãéá áõôü ôïí ëüãï ÷ñçóéìïðïéåßôáé ìéá ôå÷íéêÞ üðïõ ÷ñç-
óéìïðïéïýíôáé FFT 512 óçìåßùí äýï öïñÝò, ïé ïðïßïé äßíïõí ìéêñüôåñç ðï-
ëõðëïêüôçôá áðü ôïí Ýíáí 1024 óçìåßùí ìüíï ôïõ, êáé êÜðïéá äýï ößëôñá
åðéðëÝïí. Ç ôå÷íéêÞ Ý÷åé þò åîÞò êáé öáßíåôáé êáé óôï ðáñáðáíù ó÷Þìá.

Ôï óÞìá ðåñíÜåé ðñþôá áðü M-decimation ãéá íá ìéêñýíåé ï ñõèìüò äåéã-
ìáôïëçøßáò ôïõ áíÜ Ì (óôçí ðåñßðôùóç ìáò Ì=2 êáé ï ñõèìüò äåéãìáôïëç-
øßáò ãßíåôáé ìéóüò) êáé Ýðåéôá ðåñíÜåé áðü äýï ößëôñá Ýíá âáèõðåñáôü êáé Ýíá
õøéðåñáôü ìå óõ÷íüôçôá áðïêïðÞò ôçí ð/Ì (üðïõ óôçí ðåñßðôùóÞ ìáò åßíáé
ç ìéóÞ ôçò óõ÷íüôçôáò äåéãìáôïëçøßáò). Ôï áðïôÝëåóìá ôùí äýï ößëôñùí
ðáñáôßèåôáé äßðëá-äßðëá êáé ãßíåôáé ç áðåéêüíéóç óõ÷íüôçôáò. Ôï ãåãïíüò
üôé ðñþôá ãßíåôáé ôï decimation êáé ýóôåñá ôï öéëôñÜñéóìá åßíáé ãéá íá áðï-
öåõ÷èïýí ïé ðñÜîåéò óôïí õøçëü ñõèìü. ÁõôÞ ç ôå÷íéêÞ ëÝãåôáé ðïëõöáóéêü
öéëôñÜñéóìá.

Ôá êáëýôåñá ößëôñá ãéá ôçí åöáñìïãÞ ìáò åßíáé ôá ößëôñá Nyquist üðïõ
óôï óçìåßï áðïêïðÞò ôï Ýíá ößëôñï óõìðëçñþíåé ôï Üëëï êáé äåí Ý÷ïõìå
åíåñãåéáêÞ åíßó÷õóç Þ áðþëåéá. Ðáñüëá áõôÜ Ýíá ïðïéïäÞðïôå ößëôñï ìå
áðüôïìç êáìðýëç áðïêïðÞò åßíáé åîßóïõ éêáíïðïéçôéêü ãéá ôçí áêñßâåéá ðïõ
åðéæçôïýìå.

Ôï êåöÜëáéï 10 ôïõ âéâëßïõ [3] ôçò âéâëéïãñáößáò äßíåé ìßá ðïëý êáëÞ
èåùñçôéêÞ ðñïóÝããéóç ôùí multirate systems, ðïõ ðñïôåßíù áíåðéöýëáêôá
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êáé åßíáé áíáãêáßï íá ãßíåé êáôáíïçôÞ ãéá ôçí ðëÞñç ìåëÝôç ôçò äéðëùìáôéêÞò
áõôÞò åñãáóßáò.

#include <stdio.h>
#include <stdlib.h>
#include <chan.h>
#include "vfft.h"

#include ". ./. ./sdr8036.h"

INPUT PORT (0, MAININPUT)
INPUT PORT (1, INPUTFFT)
INPUT PORT (2, INPUTIFFT)
OUTPUT PORT (0, MAINOUTPUT) 10

OUTPUT PORT (1, OUTPUTFFT)
OUTPUT PORT (2, OUTPUTIFFT)

#de�ne FILTER BANDPASS //type of �lter

void * GetMem(unsigned int size)
{
void * P = memalign(128, size);
if (P==0) {
printf("Cannot allocate buffers\n"); 20

exit(1);
}
return P;
}

main()
{

int i,j,f,s;

oat *data, *outp, *conv, *preconv, *ptr;
data = GetMem(M*SAMPLES*sizeof(
oat)); 30

outp = GetMem(M*SAMPLES*sizeof(
oat));
conv = GetMem(SAMPLES*sizeof(
oat));
preconv = conv;

if (data==0 | | conv==0 | | outp==0) {
printf("Cannot allocate buffers\n");
exit(1);

}

for(;;) 40

{
for (f=0; f<M; f++)
{

conv = preconv;
for (i=0; i<M; i++)
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{
chan in message

(SAMPLES*sizeof(
oat), data+(i*SAMPLES), &MAININPUT);
for (s=0;s<SAMPLES;s+=M) {

ptr = data+(i*SAMPLES)+s; 50

*conv=0;
for(j=0;j<BL;j++) {
*conv += (*ptr−−)*(FILTER[M][f][ (int)BL−1−j]);
if (ptr < data) ptr = data+M*SAMPLES−1;
}
conv++;
}

}
chan out message

(SAMPLES*sizeof(
oat), preconv, &OUTPUTFFT); 60

if (f%2==0)
chan in message

(SAMPLES*sizeof(
oat), outp+(f*SAMPLES/2), &INPUTFFT);
else {

chan in message

(SAMPLES*sizeof(
oat), preconv, &INPUTFFT);
for (i=0; i<SAMPLES/2; i++)

*(outp+(f*SAMPLES/2+i)) = *(preconv+SAMPLES/2+i);
}

} 70

chan out message

(M*SAMPLES/2*sizeof(
oat), outp, &MAINOUTPUT);

}
}//main
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4.8 Õëïðïßçóç ìå áíÜëõóç 2048-point FFT

Ó÷Þìáôá 4.4: ÁíÜëõóç ÖÜóìáôïò ìå áêñßâåéá: 2048-point FFT

Ç ôå÷íéêÞ ðïõ ÷ñçóéìïðïéåßôáé åäþ åßíáé ßäéá ìå ôçí ðñïçãïýìåíç ðåñß-
ðôùóç ìüíï ðïõ ÷ñçóéìïðïéïýìå Ì=4 Ý÷ïíôáò ôþñá 4 FFTs 512-óçìåßùí ãéá
ôçí äçìéïõñãßá ôïõ 2048-óçìåßùí. Ôï óÞìá ðåñíÜåé ðñþôá áðü 4-decimation
ãéá íá ìéêñýíåé ï ñõèìüò äåéãìáôïëçøßáò ôïõ áíÜ 4 êáé Ýðåéôá ðåñíÜåé áðü ôÝó-
óåñá ößëôñá Ýíá âáèõðåñáôü, äýï æùíïðåñáôÜ êáé Ýíá õøéðåñáôü ìå óõ÷íüôçôá
áðïêïðÞò ôçí ð/4. Ôï áðïôÝëåóìá ôùí ôåóóÜñùí ößëôñùí ðáñáôßèåôáé äßðëá-
äßðëá êáé ãßíåôáé ç áðåéêüíéóç óõ÷íüôçôáò. Ôï ãåãïíüò üôé ðñþôá ãßíåôáé ôï
decimation êáé ýóôåñá ôï öéëôñÜñéóìá åßíáé ãéá íá áðïöåõ÷èïýí ïé ðñÜîåéò
óôïí õøçëü ñõèìü.

Ôá êáëýôåñá ößëôñá ãéá ôçí åöáñìïãÞ ìáò åßíáé ôá ößëôñá Nyquist üðïõ
óôï óçìåßï áðïêïðÞò ôï Ýíá ößëôñï óõìðëçñþíåé ôï Üëëï êáé äåí Ý÷ïõìå
åíåñãåéáêÞ åíßó÷õóç Þ áðþëåéá. Ðáñüëá áõôÜ Ýíá ïðïéïäÞðïôå ößëôñï ìå
áðüôïìç êáìðýëç áðïêïðÞò åßíáé åîßóïõ éêáíïðïéçôéêü ãéá ôçí áêñßâåéá ðïõ
åðéæçôïýìå.

Ôï êåöÜëáéï 10 ôïõ âéâëßïõ [3] ôçò âéâëéïãñáößáò äßíåé ìßá ðïëý êáëÞ
èåùñçôéêÞ ðñïóÝããéóç ôùí multirate systems, ðïõ ðñïôåßíù áíåðéöýëáêôá
êáé åßíáé áíáãêáßï íá ãßíåé êáôáíïçôÞ ãéá ôçí ðëÞñç ìåëÝôç ôçò äéðëùìáôéêÞò
áõôÞò åñãáóßáò.

