Parskats par Valsts p&tijumu programmas

INFORMACIJAS TEHNOLOGIJU ZINATNISKA BAZE

izpildes gaitu 3. projekta 5. etapa (2008.gads):

”Originalu signalu apstrades panémienu izveide un izpéte konkurétspgjigu IT
tehnologiju radiSanai”.

Programmas mérkis: Veidot Latvijas informatikas industrijas zinatnisko bazi, dot biitisku
ieguldijumu (p&tijumus un izstrades) jaunako informacijas tehnologiju radiSana, attistiba un
pieméroSana Latvijas vajadzibam, sagatavot augstakas kvalifikacijas specialistus un iepludinat
tos Latvijas IT darba tirgii, kapinat Latvijas IT industrijas konkurétsp&ju pasaulé, izstradat
valsts nozimes informatizacijas projektu zinatnisko pamatu tautsaimniecibas problému
risinaSanai, palielinat Latvijas zinatnieku konkurétsp&ju ES projektu izcini§ana IT joma.

Projekta mérkis: Originalu signalu diskrétas apstrades panémienu izveide un to darbibas
izp&te, kas integracija ar modernam elektroniskam tehnologijam dod iesp€jas rast aktualu IT
problému risinajumus un lauj veidot uz zinatnu ietilpibas rékina konkur&tspé&jigas
elektroniskas iekartas.

3. Projekta 4. etapa ..Darba uzdevuma” definétie uzdevumi:

3.1. Signalu rekonstrukcija no ar notikumvaditu ACP iegiitiem datiem, kas kod&ti ar impulsu
pozicionéSanu uz laika ass, taja skaita attistot parveidojumus ar signalatkarigu kodolu.

3.2. Petijumi adaptivu signalapstrades panémienu izmantoSanai augstas jutibas superplatjoslas
stroboskopiska parveidotaja parametru uzlabosana, eksperimentalo paraugu ar jutibu <50uV
un joslu >10GHz izveide un izpéte..

3.3. Asinhronu datu apstrades sisteému attistiba (ieskaitot maketa izveidi nestacionaru procesu,
kas kodeti ar impulsu pozicijam uz laika ass, fiks€Sanai ciparu forma) izmantojot
mikroprocesoru, specializé€to mikroshému u.c. musdienigas mikrominiaturizéSanas
tehnologijas.

3.4. Originalu signalapstrades panémienu iesaiste multimodalas biometrijas, siltumstaru
pieliectojumu un elektroenergijas parvades diagnosticéSanas jomas.

3.5. Projekta izpildes laika iegiito rezultatu prezent€Sana starptautiskas konferences un
publicéSana LZP saraksta ieklautajos zinatniskajos zurnalos (izdevumos).

4. Projekta 5. etapa definéto uzdevumu izpildes rezultati:
(uzdevuma darbu saturs, izpildes rezultati, to zinatniska un tautsaimnieciska nozimiba)

4.1. Paveiktie darbi 1.uzdevuma izpild€ ir veiksmigs turpinajums iepriek$gjos etapos iesaktiem
petijumiem attieciba uz signalu rekonstrukciju no ta Iimenu Sk&rsojuma notikumu nolasém.
Ceturta etapa ietvaros tika aprakstita signala laikformas atjaunoSana no ta l[imenu-skérsojuma
nolasém, izmantojot pamat-splainu filtru ar laika 1€cienveidigi mainigu caurlaides joslu. Joslas
platumu noteica signala maksimala frekvence lokala laika intervala, kas ]ava metodi efektivi
pielietot gan stacionaru, gan nestacionaru signalu rekonstrukcijai. ST etapa ietvaros galvenais
jauninajums ir tas, ka pamat-splainu filtra vieta piedavats izmantot sinc-veidigu funkciju filtru
ar laika nepartraukti mainigu frekvencu joslu, kas vél vairak uzlabo signala atjaunoSanas
precizitati. Metodes apraksts, signalapstrades pieméri un iegiitie rezultati apkopoti, iesniegti
publicésanai (R. Shavelis and M. Greitans “Signal-dependent techniques for non-stationary
signal sampling and reconstruction’) un prezentéSanai pasaules vadosaja starptautiska
konferencg signalu apstrades joma ICASSP 2009 (Taipeja, Taivana). Rezultatiem ir butiska
zinatniska nozime, jo tie apraksta signalu ar laika mainigu joslas platumu rekonstrukciju, kas
I1dz $im ir maz pétits temats neskatoties uz to, ka praktiskas dabas signali biezi atbilst tiesi
Sadam modelim.




No zinatnisko rezultatu viedokla atzim&jams ir ar1 paveiktais delta-izmainu diskretizacijas
panémiena 1pasibu izp&t€ un iegiito nolaSu apstrade pielietojot signalatkarigu transformaciju.
legiitie rezultati ir publicéti (M. Greitans and R. Shavelis “Signal-dependent analysis of signals
sampled by send on delta sampling scheme”) un prezentéti starptautiska konferencé SIGMAP
2008 (Porto, Portugale).