#include <stdio.h>

#include <stdlib.h>

#include <chan.h>

#include "vfft.h"
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#include "coefs.h"

#include ". ./. ./sdr8036.h"

INPUT PORT (0, MAININPUT)
INPUT PORT (1, INPUTFFT)
INPUT PORT (2, INPUTIFFT) 10

OUTPUT PORT (0, MAINOUTPUT)
OUTPUT PORT (1, OUTPUTFFT)
OUTPUT PORT (2, OUTPUTIFFT)

#de�ne NYQUIST N

#de�ne BANDPASS B

#de�ne FILTER BANDPASS //type of �lter
#de�ne BL FILTER[M][M][f] //length of �lter

void * GetMem(unsigned int size) 20

{
void * P = memalign(128, size);
if (P==0) {
printf("Cannot allocate buffers\n");
exit(1);
}
return P;
}

main() 30

{
int i,j,f,s;

oat *data, *outp, *conv, *preconv, *ptr;
data = GetMem(M*SAMPLES*sizeof(
oat));
outp = GetMem(M*SAMPLES*sizeof(
oat));
conv = GetMem(SAMPLES*sizeof(
oat));
preconv = conv;
if (data==0 | | conv==0 | | outp==0) {
printf("Cannot allocate buffers\n");
exit(1); 40

}

for(;;)
{
for (f=0; f<M; f++)
{

conv = preconv;
for (i=0; i<M; i++)
{

chan in message 50

(SAMPLES*sizeof(
oat), data+(i*SAMPLES), &MAININPUT);
for (s=0;s<SAMPLES;s+=M) {

ptr = data+(i*SAMPLES)+s;
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*conv=0;
for(j=0;j<BL;j++) {
*conv += (*ptr−−)*(FILTER[M][f][ (int)BL−1−j]);
if (ptr < data) ptr = data+M*SAMPLES−1;
}
conv++;
} 60

}
chan out message

(SAMPLES*sizeof(
oat), preconv, &OUTPUTFFT);
if (f%2==0)

chan in message

(SAMPLES*sizeof(
oat), outp+(f*SAMPLES/2), &INPUTFFT);
else {

chan in message

(SAMPLES*sizeof(
oat), preconv, &INPUTFFT);
for (i=0; i<SAMPLES/2; i++) 70

*(outp+(f*SAMPLES/2+i)) = *(preconv+SAMPLES/2+i);
}

}
chan out message

(M*SAMPLES/2*sizeof(
oat), outp, &MAINOUTPUT);

}
}//main
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4.9 Õëïðïßçóç ìå áíÜëõóç 4096-point FFT

Ó÷Þìáôá 4.5: ÁíÜëõóç ÖÜóìáôïò ìå áêñßâåéá: 4096-point FFT

Ç ôå÷íéêÞ ðïõ ÷ñçóéìïðïéåßôáé ãéá ôïí 4096-óçìåßùí FFT åßíáé ðåñéóóü-
ôåñï áðïäïôéêÞ. Áîéïðïéåß Ýíá ìáèçìáôéêü ôÝ÷íáóìá, ìå áðïôÝëåóìá íá Ý÷åé
êáëýôåñç áðüäïóç áðü ôç ðñïçãïýìåíç ìÝèïäï. Áõôü ðïõ ãßíåôáé óå áõôÞ ôç
ìÝèïäï, åßíáé üôé ôá äåßãìáôá ôïõ óÞìáôïò ÷ùñßæïíôáé üðùò óôçí ðåñßðôùóÞ
ìáò óå 8 ìéêñüôåñá õðïóÞìáôá ðïõ ìðáßíïõí óáí åßóïäï óå 8 äéáöïñåôéêÜ
ößëôñá ðïõ áëëçëïóõìðëçñïýìåíá êáëýðôïõí üëåò ôéò óõ÷íüôçôåò. Ôçí Ýîïäï
áõôþí ôùí ößëôñùí ôçí ðåñíÜìå óå Ýíáí áíôßóôñïöï iFFT 8-óçìåßùí ðïõ Ý÷åé
åëÜ÷éóôç ðïëõðëïêüôçôá êáé äåß÷íïõìå ôï áðïôÝëåóìá óôï ðåäßï óõ÷íüôçôáò.

Ç ìÝèïäïò áõôÞ áíáëýåôáé èåùñçôéêÜ óôï âéâëßï [5] ôçò âéâëéïãñáößáò êáé
äåß÷íåé êáé åîçãåß ìå ëåðôïìÝñåéá ôçí ôå÷íéêÞ áõôÞ.

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <chan.h>
#include "dsp_fft32x32.h"

#include "dsp_ifft32x32.h"

#include ". ./. ./sdr8036.h"

#de�ne PI (3.141592654)
#de�ne NN M 10

INPUT PORT (0, MAININPUT)
INPUT PORT (1, INPUTFFT)
INPUT PORT (2, INPUTIFFT)
OUTPUT PORT (0, MAINOUTPUT)
OUTPUT PORT (1, OUTPUTFFT)

66



OUTPUT PORT (2, OUTPUTIFFT)

#pragma DATA ALIGN(x, 8)
#pragma DATA ALIGN(xx, 8) 20

#pragma DATA ALIGN(w, 8)
#pragma DATA ALIGN(y, 8)
#pragma DATA ALIGN(t, 8)
#pragma DATA ALIGN(f, 8)
int x[2*NN];
int w[2*NN];
int t[2*SAMPLES];
int xx[2*SAMPLES];
int y[2*NN];
int f[2*SAMPLES]; 30


oat �[2*SAMPLES];

oat �t[M][2*SAMPLES];

void * GetMem(unsigned int size)
{
void * P = memalign(128, size);
if (P==0) {
printf("Cannot allocate buffers\n");
exit(1);
} 40

return P;
}

static int d2i(double d)
{

if (d >= 2147483647.0) return (int)0x7FFFFFFF;
if (d <= −2147483648.0) return (int)0x80000000;
return (int)d;

}
50

int gen twiddle �t32x32(int *w, int n, double scale)
{

int i, j, k, s=0, t;

for (j = 1, k = 0; j < n >> 2; j = j << 2, s++)
{

for (i = t=0; i < n >> 2; i += j, t++)
{

w[k + 5] = d2i(scale * cos(6.0 * PI * i / n));
w[k + 4] = d2i(scale * sin(6.0 * PI * i / n)); 60

w[k + 3] = d2i(scale * cos(4.0 * PI * i / n));
w[k + 2] = d2i(scale * sin(4.0 * PI * i / n));

w[k + 1] = d2i(scale * cos(2.0 * PI * i / n));
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w[k + 0] = d2i(scale * sin(2.0 * PI * i / n));

k += 6;
}

} 70

return k;
}

main()
{

int i,j,s,c;

oat *data, *conv, *preconv, *ptr, *outp, norm;
data = GetMem(M*SAMPLES*sizeof(
oat));
outp = GetMem(M*SAMPLES*sizeof(
oat)); 80

conv = GetMem(2*M*sizeof(
oat));
preconv = conv;
for (i=0;i<2*SAMPLES;i++) {

f[i]=0;
�[i]=0;
for (j=0;j<M;j++) �t[j][i]=0;

}
if (data==0 | | conv==0 | | outp ==0) {
printf("Cannot allocate buffers\n");
exit(1); 90

}

gen twiddle �t32x32(w, NN, 2147483647.);
gen twiddle �t32x32(t, SAMPLES, 2147483647.);
norm = (FILTER[M][0][(int)BL/2/2]>0)

? MAXIMUM*FILTER[M][0][(int)BL/2/2]
:−MAXIMUM*FILTER[M][0][(int)BL/2/2];

for(i=0;i<M;i++)
chan in message

(SAMPLES*sizeof(
oat), data+(M*SAMPLES), &MAININPUT); 100

//for(i=0;i<(int)BL;i++)
// printf("\nfilter%d: %f",i,(
oat)(FILTER[M][0][i]));
for(;;)
{
c=0;
//FILTERING STAGE

for(i=0;i<M*SAMPLES;i+=M) {
c++; //printf("\niteration:%d",c);
if (i%SAMPLES==0) {

chan in message 110

(SAMPLES*sizeof(
oat), data+i, &MAININPUT);
//for (s=0;s<SAMPLES;s++)
// printf("\n%f",(*(data+s)−MAXIMUM/2)/(MAXIMUM/M/2));

}
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conv = preconv;
for (s=0;s<M;s++) {

ptr = data+i+s;
*(conv+2*s) = *(conv+2*s+1) = 0;

for(j=2*(M−s);j<(int)BL;j+=2*M) {
*(conv+2*s) += 120

(((*ptr)−MAXIMUM/2)/(MAXIMUM/M/2))
*(
oat)(FILTER[M][0][j−2]);

*(conv+2*s+1) +=
(((*ptr)−MAXIMUM/2)/(MAXIMUM/M/2))

*(
oat)(FILTER[M][0][j−1]);
ptr −= M;
if (ptr < data) ptr = data+M*SAMPLES−M+s;
}//for j

x[2*NN−2*s−2] = 2147483647./NN * (*(conv+2*s));
x[2*NN−2*s−1] = 2147483647./NN * (*(conv+2*s+1)); 130

} //for s

//IFFT STAGE

DSP i�t32x32(w, NN, x, y);
for(s=0;s<NN;s++) {

�t[s][2*i/M] = ((
oat)y[2*s])/2147483647.;
�t[s][2*i/M+1] = ((
oat)y[2*s+1])/2147483647.;
}
}// for i

140

//FFT STAGE

for(s=0;s<M/2;s++) {
for(i=0;i<2*SAMPLES;i+=2) {

xx[i] = 2147483647./SAMPLES * �t[s][i];
xx[i+1] = 2147483647./SAMPLES * �t[s][i+1];

}
DSP �t32x32(t, SAMPLES, xx, f);

for(i=0;i<2*SAMPLES;i+=2) {
�[i] = ((
oat)f[i])*(SAMPLES)/2147483647.;
�[i+1] = ((
oat)f[i+1])*(SAMPLES)/2147483647.; 150

*(outp+s*SAMPLES+i/2) =
20*log10(sqrt(�[i]*�[i]+�[i+1]*�[i+1]))+100;

}
}
chan out message

(M*SAMPLES/2*sizeof(
oat), outp, &MAINOUTPUT);
}

}//main
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4.10 Ïé äéåñãáóßåò ôïõ FPGA

Ó÷Þìáôá 4.6: Äéåñãáóßåò ôïõ FPGA

• Extract: Ç äéåñãáóßá áõôÞ ëáìâÜíåé ôá äåßãìáôá áðü ôïí ADC. ¸÷åé
äýï êáíÜëéá óå ðåñßðôùóç ðïõ èÝëïõìå íá åñãáóôïýìå ìå öáíôáóôéêÜ
óÞìáôá.

• Duplicate: ÐñïóöÝñåé ôï äåßãìá óå 2 äéåñãáóßåò

• Combine: ÁõôÞ ç äéåñãáóßá åíþíåé ôá äåßãìáôá ðïõ èá óôáëèïýí óôïí
DAC áðü ôçí SHBB óå ìéá ñïÞ áðü 32-bit ôéìÝò.

• Mux: ÁõôÞ ç äéåñãáóßá åßíáé Ýíáò 2óå1 ìßêôçò ôùí êáíáëéþí. ÅðéëÝãåé
êÜèå öïñÜ ôç óùóôÞ äéáäñïìÞ áíÜëïãá ìå ôï äåäïìÝíï ðïõ èá ðÜñåé áðü
ôç äéåñãáóßá åëÝã÷ïõ.

• Storage: ÁõôÞ ç äéåñãáóßá áðïèçêåýåé ôá äåäïìÝíá ðïõ Ýñ÷ïíôáé óôçí åß-
óïäü ôïõ óå ìéá 16KB ìíÞìç. Ôá áðïèçêåõìÝíá äåäïìÝíá ìåôÜ óôÝëíï-
íôáé ìÝóù ôïõ êáíáëéïý 0.
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4.11 ÓõíôåëåóôÝò ôùí Ößëôñùí

/*
* Filter Coe�cients (C Source) generated
* by the Filter Design and Analysis Tool
*
* Generated by MATLAB(R) 7.3 and the
* Signal Processing Toolbox 6.6.
*
* Generated on: 02-Jul-2007 12:21:01
*
*/ 10

/*
* Discrete-Time FIR Filter (real)
*/

/* General type conversion for MATLAB generated C-code */
#include "tmwtypes.h"

/*
* Expected path to tmwtypes.h
* C:\Program Files\MATLAB\R2006b\extern\include\tmwtypes.h 20

*/

#de�ne NYQUIST N

#de�ne BANDPASS B

#de�ne FILTER NYQUIST //type of �lter
#de�ne BL FILTER[M][M][0] //length of �lter

real64 T NP1of2[51] = {
0.0001106724158607,0,−0.0003428820301325,0,
0.0008340549136091,0,−0.001733499260122,0, 30

0.003244461098268,0,−0.005630672290565,0,
0.009243021075822,0, −0.01458764200536,0,
0.02250676355665,0, −0.0346983515693,0,
0.05551867613862,0, −0.1010280645801,0,
0.316585514921,0.5,0.316585514921,0,
−0.1010280645801,0, 0.05551867613862,0,
−0.0346983515693,0, 0.02250676355665,0,
−0.01458764200536,0, 0.009243021075822,0,
−0.005630672290565,0, 0.003244461098268,0,
−0.001733499260122,0,0.0008340549136091,0, 40

−0.0003428820301325,0,0.0001106724158607
};

real64 T NP2of2[51] = {
0.0001106724158607,0,−0.0003428820301325,0,
0.0008340549136091,0,−0.001733499260122,0,
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0.003244461098268,0,−0.005630672290565,0,
0.009243021075822,0, −0.01458764200536,0,
0.02250676355665,0, −0.0346983515693,0,
0.05551867613862,0, −0.1010280645801,0, 50

0.316585514921,−0.5, 0.316585514921,0,
−0.1010280645801,0, 0.05551867613862,0,
−0.0346983515693,0, 0.02250676355665,0,
−0.01458764200536,0, 0.009243021075822,0,
−0.005630672290565,0, 0.003244461098268,0,
−0.001733499260122,0,0.0008340549136091,0,
−0.0003428820301325,0,0.0001106724158607
};

60

real64 T NP1of8[224] = {
−0.004471747388754450000000000000, 0.000000000000000000000000000000,
0.002117533402534020000000000000, 0.000877111054107636000000000000,
0.001613813983389820000000000000, 0.001613813983389820000000000000,
0.000931986453960515000000000000, 0.002250014337099480000000000000,
0.000000000000000000000000000000, 0.002563806142544630000000000000,
−0.000963428510718290000000000000, 0.002325922176953010000000000000,
−0.001550333965533410000000000000, 0.001550333965533410000000000000,
−0.001432066410360170000000000000, 0.000593181329390137000000000000,
−0.000619183041586821000000000000, 0.000000000000000000000000000000, 70

0.000462278492959013000000000000, 0.000191482021377018000000000000,
0.001170393695632360000000000000, 0.001170393695632360000000000000,
0.001015936207435770000000000000, 0.002452686970497310000000000000,
0.000000000000000000000000000000, 0.003312585182657350000000000000,
−0.001327706841742710000000000000, 0.003205367864190800000000000000,
−0.002148393102261390000000000000, 0.002148393102261390000000000000,
−0.001864106235052300000000000000, 0.000772138084262914000000000000,
−0.000514053239592892000000000000, 0.000000000000000000000000000000,
0.001176425687378940000000000000, 0.000487291474836449000000000000,
0.002169015451821270000000000000, 0.002169015451821270000000000000, 80

0.001744810306114740000000000000, 0.004212344704790550000000000000,
0.000000000000000000000000000000, 0.005451413233693610000000000000,
−0.002111950181564030000000000000, 0.005098698771388200000000000000,
−0.003284500063592840000000000000, 0.003284500063592850000000000000,
−0.002652401420036320000000000000, 0.001098660641036700000000000000,
−0.000382569877565586000000000000, 0.000000000000000000000000000000,
0.002277906317873860000000000000, 0.000943539690678712000000000000,
0.003711168823405140000000000000, 0.003711168823405140000000000000,
0.002857752838759960000000000000, 0.006899225661244480000000000000,
0.000000000000000000000000000000, 0.008675872663273780000000000000, 90

−0.003273349477555660000000000000, 0.007902564703101770000000000000,
−0.004916964799334680000000000000, 0.004916964799334700000000000000,
−0.003659439289564970000000000000, 0.001515789384418780000000000000,
0.000093145378410432500000000000, 0.000000000000000000000000000000,
0.004300602870921380000000000000, 0.001781368035516300000000000000,
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0.006376758428839390000000000000, 0.006376758428839400000000000000,
0.004752884433125930000000000000, 0.011474478058844500000000000000,
0.000000000000000000000000000000, 0.014153674117965300000000000000,
−0.005241640269872380000000000000, 0.012654439028606900000000000000,
−0.007644715362588320000000000000, 0.007644715362588340000000000000, 100