St uzdevuma rezultatu tautsaimnieciska nozime ir saistita ar to realizesanu elektroniskas
iekartas. Ir izveidots delta-izmainu analoga-ciparu parveidotaja makets, ka ar1 izstradats ta
specializétas mikrosh&mas projekts. Uz pétito algoritmu pamata var balstit beztaktetaja
elektronisko iekartu izstradi, kuram biitu samazinats energijas patérins. ST $obrid ir
tautsaimnieciski loti aktuala probléma, kuras risinaSana tiek diskutéta pasaules vadoSos IKT
jomas forumos (piemeéram ICT 2008 Event, Liona, Francija).

4.2. leprieksgja etapa originalu signalu apstrades metozu izveides tematika tika veiksmigi
paplasSinata arT uz superplatjoslas augstas jutibas sist€ému izveidi. Tika izstradata adaptiva
“UD” metode, kas uzlabo parveidojamo signalu amplitidu diapazonu, praktiski nepasliktinot
signala/troksna attiecibu (metodes p&tijumu rezultati publicéti Zurnalos ,,Automatic Control
and Computer Sciences” un “Electronics and Electrical Engineering”). Saja parskata perioda
uz statistiskas metodes bazes izstradata cita tipa adaptiva metode. Atskiriba no UD metodes,
Seit nevis tiek izmantota ieprieks$¢ja fazes punkta iegtita informaciju par signalu, bet gan
tekoSaja fazes punkta iegiita statistika tiek apstradata ar mainigu “svara koeficientu”, kura
vertiba ir atkariga no statistika iegtitas informacijas par signala pieauguma vai krituma
straujumu. Galvenais p€tijumu zinatniskais nozimigums ir tas, ka laika transformétu signalu
apstradei ir izveidota adaptivas apstrades pieeja. Tautsaimnieciska nozime saistas ar apskatitas
teorijas praktisku izmantoSanu stroboscilografija, reflektometrija un superplatjoslas
radiolokacijas signalu preciza registracija. Parskata perioda ir izstradats un izgatavots diskréta
stroboskopiska parveidotaja eksperimentalais paraugs, kura metrologiskas parbaudes uzradija
parveidotaja jutibu 30 uV (RMS 10uV).

4.3. Asinhronu datu apstrades sistému attistiSana projekta 5.etapa galvenokart ir saistita ar to
struktiiras pilnveidi paplaSinot sisteémas vadibas un datu apstrades algoritmus, ka arT pielietojot
jaunus shematiskos risinajumus. Tas lauj palielinat sistemas veiktsp&ju un uzlabot sistemu
energoefektivitati. Par sasniegtiem rezultatiem zinots konferencé International Conference on
Signals and Electronic Systems ICSES’08 (Krakova, Polija, publikacija pieejama IEEE Xplore
datu bazg). Ar retiem izn€mumiem, pieejama elementu baze (mikroprocesori, specializétas
mikroshémas) nav orientéta uz asinhronu metozu algoritmu realizaciju, tapéc darbi tika veikti
divos virzienos: 1) uz vispargja pielietojuma mikroprocesoru balstitas sist€mas un 2)
specializétu mikroshému izstrades projekts. Ieprieks€jos programmas izpildes posmos
izveidotas asinhronas datu apstrades sist€mas pielava tikai datu pirmapstradi un ierobezotu
datu apjoma uzkraSanu. Parskata perioda lidztekus sist€émas veiktsp&jas palielinasanai ir iegiiti
rezultati apstradato datu parsttiSanai uz centralo mezglu, biitiski nemainot veiktspgjas un
energijas patérina raditajus, bet nodrosinot nepiecieSamo parraides atrumu. Otra uzdevuma
dala saistita ar specializétas mikroshémas delta izmainu analogs-ciparu parveidotaja projekta
izstradi. Projekts realiz€ts Tanner Pro vid€ un parskata perioda analiz&ta vairaku risinajumu
darbiba: 1) “lidojosais kondensators”, 2) paralelizets “lidojoSais kondensatoras”, 3) paralelizéts
parveidotajs ar Iimenu nobides pastiprinatajiem, 4) pilniba paraleliz&ts parveidotajs ar [imenu
nobides pastiprinatajiem. Parveidotajs satur minimalu skaitu izgatavosana komplicétu
elementu (kondensatori un tranzistoru sl€dzi) un ir optimals risinajums augstas atrdarbibas
parveidotaja realizacijai. Parskata perioda turpinats darbs pie daudzkanalu laika intervalu
ciparoSanas sistémas, izmantojot divu skalu saskanojuma pag€mienu. Par iegiitiem rezultatiem
zinots RTU konferencé (Riga). Siem pédé&jiem mingtiem rezultatiem galvenokart jauzsver
potenciala tautsaimnieciska nozime, jo specializéto mikrosh&mu izstrade ir viens no
svarigakiem stiirakmeniem uz zinatnietilpibas rékina konkurétsp€jigu iekartu radiSanai.