−0.005192360548358900000000000000, 0.002150746159861260000000000000,
0.001362098737496260000000000000, 0.000000000000000000000000000000,
0.008552977193936270000000000000, 0.003542759152396160000000000000,
0.011954005092780300000000000000, 0.011954005092780300000000000000,
0.008799185136729650000000000000, 0.021243112094924400000000000000,
0.000000000000000000000000000000, 0.026220418763653800000000000000,
−0.009748529482639100000000000000, 0.023535032090181300000000000000,
−0.014141502277238700000000000000, 0.014141502277238800000000000000,
−0.008798728548588460000000000000, 0.003644552696464670000000000000,
0.005655597921243290000000000000, 0.000000000000000000000000000000, 110

0.022795459812969100000000000000, 0.009442188615062610000000000000,
0.032632339050133200000000000000, 0.032632339050133300000000000000,
0.026147761241429300000000000000, 0.063126279814751800000000000000,
0.000000000000000000000000000000, 0.089258355314664500000000000000,
−0.040951052970668500000000000000, 0.098864587475246900000000000000,
−0.084782321073113500000000000000, 0.084782321073113800000000000000,
−0.117035596476349000000000000000, 0.048477731340928700000000000000,
−0.126678416782569000000000000000, 0.000000000000000000000000000000,
−0.110773440790388000000000000000, −0.045883861526111600000000000000,
−0.075667679348772300000000000000, −0.075667679348772300000000000000, 120

−0.034157693779078700000000000000, −0.082463967580838500000000000000,
0.000000000000000000000000000000, −0.068327392904962600000000000000,
0.017660494632580500000000000000, −0.042636205660193300000000000000,
0.017446889607134900000000000000, −0.017446889607135000000000000000,
0.005225091163550060000000000000, −0.002164303624578250000000000000,
−0.009523675153482170000000000000, 0.000000000000000000000000000000,
−0.018476763143155100000000000000, −0.007653325882650130000000000000,
−0.018012933722186200000000000000, −0.018012933722186200000000000000,
−0.010034119850525100000000000000, −0.024224508229614600000000000000,
0.000000000000000000000000000000, −0.022993378841483200000000000000, 130

0.006469460937340470000000000000, −0.015618660336170400000000000000,
0.006546165339031710000000000000, −0.006546165339031740000000000000,
0.001258415144832260000000000000, −0.000521252620085225000000000000,
−0.005620170558649610000000000000, 0.000000000000000000000000000000,
−0.009988301969779400000000000000, −0.004137290140960500000000000000,
−0.009685288324244060000000000000, −0.009685288324244060000000000000,
−0.005416376592039900000000000000, −0.013076289827422800000000000000,
0.000000000000000000000000000000, −0.012419885553319500000000000000,
0.003451076793262260000000000000, −0.008331636399084820000000000000,
0.003291538935766700000000000000, −0.003291538935766710000000000000, 140

0.000086055108661417300000000000, −0.000035645193119049400000000000,
−0.003960948544468670000000000000, 0.000000000000000000000000000000,
−0.006424324106411520000000000000, −0.002661042173956050000000000000,
−0.006048361170140400000000000000, −0.006048361170140360000000000000,
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−0.003320112729544050000000000000, −0.008015461180272840000000000000,
0.000000000000000000000000000000, −0.007467668043788170000000000000,
0.002008470094211010000000000000, −0.004848875741065000000000000000,
0.001743434016660180000000000000, −0.001743434016660190000000000000,
−0.000353448479638194000000000000, 0.000146403153866292000000000000,
−0.002870938609091790000000000000, 0.000000000000000000000000000000, 150

−0.004291406141224510000000000000, −0.001777558625346390000000000000,
−0.003902375092861000000000000000, −0.003902375092861000000000000000,
−0.002086165527510350000000000000, −0.005036449109870690000000000000,
0.000000000000000000000000000000, −0.004559409053408250000000000000,
0.001173862703682500000000000000, −0.002833955259594270000000000000,
0.000900397239937269000000000000, −0.000900397239937267000000000000,
−0.000474923266680994000000000000, 0.000196719658145802000000000000,
−0.002017694049337030000000000000, 0.000000000000000000000000000000,
−0.002807010861410600000000000000, −0.001162701968524850000000000000,
−0.002453282352522590000000000000, −0.002453282352522570000000000000, 160

−0.001267671467701050000000000000, −0.003060429649957290000000000000,
0.000000000000000000000000000000, −0.002654769246625070000000000000,
0.000633412503711924000000000000, −0.001529193057038030000000000000,
0.000353812640788231000000000000, −0.000353812640788233000000000000,
−0.000572050539000148000000000000, 0.000236951091616703000000000000,
−0.001550057512874570000000000000, 0.000000000000000000000000000000,
−0.002025608942555880000000000000, −0.000839034696070872000000000000,
−0.001780183764180920000000000000, −0.001780183764180920000000000000,
−0.000981126134547683000000000000, −0.002368648020423690000000000000,
0.000000000000000000000000000000, −0.002435397969022540000000000000, 170

0.000873389834171957000000000000, −0.002108549582896760000000000000,
0.001620689901258890000000000000, −0.001620689901258890000000000000,
−0.004131355887031030000000000000, 0.001711263639398180000000000000
};

real64 T P1of2[254] = {
−0.001262150448263,−0.005333345456657, −0.01062070936177, −0.01170603119444,
−0.005274660077669, 0.003395355253078, 0.005381920661686,−8.918110279966e−005,
−0.004095183631453, −0.00116253012447, 0.003038018549388, 0.001598769879359, 180

−0.002295496208347,−0.001727475316983, 0.001813521473116, 0.001724985075742,
−0.001492968968984,−0.001684738103632, 0.001295287328391, 0.001627646332986,
−0.001172020894051,−0.001580119146577, 0.001108170200839, 0.001537755841207,
−0.001078380928863, −0.00150732034561, 0.001081204102925, 0.001482306330691,
−0.001105476150458,−0.001469610569598, 0.001148774502242, 0.001462186314831,
−0.001203487296429,−0.001460283062571, 0.00127346618727, 0.001461966143231,
−0.001353195027154,−0.001468579680238, 0.001442537926639, 0.001474465995065,
−0.001541629965744,−0.001482484818345, 0.001650273569975, 0.001489780132938,
−0.001765716070169,−0.001492507713536, 0.001896152357884, 0.001497882191451,
−0.002031966933425, −0.00149861912705, 0.002179567518017, 0.001497500525951, 190

−0.002335948584404,−0.001494520629175, 0.002498015247003, 0.001481401178321,
−0.002674191062274, −0.00146673816534, 0.002855917579575, 0.001439702201901,
−0.003052965361287,−0.001408418743639, 0.003258931234704, 0.001366455427607,
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−0.003477940072306,−0.001315619376473, 0.003709544043945, 0.001255120749933,
−0.003952648953718,−0.001182171629991, 0.004209172012088, 0.00109598948326,
−0.004479307444241,−0.0009945241422194, 0.004764369778868,0.0008752400486084,
−0.005067420729286,−0.0007383998345528, 0.005389349927593,0.0005831191087228,
−0.005730175508933,−0.0004066536833661, 0.006091328335818,0.0002061216072315,
−0.006473997405271,2.322239732855e−005, 0.006881850816355,−0.000286201643543,
−0.00732093633822,0.0005846999007115, 0.007794933131991,−0.0009228631208744, 200

−0.008308094101747, 0.001306682953058, 0.008866411697775,−0.001742421590733,
−0.009472446069594, 0.002250265678865, 0.01015089468842, −0.00282568209927,
−0.01089428742791, 0.003513037313634, 0.01175616130907,−0.004294634411841,
−0.01272115715049, 0.005238207164078, 0.01385524803028,−0.006364751920131,
−0.01519641812834, 0.007740863064078, 0.01681490494959,−0.009477567615578,
−0.01885269782757, 0.01170139362945, 0.02148625938139, −0.01467506788484,
−0.0250522626585, 0.01888652273767, 0.03023393751475, −0.0253039784773,
−0.03852287782926, 0.0363147676516, 0.05404610091074, −0.05980204476039,
−0.09418404412835, 0.1456594039701, 0.4544317601654, 0.4544317601654,
0.1456594039701, −0.09418404412835, −0.05980204476039, 0.05404610091074, 210