4.4. Saja etapa projekta ietvaros izstradajamas originalas signalu apstrades metodes tika
veiksmigi paplaSinatas ar1 uz multimodalas biometrijas un bezkontaktu diagnostikas jomam.
IKT izplatiba prasa lielaku droSibu pieveérst personas, kas izmanto pakalpojumu, droSai
identifikacijai. Viens no veidiem ir cilvéka autorizacija atpazistot ta biologiskos signalus.
Prakse rada, ka atseviSkus biometrijas datus ir iesp&jams apmanit, tapec tiek aktivi stradats
jaunu, kompleksu risinajumu virziena. Klasisks biometrijas datu avots ir sejas attéls. Projekta
ietvaros ir radits mobilas iekartas makets, kurs att€lus iegust ar KAC-9628 sensoru, bet
apstrada ar TMS320C6416 signalprocesoru. Algoritms balstas uz FEigenface metodi un
atpaziSana (izmantojot 10 att€lu lielu datu bazi) notiek 0.02sek. laika ar 90% precizitati
(atkariba no vides faktoriem). Par rezultatiem zinots konferencé ELECTRONICS’2008
(Kauna, Lietuva). Otrs virziens ir saistits ar plaukstas asinsvadu izvietojuma analizi. Ta
prieksrocibas ir: 1) péc asinsvadu informacijas var noteikt vai tas ir dzivs, 2) griiti izmainama
vai traumé&jam informacija; 3) griti viltojams att€ls, jo nav redzams redzamaja gaisma, 4)
iesp&jama veidot bezkontakta sistemu. Ir apskatiti infrasarkano att€lu iegiiSanas panémieni, ka
ar izveidota specializétu metode, kas balstas uz saskanibas intensitates vektoru analizi. legttie
rezultati sagatavoti publicéSanai (M.Greitans, M.Pudzs, R.Fuksis “Object analysis in images
using complex 2D matched filters”) starptautiska konferenceé EUROCON 2009
(Sanktpéterburga, Krievija). Galvenais zinatniskais rezultats ir att€lu apstrade ar saskanojuma
intensitates vektoru palidzibu. Tautsaimnieciska nozime saistita ar virzibu uz mobilu, droSu un
atrdarbigu personu multimodalas biometrijas autorizéSanas iekartu izveidosanu.

Infrasarkano staru signalu apstrade ir izmantota ar1 izveidotaja attalinatas vadibas sisteéma, kas
darbojas bez atseviSkas elektroniskas komandu pults, bet sp& dekod&t plaukstas kustibas.
Izveidotais makets nodrosSina Iidz 8 komandu noraidi 10-20 metru attaluma, kam ir vairakas
potencialas pielietoSanas iesp&jas tautsaimnieciba (pieméram, ,,gudrajas majas”). Sist€ma
aprakstita publikacija zurnala Electronics and Electrical Engineering un par to zinots
konference ELECTRONICS’2008 (Kauna, Lietuva).

Atzistami rezultati ir ieglti saistiba ar elektroparvades liniju bezkontaktu diagnostiku. Pieeja
balstas uz mono-harmoniska signala sadaliSanu ,tris fazu” komponentés. Lai ar1 §1
dekompozicija nav ne ortogonala, pat ne lineari neatkariga, tomér tai piemit interesanta Tpasiba
attieciba uz spiegumu starpibam — tas viennozimigi ir noteiktas ar analiz€ama signala
amplitidu un sakuma fazi. Tas ir nozimigs zinatnisks rezultats, kura pielietojums
elektroparvades Iiniju veidota lauka analiz€ ir ar tautsaimniecisku nozimi, jo spgj noteikt
trisfazu liniju disbalansu. Par rezultatiem ir zinots konferenceé ELAMAR 2008 (Zadara,
Horvatija) un publicéts konferences rakstos (IEEE Catalog Number CFP08825-PRT)

4.5. Ar projekta 5.etapa izpildi ir saistitas sekojosas publikacijas:

1. R. Fuksis, M. Greitans, E. Hermanis. ,,Motion Analysis and Remote Control System using
Pyroelectric Infrared Sensors”. Electronics and Electrical Engineering, N6, 2008, pp. 72-75.

2. M. Greitans and R. Shavelis ,,SIGNAL-DEPENDENT ANALYSIS OF SIGNALS
SAMPLED BY SEND ON DELTA SAMPLING SCHEME”, Proceedings of the International
Conference on Signal Processing and Multimedia Applications ,,SIGMAP2008” Porto,
Portugal, Jul. 2008., pp 125-130.

3. M. Greitans, E. Hermanis, ,,"Three-phase" Representation of Harmonic Signals for
Application to Non-contact Diagnostics of Electric Power Transmission Lines”, Proceedings
of the International Symposium ELMAR-2008, Zadar, Croatia, 10-12 of Sep. 2008. pp.427-
430.

4. A. Baums, U. Grunde, M. Greitans, ,,Level-crossing sampling using microprocessor based
system”, Proceedings of the International Conference on Signals and Electronic Systems
ICSES’08, Krakow, Poland, Sep. 2008

5. E. Beiners, K. Kruminsh, V. Peterson. The experimental research of digital sampling
converter. Automatic Control and Computer Sciences. 2008. Volume 42, Number 1, pp. 58-65.
6. Kapximabin. Moaudukaius cTaTHCTUYECKOT0 METO/1a JIJIsl OOHAPYKEHHUs CIIa0bIX




3allyMJICHHBIX CUTHAJIOB. ABTOMATHKAa U BhIUUCIUTENIbHASA TeXHUKA.-2008.-Nel.- C. 40-44.
7. K Kpymunsm B ITnouuneimn O HeTOCTaTOYHOCTH KPUTEPHS B PeKUME OOHAPY KEHUS
CUTHAJIOB CTATUCTHUYECCKUMHU METOJAMU ABTOMATHKA U BEIMUCIUTEIbHA TeXxHUKA.-2008.-Ne4 .-
C.63-72.

8. B.Kapknunpil. CTaTUCTUYECKUA METO/ PETUCTPALIMM 3aIIYMJICHHBIX CUTHAJIOB C
YJIy4IIEHHBIMU XapaKTepUCTUKaMH. ABTOMAaTHKA U BBIYMCINUTENbHAS TeXHUKA.-2008.-Ne5 .-
C.68-75.

9. A.Lorencs. Digital Signal Processing UD Method and its Statistical Characteristics.
Electronics and Electrical Engineering. 2008, No.6, pp. 33-36.

10. V. Plocins. Statistical Method Correction Possibilities. Electronics and Electrical
Engineering. 2008. No. 2. pp. 29-34.

11. A. baymc , H. 3a3H0Ba DHeprernyeckas ONTUMHU3ALNS BCTPAaUBAEMBIX CUCTEM PEAJIBHOTO
BPEMEHHU H UX aJalTUBHOCTH / ABTOMaTHKa M BerYncinTenbHas TexHuka 2008 N3, c. 59-73.
12. R.Shavelis, M.Greitans “SIGNAL-DEPENDENT TECHNIQUES FOR NON-
STATIONARY SIGNAL SAMPLING AND RECONSTRUCTION* (iesniegta konferencei
IEEE the 34th International Conference on Acoustics, Speech, and Signal Processing
(ICASSP))

13. M.Greitans M.Pudzs, R.Fuksis "OBJECT ANALYSIS IN IMAGES USING COMPLEX
2D MATCHED FILTERS®, iesniegta uz The IEEE Region 8 Conference EUROCON 2009.
14. .Homjakovs, M.Greitans, R.Shavelis REAL-TIME ACQUISITION OF WIDEBAND
SIGNALS DATA USING NON-UNIFORM SAMPLING, iesniegta uz The IEEE Region 8
Conference EUROCON 2009.

15. M.Greitans, E.Hermanis CONSTRUCTION OF GROWTH MODELS USING LINEAR
DIFFERENTIAL EQUATIONS, iesniegta uz The IEEE Region 8 Conference EUROCON
2009.

16. O. beitnep, K. Kpymunsii. MozaenupoBanue 1 pacyeT cTpoOupyemMoro 6agaHCHOTO
KOMITapaTopa Ha TYHHEIBHBIX nuojaax. lesniegts public€Sanai zurnala ABTomatuka u
BBIYMCIIUTEIbHAS TEXHUKA.

17. 3. beitnep, K. Kpymunbin. MoaenupoBaHue U pacyeT aCCUMETPUN CTPOOUPYEMOTO
OaraHCHOTO KOMIIapaTopa Ha TYHHETbHBIX Auoaax. lesniegts public€Sanai Zurnala
ABTOMaTHKa ¥ BEIYUCIIATEIIbHAS TEXHHUKA.

Saistiba ar signalatkarigas transformacijas metodes izmantoSanu sanemts patents:

Modris Greitans (izgudrotajs), Latvijas Republikas patents Nr.13770 ,,Metode un ierice signala
laika-frekvences reprezentacijas paaugstinatas izskirtsp&jas iegiiSanai”, ipasnieks —
Elektronikas un datorzinatnu institits, publicéts LR Patentu valdes oficiala v&stnest
20.09.2008.

Par projekta rezultatiem zinots sekojosas konferences:

1. 12th International Conference ELECTRONICS’2008, Kaunas, Lithuania, 20-22 of May,
2008. (3 prezentacijas)

2. International Conference on Signals and Electronic Systems ICSES’08, Krakow, Poland,
14-17 of Sep. 2008.

3. International Symposium ELMAR-2008, Zadar, Croatia, 10-12 of Sep. 2008.

4. International Conference on Signal Processing and Multimedia Applications
»SIGMAP2008” Porto, Portugal, 26-29 of Jul. 2008

5. RTU 49. starptautiska zinatniska konference, Riga, 2008.gada 13.-15. oktobris

Par projekta izpildes gaitu 2008.gada 20.oktobrT EDI notika specializ€ts seminars (9
prezentacijas).

Saistiba ar projekta izpildi 2008.gada bakalaura darbus aizstavejusi:

Kaspars Stepanovs “Bezvadu iericu identifikacija bezvadu tikla”

Arturs Selivanovs: “Elektriska lauka datu optiska parraide”

Rihards Fuksis: “Siltumstari ka informacijas nesgjs attalinatas sistémas” (izcili)




Konstantins Talikovs: "Maztroksnojosa stroboskopiska parveidotaja Y-kanala vadibas bloks"
magistra darbus:

Igors Homjakovs: ,,Platjoslas signalu datu ieguve reala laika” (izcili)

Aivars Severdaks: “Bezvadu sakaru pielietojums attalinatai virtualo instrumentu vadisanai”
(teicami)

Maris Kalbergs: “Mikrokontroliera implement&3ana ciparu programé&jama integrala shema”.
Divi doktoranti turpina promocijas darba izstradi:

Rolands Savelis “Dazadu signala diskretizacijas un atjauno3anas panemienu izpéte”

Olegs Nikisins “Efektivi optisko att€lu apstrades algoritmi un to implementacija
mikroelektroniskas sistémas pielietojumiem biometrija”.