0.0363147676516, −0.03852287782926, −0.0253039784773, 0.03023393751475,
0.01888652273767, −0.0250522626585, −0.01467506788484, 0.02148625938139,
0.01170139362945, −0.01885269782757,−0.009477567615578, 0.01681490494959,
0.007740863064078, −0.01519641812834,−0.006364751920131, 0.01385524803028,
0.005238207164078, −0.01272115715049,−0.004294634411841, 0.01175616130907,
0.003513037313634, −0.01089428742791, −0.00282568209927, 0.01015089468842,
0.002250265678865,−0.009472446069594,−0.001742421590733, 0.008866411697775,
0.001306682953058,−0.008308094101747,−0.0009228631208744, 0.007794933131991,
0.0005846999007115, −0.00732093633822,−0.000286201643543, 0.006881850816355,
2.322239732855e−005,−0.006473997405271,0.0002061216072315, 0.006091328335818, 220

−0.0004066536833661,−0.005730175508933,0.0005831191087228, 0.005389349927593,
−0.0007383998345528,−0.005067420729286,0.0008752400486084, 0.004764369778868,
−0.0009945241422194,−0.004479307444241, 0.00109598948326, 0.004209172012088,
−0.001182171629991,−0.003952648953718, 0.001255120749933, 0.003709544043945,
−0.001315619376473,−0.003477940072306, 0.001366455427607, 0.003258931234704,
−0.001408418743639,−0.003052965361287, 0.001439702201901, 0.002855917579575,
−0.00146673816534,−0.002674191062274, 0.001481401178321, 0.002498015247003,
−0.001494520629175,−0.002335948584404, 0.001497500525951, 0.002179567518017,
−0.00149861912705,−0.002031966933425, 0.001497882191451, 0.001896152357884,
−0.001492507713536,−0.001765716070169, 0.001489780132938, 0.001650273569975, 230

−0.001482484818345,−0.001541629965744, 0.001474465995065, 0.001442537926639,
−0.001468579680238,−0.001353195027154, 0.001461966143231, 0.00127346618727,
−0.001460283062571,−0.001203487296429, 0.001462186314831, 0.001148774502242,
−0.001469610569598,−0.001105476150458, 0.001482306330691, 0.001081204102925,
−0.00150732034561,−0.001078380928863, 0.001537755841207, 0.001108170200839,
−0.001580119146577,−0.001172020894051, 0.001627646332986, 0.001295287328391,
−0.001684738103632,−0.001492968968984, 0.001724985075742, 0.001813521473116,
−0.001727475316983,−0.002295496208347, 0.001598769879359, 0.003038018549388,
−0.00116253012447,−0.004095183631453,−8.918110279966e−005, 0.005381920661686,
0.003395355253078,−0.005274660077669, −0.01170603119444, −0.01062070936177, 240

−0.005333345456657,−0.001262150448263
};
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real64 T P2of2[277] = {
−0.0006649861061179, 0.00217619192376,−0.002794504408304,−0.0001094941802929,
0.00582816001826, −0.00910090822799, 0.006099506160502,−0.0003525959919162,
−0.001348740278129,−0.001562394302825, 0.003117485262194,−0.0005564292481984,
−0.001688732849943,0.0001282490365634, 0.001891080980135,−0.0006029785139787,
−0.001452629527431,0.0005020601972844, 0.001422622845285,−0.0005959383070952,
−0.001282437756185,0.0005598624612568, 0.001255329606785,−0.000565858312893, 250

−0.001220464604992,0.0005422265005794, 0.001223843620537,−0.0005276549106904,
−0.001235311772361,0.0005049147776042, 0.001264642393227,−0.0004832881675145,
−0.001304002548758,0.0004603287083963, 0.001351282325685,−0.0004329987615139,
−0.001409478822475,0.0004053717718839, 0.001474468578244,−0.0003759821557633,
−0.001544107290605,0.0003407105785078, 0.001624018967242,−0.0003082481992315,
−0.001701256535176,0.0002634968331367, 0.00179053716063,−0.0002200126908385,
−0.001878854971793,0.0001665447127486, 0.001973577065666,−0.0001057819273822,
−0.00207611353976,4.274333479068e−005, 0.002178160180917,3.245627034689e−005,
−0.002289600053918,−0.000110010389126, 0.002400752022967,0.0001974137289913,
−0.002514676647802,−0.0002947720081636, 0.002631268427121,0.0004040978013715, 260

−0.002754332020448,−0.0005190947340348, 0.002873509569727,0.0006539052076742,
−0.003005122793772,−0.0007906730750076, 0.003130698741833,0.0009451895607819,
−0.003259969728339,−0.001112867526719, 0.003389800700745, 0.001296506216728,
−0.003521362331756,−0.001495814913138, 0.003652245210763, 0.001716483335771,
−0.003790368478806,−0.001948463329373, 0.003923962829685, 0.002200414526895,
−0.004052702368927,−0.002480799230543, 0.004185877192402, 0.002784749507532,
−0.004323686694946, −0.00310607987827, 0.004453183499801, 0.003458722553744,
−0.004580392600588,−0.003844876466436, 0.004707611999751, 0.004265412775008,
−0.004834588656695,−0.004721143269055, 0.00495599576425, 0.005221573753717,
−0.005074360180719,−0.005771488705397, 0.005188853000708, 0.006379461003169, 270

−0.005302322318808,−0.007049497535859, 0.005408639867056, 0.007797971307141,
−0.005510505000677,−0.008638570563575, 0.005608205306285, 0.009589363451284,
−0.005701319131664, −0.01067486203776, 0.005789520078731, 0.01192743630857,
−0.005869635054114, −0.01339772804622, 0.005945774048097, 0.01514819452945,
−0.006014946515512, −0.01727806394387, 0.006077954190801, 0.01993604664653,
−0.006132906519284, −0.02336677332401, 0.006182765843022, 0.02798503651805,
−0.006222953756514, −0.03458666039539, 0.00625805131268, 0.04486299878146,
−0.006284675255608, −0.06322516284839, 0.006303615918548, 0.1058407228146,
−0.006314820487163, −0.3182227736645, 0.5063194451248, −0.3182227736645,
−0.006314820487163, 0.1058407228146, 0.006303615918548, −0.06322516284839, 280

−0.006284675255608, 0.04486299878146, 0.00625805131268, −0.03458666039539,
−0.006222953756514, 0.02798503651805, 0.006182765843022, −0.02336677332401,
−0.006132906519284, 0.01993604664653, 0.006077954190801, −0.01727806394387,
−0.006014946515512, 0.01514819452945, 0.005945774048097, −0.01339772804622,
−0.005869635054114, 0.01192743630857, 0.005789520078731, −0.01067486203776,
−0.005701319131664, 0.009589363451284, 0.005608205306285,−0.008638570563575,
−0.005510505000677, 0.007797971307141, 0.005408639867056,−0.007049497535859,
−0.005302322318808, 0.006379461003169, 0.005188853000708,−0.005771488705397,
−0.005074360180719, 0.005221573753717, 0.00495599576425,−0.004721143269055,
−0.004834588656695, 0.004265412775008, 0.004707611999751,−0.003844876466436, 290

−0.004580392600588, 0.003458722553744, 0.004453183499801, −0.00310607987827,
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−0.004323686694946, 0.002784749507532, 0.004185877192402,−0.002480799230543,
−0.004052702368927, 0.002200414526895, 0.003923962829685,−0.001948463329373,
−0.003790368478806, 0.001716483335771, 0.003652245210763,−0.001495814913138,
−0.003521362331756, 0.001296506216728, 0.003389800700745,−0.001112867526719,
−0.003259969728339,0.0009451895607819, 0.003130698741833,−0.0007906730750076,
−0.003005122793772,0.0006539052076742, 0.002873509569727,−0.0005190947340348,
−0.002754332020448,0.0004040978013715, 0.002631268427121,−0.0002947720081636,
−0.002514676647802,0.0001974137289913, 0.002400752022967,−0.000110010389126,
−0.002289600053918,3.245627034689e−005, 0.002178160180917,4.274333479068e−005, 300