Projekta izpilditajs Uldis Grunde plano savu zinatnisko darbibu saistit ar promocijas darba
sagatavoSanu aizstavéSanai par tému "Nestaciondru signalu asinhronas adaptivas apstrades
sist€mas".

5. Kopsavilkums: Projekts paredz jaunu signalu apstrades pagémienu radianu, kas kopa ar
modernam elektroniskam tehnologijam sniegtu risindjumus elektronisko iekartu funkcionalo
iesp&ju un 1idz ar to arT konkurétsp&jas paaugstinasanai. Projekta pirmajos etapos lielaks
akcents tika likts uz signalapstrades teorijas attistibu. Signalu ciparapstrade zindma nozimeé ir
,heredzama tehnologija”, jo, lai ari tai ir noteico$a loma gandriz visu miisdienu iekartu
(telefoni, fotoaparati, multimediju atskanotaji, virtuves sadzives iekartas u.c.) iesp&ju
paplaSindjuma, tomer vairums tas lietotdjiem pat nav nojausmas, ka tada ir. Klasiskas teorijas,
kas balstas uz Naikvista kritériju, Senona teorému un Furjé diskréto parveidojumu, attistibas
galvenas idejas balstas uz 1) atteikSanos no vienmerigas diskretizacijas prasibas, 2) Signala
jaudas spektrala blivuma sadalfjuma formas nem3anu véra, 3) Atkapsanos no stacionaritates
koncepta, apskatot signalus ar laika mainigu frekvencu joslas platumu un 4) Atteik3anos no
perfekti precizas apstrades, meklgjot péc iesp&jas precizaka rezultata ieguvi.

Projekta 5.etapa (2008.gada) nozimigs akcents tika likts uz dazadu eksperimentélo prototipu
izveidi, kas demonstré darbiba (padara redzamakas) izstradatos signdlu apstrades papémienus.
Laika transformétas, adaptivas signalu apstrades metodes tiek lietotas stroboskopiska
oscilografa eksperimentala parauga, Mono-harmoniska signala izvirzisanu ,,tris-fazu”
reprezentacija izmanto elektriska lauka sensoru sistémas prototips ar kura palidzibu, ir
iesp&jams bezkontakta veida diagnosticét trisfazu elektroenergijas parvades Iinijas. Asinhronu
(beztaktetaja) ciparotu signalu apstrades papemieni saistas gan ar izveidoto daudzprocesoru
datu apstrades sistému, gan ar izveidoto delta-izmainu ACP maketu un specializétas
mikrosh&mas projektu. Ar interesi ir novértéta infrasarkano staru attalinatas vadibas
demonstrators, kas komandu parraidei izmanto cilvéka rokas kustibas, iztickot bez
elektroniskas pults. Sobrid aktivi noris darbs pie infrasarkano attélu ieguves un to apstrades
sistémas, ka arT pie mobilas sejas atpaziSanas iekartas izveides ar potencialu pielietojumu
biometrija.

Projekta 5. etapa darba uzdevumu izpild€ iegitie rezultati ir atspoguloti 17 publikacijas un par
tiem ir zigots 5 dazadas starptautiskas konferences. 2008.gada ir sapemts viens patents saistiba
ar signalu apstrades idejam, kas pétitas projekta ietvaros. Ir turpinata prakse izpilditaju
zina$anas un kompetenci paaugstinat apmekl&jot augsta l[imena apmacibas kursus arzemés
(apmekleti 4 kursi). Nobeiguma jaatzimé, ka turpinot jau iepriek$gjos etapos iesakto praksi,
projekta izpildg ir iesaistijusies septini jauni darbinieki (magistratiiras studenti). Ka tika
paredzéts projekta etapu uzsakot, Sogad saistiba ar projekta uzdevumiem ir aizstavéti 4
bakalauru un 3 magistru darbi. Projekta rezultati tiek izmantoti divu doktorantu un viena
pétnieka promocijas darbu izstradei.

Projekta vaditajs /”////7/” L= e /M.Greitans/ 30.11.2008
. :
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INFORMATIVA ATSKAITE

PAR PROJEKTA PIEKTA ETAPA REALIZACIJU
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Atskaite sagatavota: 28.11.2008.g.
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Programmas koordinators:

Dr.habil.sc.comp. 1. Bilinskis, ,,Elektronikas un datorzinatnu instittts”

Projekta vaditajs: Dr. sc. comp. M. Greitans, ,,Elektronikas un datorzinatpu institiits”

Riga - 2008
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1. Signalatkarigu panémienu izveide péc limenu-Skérsojuma
un delta-izmainu principa diskretizetu signalu apstradei

Ieprieks€ja etapa ietvaros tika aprakstita signala laikformas atjaunoSana no ta limenu-skérsojuma
nolasém, izmantojot pamat-splainu filtru ar laika l€cienveidigi mainigu caurlaides joslu. Joslas
platumu noteica signala maksimala frekvence lokala laika intervala, kas lava metodi efektivi
pielietot gan stacionaru, gan nestacionaru signalu rekonstrukcijai.

ST etapa ietvaros pamat-splainu filtra vieta piedavats izmantot sinc-funkciju filtru ar laika
nepartraukti mainigu frekvencu joslu, kas vel vairak uzlabo signala atjaunoSanas precizitati.
Metodes apraksts un signalapstrades pieméri doti 1.1. nodala. Iegutie rezultati sagatavoti un
iesniegti publicgSanai (R. Shavelis and M. Greitans “Signal-dependent techniques for non-
stationary signal sampling and reconstruction’) starptautiska konferencé ICASSP 2009 (Taipei,
Taiwan).

Papildus 1.2. nodala vél izpétits delta-izmainu diskretizacijas panémiens un iegiito nolasu apstrades
iesp&jas, pielietojot signalatkarigu transformaciju. legiitie rezultati publicéti (M. Greitans and R.
Shavelis “Signal-dependent analysis of signals sampled by send on delta sampling scheme’) un
prezentéti starptautiska konferencé SIGMAP 2008 (Porto, Portugal).

1.1. Signalu ar laika mainigu frekvencu joslas platumu diskretizacija un
atjaunosana

Saskana ar noladu teorému jebkuru frekvenéu josla Iidz F,, ierobeZotu signalu s(z) var
atjaunot no ta laika vienmérigi izvietotam nolasém s(Z,) , ja diskretizacijas frekvence ir vienada
vai parsniedz 2 F',,. vértibu. Atjaunoto signalu nosaka izteiksme

0

s()= 3 st hli-1,), (L)
kur h(¢) ir atjaunoSanas filtra impulsa reakcija — klasiski sinc-funkcija
h(t)=sinc(2mF, 1) (1.2)
Takanolasu s(z,) laika momenti tn:#ﬂm , tad no (1.2) ieguist
h(t—t,)=sinc(2m F, (t—t,))=sinc(2mw F , t—n1) (1.3)

Apzimgjot /,(t—t,)=h,(¢,t,) ,no (1.1)un (1.3) ieglist atjaunota signala izteiksmi

0 0

s(t)= Z s(t,)h(t,t,)= Z s(t,)sinc(2mF,  t—nT) (1.4)

n=—o n=—00

Praksg apstradajamo nolasu skaits N ir galigs, tap&c no (1.4) iegist sakotng&ja signala tuvinajumu
N-1
§(6)=2, s(t,)sinc(2m F, t—nm) (1.5)
n=0

Ja apskata nestacionaru signalu ar laika mainigu frekven¢u joslas platumu f,. () , tad ta
diskretizacijas  frekvencei saskana ar nolaSu teorému jabat vismaz 2F,. , kur

F,.=zmax(f,.(t)) . Tatad diskretizacijas procesa signala nestacionaritate (laika mainigs
frekvencu joslas platums) tiek ignoréta. Lai to nemtu véra, impulsa reakcijas (1.2) vieta piedavajam
izmantot [1]



h,(t,t,)=sinc (P (t)—D(z,)), (1.6)

n

kur

=2njfmax(t)dt (1.7)

ir svarstibu faze sinusoidai, kuras frekvence laika mainas péc likuma [ ) bet =0 . Sajé
gadijuma atjaunotais signals

N-—1 —

§(0)=2 s( Z )sinc (P (¢)—P(¢,)), (1.8)

n=0 n=0

kur nolases s(7,) tiek nemtas tajos laika momentos ¢, ,kad P (¢,)=nTt . Lidz ar to
Z s(t,)sinc(®(t)—nm) (1.9)

Stacionara un frekvenc¢u josla £, ierobeZota signdla gadijuma izteiksmi (1.5) iegist no (1.9), ja
S ma(t)=const=F Nestacionara signala gadijuma atjaunosanas filtra impulsa reakcija
hy(t,t,) ir atkariga no signila momentanas frekvencu joslas platuma [ e t) . Savukart nolasu

izvietojums laika ir nevienmeérigs, un vidéja diskretizacijas frekvence ir mazaka par 2 F .

Nolasu teoréma Saja gadijuma izpildas lokali — signala momentana diskretizacijas frekvence ir

vienada ar 2 f ', (¢)

1.1.1. Zemfrekvencu filtrs ar laika mainigu caurlaides joslu

Salidzinasim impulsa reakcijas h](t,l‘n) un h,(t ,f,,) . Sakuma izv€lamies laika mainigu
funkciju f,(?) , kas 1.1. zZim&uma attélota ar sarkanu nepartrauktu liniju, ja dotais laiks
0<t<T . Impulsa reakciju #,(¢,t,) , ja t,=0 | atrod no izteiksmém (1.6) un (1.7), bet
h(t,t,) — no izteiksmes (1.3), ja F,,=const=1.1'max(f,.(¢)) . Aprekinatas impulsa
reakcijas ilustrétas 1.2. Zim&juma laika intervala 0<¢<T7/20 .

f
|
— fnmx(r) |
F |
_——— |
____________________ |
|
, [
| | |
[ [ . |
[ : [ I [
|20 | T4 | 2774 | 3774 |7 !