−0.00207611353976,−0.0001057819273822, 0.001973577065666,0.0001665447127486,
−0.001878854971793,−0.0002200126908385, 0.00179053716063,0.0002634968331367,
−0.001701256535176,−0.0003082481992315, 0.001624018967242,0.0003407105785078,
−0.001544107290605,−0.0003759821557633, 0.001474468578244,0.0004053717718839,
−0.001409478822475,−0.0004329987615139, 0.001351282325685,0.0004603287083963,
−0.001304002548758,−0.0004832881675145, 0.001264642393227,0.0005049147776042,
−0.001235311772361,−0.0005276549106904, 0.001223843620537,0.0005422265005794,
−0.001220464604992,−0.000565858312893, 0.001255329606785,0.0005598624612568,
−0.001282437756185,−0.0005959383070952, 0.001422622845285,0.0005020601972844,
−0.001452629527431,−0.0006029785139787, 0.001891080980135,0.0001282490365634, 310

−0.001688732849943,−0.0005564292481984, 0.003117485262194,−0.001562394302825,
−0.001348740278129,−0.0003525959919162, 0.006099506160502, −0.00910090822799,
0.00582816001826,−0.0001094941802929,−0.002794504408304, 0.00217619192376,
−0.0006649861061179
};

real64 T P1of4[254] = {
−5.509248380491e−005,0.0001094666491473,0.0005173845223482, 0.001332444551284,
0.002577871298759, 0.004105015246733, 0.005574123787516, 0.006524389410007,
0.006527868912172, 0.005377605438386, 0.003227014100377,0.0006035552688861, 320

−0.00173939214768, −0.00309231756619,−0.003077808679486,−0.001826691885967,
5.222334694722e−005, 0.001715464465941, 0.002445864243663, 0.001970131058041,
0.0005800588123735,−0.001009566508442,−0.002008010968529,−0.001936407900374,
−0.000864232097113,0.0006285397071945, 0.001750706487919, 0.001911632209624,
0.001033030994961,−0.0004060782882613,−0.001621410717763,−0.001944262258103,
−0.001187877445693,0.0002414221252021, 0.001556482077897, 0.0020174075718,
0.001345342271374, −0.00010874711914,−0.001542670962396,−0.002141098609936,
−0.001536149184493,−3.162261558923e−005, 0.001545156916683, 0.002294573425825,
0.001755182721417,0.0001851241747134,−0.001555732674865,−0.002473077781254,
−0.002002925595027,−0.0003547305710462, 0.001574158409759, 0.002683411515483, 330

0.00229418878436,0.0005604022651625,−0.001580241000084, −0.00290969842797,
−0.002619435754719,−0.0007978634011403, 0.001576221556514, 0.003155191660107,
0.002983862540499, 0.001072452200991,−0.001559806733975,−0.003423108099994,
−0.003396068515086,−0.001395172417886, 0.001522131948413, 0.003710373421964,
0.003859495748964, 0.001773214651132, −0.00145685423113,−0.004015118890048,
−0.004377008776501,−0.002210831358554, 0.001363268789833, 0.004343321700686,
0.004959986757554, 0.002718916658586,−0.001238540107098, −0.00470495891613,
−0.005629543098631,−0.003321459819644, 0.001066774377899, 0.005099647981722,
0.00639967363143, 0.004036715193861,−0.0008393641737652,−0.005537714406695,
−0.007297370430479, −0.00489376506963,0.0005449825067804, 0.006038736455247, 340
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0.008369356939856, 0.005944270661095,−0.0001575969341236,−0.006623411106061,
−0.00967883041713,−0.007261113348262,−0.0003583876862337, 0.007327326630417,
0.01132755251054, 0.008960936374739, 0.001057914065828,−0.008215218268971,
−0.01349434169771, −0.01125043990282,−0.002039840370673, 0.009406291557745,
0.01651595781167, 0.01452966725363, 0.00350337127899, −0.01113882808376,
−0.02109746441971, −0.01966996562208,−0.005900064015026, 0.01398522542873,
0.02902079326139, 0.02901240067235, 0.01053318577909, −0.01973755395902,
−0.04645225829903, −0.05170482185593, −0.02333364373956, 0.03838872359929,
0.1190306383192, 0.1944711300158, 0.2399599507126, 0.2399599507126,
0.1944711300158, 0.1190306383192, 0.03838872359929, −0.02333364373956, 350

−0.05170482185593, −0.04645225829903, −0.01973755395902, 0.01053318577909,
0.02901240067235, 0.02902079326139, 0.01398522542873,−0.005900064015026,
−0.01966996562208, −0.02109746441971, −0.01113882808376, 0.00350337127899,
0.01452966725363, 0.01651595781167, 0.009406291557745,−0.002039840370673,
−0.01125043990282, −0.01349434169771,−0.008215218268971, 0.001057914065828,
0.008960936374739, 0.01132755251054, 0.007327326630417,−0.0003583876862337,
−0.007261113348262, −0.00967883041713,−0.006623411106061,−0.0001575969341236,
0.005944270661095, 0.008369356939856, 0.006038736455247,0.0005449825067804,
−0.00489376506963,−0.007297370430479,−0.005537714406695,−0.0008393641737652,
0.004036715193861, 0.00639967363143, 0.005099647981722, 0.001066774377899, 360

−0.003321459819644,−0.005629543098631, −0.00470495891613,−0.001238540107098,
0.002718916658586, 0.004959986757554, 0.004343321700686, 0.001363268789833,
−0.002210831358554,−0.004377008776501,−0.004015118890048, −0.00145685423113,
0.001773214651132, 0.003859495748964, 0.003710373421964, 0.001522131948413,
−0.001395172417886,−0.003396068515086,−0.003423108099994,−0.001559806733975,
0.001072452200991, 0.002983862540499, 0.003155191660107, 0.001576221556514,
−0.0007978634011403,−0.002619435754719, −0.00290969842797,−0.001580241000084,
0.0005604022651625, 0.00229418878436, 0.002683411515483, 0.001574158409759,
−0.0003547305710462,−0.002002925595027,−0.002473077781254,−0.001555732674865,
0.0001851241747134, 0.001755182721417, 0.002294573425825, 0.001545156916683, 370

−3.162261558923e−005,−0.001536149184493,−0.002141098609936,−0.001542670962396,
−0.00010874711914, 0.001345342271374, 0.0020174075718, 0.001556482077897,
0.0002414221252021,−0.001187877445693,−0.001944262258103,−0.001621410717763,
−0.0004060782882613, 0.001033030994961, 0.001911632209624, 0.001750706487919,
0.0006285397071945,−0.000864232097113,−0.001936407900374,−0.002008010968529,
−0.001009566508442,0.0005800588123735, 0.001970131058041, 0.002445864243663,
0.001715464465941,5.222334694722e−005,−0.001826691885967,−0.003077808679486,
−0.00309231756619, −0.00173939214768,0.0006035552688861, 0.003227014100377,
0.005377605438386, 0.006527868912172, 0.006524389410007, 0.005574123787516,
0.004105015246733, 0.002577871298759, 0.001332444551284,0.0005173845223482, 380

0.0001094666491473,−5.509248380491e−005
};

real64 T P2of4[254] = {
3.383690424752e−005,0.0003139276535622,0.0002459712363429,−0.0005310533627074,
−0.001156325186804,−0.0001607456501842, 0.001818680614639, 0.001887422665212,
−0.0008680240967284,−0.002963320638743,−0.001209287963225, 0.001948099285737,
0.001909884998997,−0.0005086218906112,−0.0005652039736805, 0.001553182049336,
0.0004759282038958,−0.003952158544535, −0.00413205472305, 0.002815561028908,
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0.00788585984413, 0.00288756574161,−0.006067293115373,−0.007079774743598, 390

−2.515725551656e−005, 0.004799404715953, 0.003013312261839,0.0001085331056907,
−0.0002741230806904,−0.000903408032478,−0.002597193345979,−0.001734931161095,
0.001558385205693, 0.002238348281946,−0.0002259392055546,−0.0005382954134802,
0.001958340189957, 0.001395560575732,−0.003091731470997,−0.004354314441231,
0.0002848650287114, 0.003919196204908, 0.002112081557704,−0.0003074265911241,
0.0003264905457444,−3.41073914583e−005,−0.003299528600665,−0.003648430145749,
0.001349484680102, 0.004590626372587, 0.001685952343335, −0.0012908592672,
0.0001906227580718,0.0006850367827976,−0.003281224971801, −0.00466997801874,
0.001003422701356, 0.00576772993376, 0.002826069905433,−0.001548591549828,
−0.0006657554777518,0.0002501369153061,−0.003688705987589,−0.005163538096563, 400