1.1. zim. Frekventu F,, un f,.(?) atkariba no laika
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1.2. zim. Impulsa reakcijas %,(f) un #,(2,0)

No 1.2. Zimgjuma redzams, ka /,(¢,0) svarstibu frekvence attélotaja laika intervala samazinas.
Svarstibu frekvences mainu nosaka f .. (?)

Apskatisim tagad impulsa reakciju #,(t—At) un h,(t,At) attelojumus frekvenéu apgabala
trim At verttbam 7/4 , 2T/4 un 3T/4 ,kasieguti ar inverso Furjé transformaciju.

T T T T T T
. : :‘_:—:_ T 174
— n#=374 | | <t (3TR)
'%‘ q o I=27i4 [ '%‘ q I I I
) | -—-— Fm ] I I | —-— fm(prjzg)
& [ . [ [
§, I § I I
% 2 : L 2 | ' : — =T
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{ : : n =27
0 . ] 0 |
0 f 0 f

1.3. zim. Impulsa reakcijam #,(¢,At) un h,(t, At) atbilstoso filtru caurlaides raksturliknes

Ka redzams, tad impulsa reakcijai #,(¢,A?) atbilstosa filtra caurlaides josla laika nemainas un ir
vienada ar F,, . Savukart h,(f,At) atbilstosa filtra caurlaides josla laika mainas atbilstosi

S mae(At) vertibam. To var labi novérot ari 1.4. zZim&juma, kura paradits impulsa reakciju
attelojums laika-frekvencu apgabala, kas iegiits ar isintervala Furjé transformaciju. Vietas, kur
impulsa reakcijam #,(¢,At) un h,(t,At) ir maksimala vértiba (laika momentos t=At ),
atbilstosaja laika-frekvencu att€lojuma paradas vertikals stabins, kura augstums norada filtra
caurlaides joslu laika momenta At . Pirma filtra gadijuma ( /%,(¢,At) ) stabipa augstums
atkaritba no A¢ nemainas, tapec filtra caurlaides josla ir konstanta un vienada ar F,,, . Savukart
otra filtra ( /,(t, At) ) gadijuma stabina augstums mainas atbilsto§i f ,..(A?) vértibai, lidz ar
to var secinat, ka filtra caurlaides josla ir laika mainiga un vienada ar f ()

1.1.2. Filtra pielietojums signala atjaunosanai no limenu-Skérsojuma
nolasém

Diskretizgjot frekvenéu josla Iidz F,,,, ierobezotu signalu s(¢) péc limenu-§kérsojuma principa,
iegiist laika nevienmérigi izvietotas nolases s(#,) . Lai veiktu signala atjaunoSanu saskana ar
izteiksmi (1.5), jaatrod laika vienmérigi izvietoto nolasu s(Z,) vértibas. Tatad ir javeic
parveidojums s(z,) — s(¢,) , kura rezultata no limenu-$kérsojuma nolasém iegist vienmerigi



diskretizeta signala nolases ar diskretizacijas frekvenci 2F . . Izpildoties nosacijumam [2]

1
At )< ,
max(A¢,) L

(1.10)

kur At,=t,.,—t, , parveidojums (Iidz ar to arf signala atjauno$ana) ir iesp&jams péc algoritma
(1.11), kura pamata ir signala nolasSu interpolacija un interpoléta signala filtracija.

§0(tn):§s(tm)(tn)
5o(6)=C L5 (1,)]
R n o 1.11
§,(6,)=5, 1 (6) 500 (1) (1.1

Algoritma pieraksta interpolétais signals apziméats ar S,(,(?) , bet kompozicijas operators

c[s<tn>]=§ s(t,)hy(1,1,) (1.12)

apraksta signala nolasu konvoluciju ar filtra impulsa reakciju. Pieaugot iteraciju skaitam i |,
precizak
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var noteikt s(Z,) vértibas

s(tn)=1ijg 5(¢,) (1.13)
Diskretizgjot nestacionaru signalu péc Iimenu-§k&rsojuma principa, nosacijums (1.10) biezi vien
neizpildisies. Vietas, kur signala izmainas bis straujakas (lielaka lokala maksimala frekvence),
attalumi starp signala nolas€m biis mazaki un nosacijums (1.10) var tikt izpildits. Savukart vietas,
kur signala izmainas biis 1€nakas (mazaka lokala maksimala frekvence), attalumi starp signala
nolasém bus lielaki un nosactjums (1.10) var neizpildities. Lidz ar to kompozicijas operatora (1.12),
kas nem véra tikai signala globalo maksimalo frekvenci F,,. , pielietojums algoritma (1.11) dos
ievérojamu atjaunosSanas kliidu — liela atjaunoSanas precizitate saglabasies tikai tajas signala vietas,
kuras nosacijums (1.10) izpildisies.