0.001542415517085, 0.007373556214718, 0.003551369610381,−0.002584310101347,
−0.001749504285676,0.0003208747325693,−0.003684551267978,−0.005923787876512,
0.001685116058304, 0.009178189379226, 0.004778735946107,−0.003560674349981,
−0.003216139865449,8.64021827889e−005,−0.003795714318713,−0.006722869872405,
0.002105687604652, 0.01162218619261, 0.006287672421993,−0.005099196721782,
−0.00537252394359,−0.0001414132952301,−0.003609862671128,−0.007611475354667,
0.002522624340593, 0.01475286328968, 0.008373940945545,−0.007166015161493,
−0.008476256146769,−0.0005462874581706,−0.003216391631212,−0.008707061045881,
0.003132524834879, 0.01927136814886, 0.01145746139572, −0.01035576944061,
−0.01341507461814,−0.001216095441579,−0.002312855826492, −0.01018300111254, 410

0.004060529206281, 0.02656299655599, 0.01663464520905, −0.01590140812945,
−0.02234939405829,−0.002493282175589,−0.0003435802948969, −0.0127637156956,
0.005870764921128, 0.04161807180646, 0.02791224943564, −0.02868411486553,
−0.04428243574023,−0.005875283604125, 0.005557828079746, −0.02010642079922,
0.01183451516926, 0.09826567322939, 0.07769394322777, −0.09805939554707,
−0.2031151933642, −0.04468845008458, 0.2000284287456, 0.2000284287456,
−0.04468845008458, −0.2031151933642, −0.09805939554707, 0.07769394322777,
0.09826567322939, 0.01183451516926, −0.02010642079922, 0.005557828079746,
−0.005875283604125, −0.04428243574023, −0.02868411486553, 0.02791224943564,
0.04161807180646, 0.005870764921128, −0.0127637156956,−0.0003435802948969, 420

−0.002493282175589, −0.02234939405829, −0.01590140812945, 0.01663464520905,
0.02656299655599, 0.004060529206281, −0.01018300111254,−0.002312855826492,
−0.001216095441579, −0.01341507461814, −0.01035576944061, 0.01145746139572,
0.01927136814886, 0.003132524834879,−0.008707061045881,−0.003216391631212,
−0.0005462874581706,−0.008476256146769,−0.007166015161493, 0.008373940945545,
0.01475286328968, 0.002522624340593,−0.007611475354667,−0.003609862671128,
−0.0001414132952301, −0.00537252394359,−0.005099196721782, 0.006287672421993,
0.01162218619261, 0.002105687604652,−0.006722869872405,−0.003795714318713,

8.64021827889e−005,−0.003216139865449,−0.003560674349981, 0.004778735946107,
0.009178189379226, 0.001685116058304,−0.005923787876512,−0.003684551267978, 430

0.0003208747325693,−0.001749504285676,−0.002584310101347, 0.003551369610381,
0.007373556214718, 0.001542415517085,−0.005163538096563,−0.003688705987589,
0.0002501369153061,−0.0006657554777518,−0.001548591549828, 0.002826069905433,
0.00576772993376, 0.001003422701356, −0.00466997801874,−0.003281224971801,

0.0006850367827976,0.0001906227580718, −0.0012908592672, 0.001685952343335,
0.004590626372587, 0.001349484680102,−0.003648430145749,−0.003299528600665,
−3.41073914583e−005,0.0003264905457444,−0.0003074265911241, 0.002112081557704,
0.003919196204908,0.0002848650287114,−0.004354314441231,−0.003091731470997,

79



0.001395560575732, 0.001958340189957,−0.0005382954134802,−0.0002259392055546,
0.002238348281946, 0.001558385205693,−0.001734931161095,−0.002597193345979, 440

−0.000903408032478,−0.0002741230806904,0.0001085331056907, 0.003013312261839,
0.004799404715953,−2.515725551656e−005,−0.007079774743598,−0.006067293115373,
0.00288756574161, 0.00788585984413, 0.002815561028908, −0.00413205472305,
−0.003952158544535,0.0004759282038958, 0.001553182049336,−0.0005652039736805,
−0.0005086218906112, 0.001909884998997, 0.001948099285737,−0.001209287963225,
−0.002963320638743,−0.0008680240967284, 0.001887422665212, 0.001818680614639,
−0.0001607456501842,−0.001156325186804,−0.0005310533627074,0.0002459712363429,
0.0003139276535622,3.383690424752e−005
};

450

real64 T P3of4[254] = {
0.0002107965425934,−0.0001268379724278,−0.0005362874905248,0.0009691432146328,
0.0001143897470137,−0.001960098379882, 0.001715630372765, 0.00139390886974,
−0.003627289395063, 0.001395530687748, 0.00291967245424, −0.00373958880893,
0.0003636163623789, 0.002415490258892,−0.002048208378893, 0.001052464675231,
−0.0007720068965339,−0.001226428908631, 0.004491163518329,−0.003393984228986,
−0.003302960501659, 0.007235614334233,−0.002044595174658,−0.005522805586534,
0.005073267287468, 0.001398295443234, −0.00349615419064,−0.0004249258468361,
0.0020213308571, 0.001584364771339,−0.003402034462191,−0.0002858412007821,

0.003733737644189,−0.002344229981565,−0.0005031167953113, 0.001268966264388, 460

−0.001722867228439, 0.002595238269891,−0.0007443198200637, −0.00325253410776,
0.003625354541485,0.0004301277022978,−0.002361988678499,−1.971388658871e−005,
0.0006096356533589, 0.002703495337202,−0.003018388360284,−0.002443710943523,
0.005673962818576,−0.001520859177847,−0.003225937629849, 0.002292112206736,
−0.0002230374936891, 0.001658424504226, −0.00178320065114,−0.002885087671501,
0.00548292262293,−0.0009724098722141,−0.003691923636189, 0.002149057870019,

5.493839737179e−005, 0.002238946389558,−0.002570519921144, −0.00371032501694,
0.007528344367494,−0.001432011522883,−0.005690012464837, 0.003914439120022,
0.0005134100798703, 0.001096422366257,−0.002493738179597,−0.003731514887005,
0.008553607499166,−0.001954224147993,−0.006954520962261, 0.005387787339485, 470

0.0004827832864881,0.0006226960193263,−0.002429626601493,−0.004624048608828,
0.01046996054577,−0.002198011716476,−0.009513902564848, 0.007565399194545,
0.001174808392004,−0.0007886997519853,−0.002493428653647,−0.005010063465219,
0.0127116676797,−0.003024985143453, −0.01252700387723, 0.01080367650965,

0.001629676227357,−0.002805177444671,−0.002067988294854, −0.00582563270058,
0.01566345469202,−0.003788428553463, −0.01714337755192, 0.01545086536745,
0.002690664165325,−0.006121027624246,−0.001574331168069,−0.006793728805771,
0.02042107738438,−0.005309718972745, −0.0249209305105, 0.02383348267983,
0.004442794736143, −0.01260074322333,−0.0001994343615058,−0.008502264408255,
0.0294621784598,−0.008278010365031, −0.04175708269883, 0.04291566190855, 480

0.008802264783336, −0.02955177063228, 0.003716345683893, −0.01342917670909,
0.05947695673601, −0.01955490159406, −0.1162877490393, 0.1467690624959,
0.04039975992738, −0.2247095704239, 0.1336745877574, 0.1336745877574,
−0.2247095704239, 0.04039975992738, 0.1467690624959, −0.1162877490393,
−0.01955490159406, 0.05947695673601, −0.01342917670909, 0.003716345683893,
−0.02955177063228, 0.008802264783336, 0.04291566190855, −0.04175708269883,
−0.008278010365031, 0.0294621784598,−0.008502264408255,−0.0001994343615058,

80



−0.01260074322333, 0.004442794736143, 0.02383348267983, −0.0249209305105,
−0.005309718972745, 0.02042107738438,−0.006793728805771,−0.001574331168069,
−0.006121027624246, 0.002690664165325, 0.01545086536745, −0.01714337755192, 490

−0.003788428553463, 0.01566345469202, −0.00582563270058,−0.002067988294854,
−0.002805177444671, 0.001629676227357, 0.01080367650965, −0.01252700387723,
−0.003024985143453, 0.0127116676797,−0.005010063465219,−0.002493428653647,
−0.0007886997519853, 0.001174808392004, 0.007565399194545,−0.009513902564848,
−0.002198011716476, 0.01046996054577,−0.004624048608828,−0.002429626601493,
0.0006226960193263,0.0004827832864881, 0.005387787339485,−0.006954520962261,
−0.001954224147993, 0.008553607499166,−0.003731514887005,−0.002493738179597,
0.001096422366257,0.0005134100798703, 0.003914439120022,−0.005690012464837,
−0.001432011522883, 0.007528344367494, −0.00371032501694,−0.002570519921144,
0.002238946389558,5.493839737179e−005, 0.002149057870019,−0.003691923636189, 500

−0.0009724098722141, 0.00548292262293,−0.002885087671501, −0.00178320065114,
0.001658424504226,−0.0002230374936891, 0.002292112206736,−0.003225937629849,
−0.001520859177847, 0.005673962818576,−0.002443710943523,−0.003018388360284,
0.002703495337202,0.0006096356533589,−1.971388658871e−005,−0.002361988678499,
0.0004301277022978, 0.003625354541485, −0.00325253410776,−0.0007443198200637,
0.002595238269891,−0.001722867228439, 0.001268966264388,−0.0005031167953113,
−0.002344229981565, 0.003733737644189,−0.0002858412007821,−0.003402034462191,
0.001584364771339, 0.0020213308571,−0.0004249258468361, −0.00349615419064,
0.001398295443234, 0.005073267287468,−0.005522805586534,−0.002044595174658,
0.007235614334233,−0.003302960501659,−0.003393984228986, 0.004491163518329, 510

−0.001226428908631,−0.0007720068965339, 0.001052464675231,−0.002048208378893,
0.002415490258892,0.0003636163623789, −0.00373958880893, 0.00291967245424,
0.001395530687748,−0.003627289395063, 0.00139390886974, 0.001715630372765,
−0.001960098379882,0.0001143897470137,0.0009691432146328,−0.0005362874905248,
−0.0001268379724278,0.0002107965425934
};

real64 T P4of4[277] = {
−1.63724710164e−005,0.0002425358330616,−0.000671990717356, 0.001403845483402,
−0.002379415838965, 0.003420513684886,−0.004238322032788, 0.004517983319141, 520

−0.004043217506348, 0.002813020931743,−0.001091667564487,−0.0006476129875672,
0.001880777554184,−0.002237461070739, 0.00166420471401,−0.000465411715076,
−0.0008106942052915, 0.001602464744862,−0.001582330985819,0.0008050556234288,
0.0003197180871611,−0.001225409694779, 0.001466201191324,−0.0009386350208707,
−6.658247633897e−005, 0.001013663850957,−0.001399974692227, 0.001021303650739,
−8.353775949798e−005,−0.0009029716134339, 0.001395459975491,−0.001114728574854,
0.0002043504783202,0.0008387932564023,−0.001431641430123, 0.001228194860526,
−0.00032090323114,−0.0007970670702112, 0.001496697517982,−0.001364495263188,
0.00044547335038, 0.000764474325733,−0.001583342301494, 0.00152496279027,
−0.0005856544626441,−0.0007324643243657, 0.001687262723703,−0.001712034338629, 530

0.0007496233032803,0.0006907188569489,−0.001800107065104, 0.001921919888946,
−0.0009383032099936,−0.000635736155299, 0.001918592094077,−0.002153683754737,
0.001153139671784,0.0005650052042226,−0.002041229404052, 0.002407848282152,
−0.001396349677886,−0.0004765052178361, 0.002168135718513,−0.002687756963215,
0.001673735461881,0.0003641319247279,−0.002295404140606, 0.002993017880147,
−0.001987844920296,−0.0002245473523432, 0.002421340491932,−0.003324818444244,
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0.002342003703167,5.458131226216e−005,−0.002545284545671, 0.003685813104167,
−0.002740629079003,0.0001487276816414, 0.00266878316968,−0.004082860148428,
0.003193555436737,−0.0003936255453798,−0.002789487606451, 0.004520945421417,
−0.003710428930893,0.0006888012678326, 0.002905148232911,−0.005006267994284, 540

0.004302813404268,−0.001044369295106,−0.003013755067783, 0.005547043314098,
−0.004984670598281, 0.001470812056757, 0.003117011117976,−0.006159512104055,
0.005779986750874,−0.001986539303414,−0.003214664071993, 0.006865162751892,
−0.006722455870629, 0.002618180966946, 0.003305831288583,−0.007694856733472,
0.007861514759587,−0.003405723348499,−0.003387906910172, 0.008693120442614,
−0.009269603661786, 0.004407012047696, 0.003461461493013,−0.009935266195776,
0.01106731554779,−0.005719124993088,−0.003526607515549, 0.01154927506499,
−0.01346367515864, 0.007513664551839, 0.003583701550775, −0.01377195189116,
0.01685539153806, −0.01012623811781,−0.003630493873379, 0.01708926901601,
−0.02208857511024, 0.01430091478963, 0.003666691786231, −0.02269880410771, 550

0.0313667283619, −0.02210627532073, −0.003691982534, 0.03453778397679,
−0.05277213046261, 0.04223143622389, 0.003707591464077, −0.07755070863841,

0.159061702864, −0.2224210903649, 0.2462873426544, −0.2224210903649,
0.159061702864, −0.07755070863841, 0.003707591464077, 0.04223143622389,

−0.05277213046261, 0.03453778397679, −0.003691982534, −0.02210627532073,
0.0313667283619, −0.02269880410771, 0.003666691786231, 0.01430091478963,
−0.02208857511024, 0.01708926901601,−0.003630493873379, −0.01012623811781,
0.01685539153806, −0.01377195189116, 0.003583701550775, 0.007513664551839,
−0.01346367515864, 0.01154927506499,−0.003526607515549,−0.005719124993088,
0.01106731554779,−0.009935266195776, 0.003461461493013, 0.004407012047696, 560

−0.009269603661786, 0.008693120442614,−0.003387906910172,−0.003405723348499,
0.007861514759587,−0.007694856733472, 0.003305831288583, 0.002618180966946,
−0.006722455870629, 0.006865162751892,−0.003214664071993,−0.001986539303414,
0.005779986750874,−0.006159512104055, 0.003117011117976, 0.001470812056757,
−0.004984670598281, 0.005547043314098,−0.003013755067783,−0.001044369295106,
0.004302813404268,−0.005006267994284, 0.002905148232911,0.0006888012678326,
−0.003710428930893, 0.004520945421417,−0.002789487606451,−0.0003936255453798,
0.003193555436737,−0.004082860148428, 0.00266878316968,0.0001487276816414,
−0.002740629079003, 0.003685813104167,−0.002545284545671,5.458131226216e−005,
0.002342003703167,−0.003324818444244, 0.002421340491932,−0.0002245473523432, 570

−0.001987844920296, 0.002993017880147,−0.002295404140606,0.0003641319247279,
0.001673735461881,−0.002687756963215, 0.002168135718513,−0.0004765052178361,
−0.001396349677886, 0.002407848282152,−0.002041229404052,0.0005650052042226,
0.001153139671784,−0.002153683754737, 0.001918592094077,−0.000635736155299,
−0.0009383032099936, 0.001921919888946,−0.001800107065104,0.0006907188569489,
0.0007496233032803,−0.001712034338629, 0.001687262723703,−0.0007324643243657,
−0.0005856544626441, 0.00152496279027,−0.001583342301494, 0.000764474325733,
0.00044547335038,−0.001364495263188, 0.001496697517982,−0.0007970670702112,
−0.00032090323114, 0.001228194860526,−0.001431641430123,0.0008387932564023,
0.0002043504783202,−0.001114728574854, 0.001395459975491,−0.0009029716134339, 580

−8.353775949798e−005, 0.001021303650739,−0.001399974692227, 0.001013663850957,
−6.658247633897e−005,−0.0009386350208707, 0.001466201191324,−0.001225409694779,
0.0003197180871611,0.0008050556234288,−0.001582330985819, 0.001602464744862,
−0.0008106942052915,−0.000465411715076, 0.00166420471401,−0.002237461070739,
0.001880777554184,−0.0006476129875672,−0.001091667564487, 0.002813020931743,
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−0.004043217506348, 0.004517983319141,−0.004238322032788, 0.003420513684886,
−0.002379415838965, 0.001403845483402,−0.000671990717356,0.0002425358330616,
−1.63724710164e−005
};

590

real64 T L2[2] = {254,277};
real64 T *B2[ ] = { P1of2, P2of2, L2 };

real64 T NL2[2]= {51,51};
real64 T *N2[ ] = { NP1of2, NP2of2, NL2 };

real64 T NL8[8]= {224,0,0,0,0,0,0,0};
real64 T *N8[ ] = { NP1of8, 0,0,0,0,0,0,0, NL8 }; 600

real64 T L4[4] = {254,254,254,277};
real64 T *B4[ ] = { P1of4, P2of4, P3of4, P4of4, L4 };

real64 T **B[ ] = { 0,0,B2,0,B4 };
real64 T **N[ ] = { 0,0,N2,0,0,0,0,0,N8 };
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