Lai uzlabotu atjauno$anas kvalitati, izteiksmé (1.12) impulsa reakcijas #,(7,¢,) vieta labak lietot
h,(t,t,) . Tas nozimé interpoléta signala filtraciju ar laika mainigas caurlaides joslas filtru, kura
nogriesanas frekvence mainas saskana ar signala lokalas maksimalas frekvences vertibu o f)
Sada pieeja dos precizaku atjaunoanas rezultatu, jo nosacijumam (1.10) nevajag izpildities globali
(nemot véra tikai F,,. ), bet gan lokali (nemot véra f,..(t) ). Saja gadijuma meklgjamo nolasu
s(t,) izvietojums laika biis nevienmérigs un to noteiks fazes funkcija ‘15(1)~ , kura ieprieks$ nav

zinama. Tapéc uzdevums ir noteikt signala lokalo maksimalo frekvenci f,.(f) , izmantojot
informaciju par signala Iimenu-Skérsojumiem.

1.1.3. Signala momentanas maksimalas frekvences noteikSana

Jau iepriekS€ja etapa ietvaros tika piedavata metode signala lokalas maksimalas frekvences
noteikSanai no limenu-Skérsojuma nolaseém. Saskana ar to signals tika dalits intervalos un noteikta
maksimala frekvence katra intervala. Rezultata tika iegiita gabaliem konstanta frekvencu funkcija,
kas aizstdja realo momentanas maksimalas frekvences funkciju f,.(#) . Sada piceja labi
darbojas, ja [, (f) ir 1éni mainiga funkcija, bet, ja frekvence mainas strauji, tad var rasties véra
nemamas kltdas. Tap&c gabaliem konstantas funkcijas vieta méginasim atrast laika nepartrauktu
funkciju  f,..(f) , kurai péc iespgjas precizak batu jasakrit ar f .. (f)

Lidzigi ka ieprieks, lai atrastu signala spektra maksimalo frekvenci f.(f) , izmantosim sekojosu
metodi [1]. Sakot ar pirmo limenu-$kérsojuma nolasi (nolases indekss m=0 ) tiek mekl&ti divi
viens otram sekojosi nolasu pari s(t,)=s(t, ) un s(t,.)=s(t,. ), kar j apzimé
atraduma kartas numuru, m'’',>m’; un starpiba m'';,—m’'; ir minimala. Talak tiek mekl&ti
nakamie divi nolasu pari s(z,. )=s(t,. ) un s(t,. )=s(t,. .) , nemot vera

m';=m'", (1.5, ZIm&ums).

tor tom r w
my tmitl m; meg+l ‘ ‘

t?ll}+1 tfll.}+1+1 tm.}'ﬂ tl!l_”-'+1+1

1.5. zim. Signala momentanas maksimalas frekvences noteikSana



Katram j=1,2,... tiek aprekinats lielums f (¢;) péc formulas

1
t.)=m=—,
f(t;) 247 (1.14)
kur
tm” +tm" +1 tm' +tm’ +1
At: J j — j J 1.15
; 7 > (1.15)
un atbilstoSais laika moments
tm”+tm"+1 tm’+tm’+l
f = SR : 1.16

Ja signals sastav no vienas harmonikas, tad f (¢ ‘,A) visam j vertibam ir viens un tas pats un
sakrit ar harmonikas frekvenci. Ja signals sastav no vairakam harmonikam, tad f (¢;) dazadam
J vertibam svarstas ap vid€jo lielumu

f=§;f(t_,), (1.17)

kur J ir kopgjais viens otram sekojoSu divu paru atradumu skaits uzdotaja laika intervala. Pec
eksperimentaliem rezultatiem f vertiba aptuveni sakrit ar signala maksimalas harmonikas
frekvenci, tapeéc momentano maksimalo frekvenci Foa(t) atrod, aproksimgjot f (¢;) vértibas ar
pa gabaliem atkirigiem vienadas kartas » polinomiem p}(¢) , izmantojot mazako kvadratu
metodi. [zvEloties veselu skaitli L>1 | laika ass tiek dalita sekojosi:

A Tk "te[tk sakuma” tk beigu]’ (118)
kur £=0,1,... apzZimé intervala numuru un
t._ ., +t._ t._ +1._
t“dkumaz Jj=kL 2]—kL+] un tk bgigu: j=(k+1)L 2/ (k+1)L+1 (1'19)

apzimé intervala sakuma un beigu laikus (1.6.zZim&jums).
b)

a) :
§

]
e

U

k1

.

ft) fit)

|

-— a1,
1.6. zim. Punktu f (¢ j) aproksimacija ar pa gabaliem atSkirigiem pirmas (a) un otras (b) kartas
polinomiem p,(¢) un p;(t)

Katram intervalam AT, atrod polinoma pj(t)=a, .t +a, ,_,t""'+...+a;,t+a,, koeficientus
Ap s Qg oy @y tag o ta, lai

1) intervala sakuma un beigu punktos 7 guume UN 4 peig, polinomu pi_,(¢) un p;(¢) un
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atbilstos§i  p(¢#) un pj,,(z) unto pirmo 7 atvasinajumu vértibas butu vienadas
p;—l (tk sdkuma)= p;(tk sdkuma) PZ (tk beigu)= plrc+1 (tk beigu)

p;—l (tk sdkuma><l>:p2<tk sdkuma)(l) pz (tk beigu)(l):pz+l <tk beigu)
r (2)_ .r (2) r (2)_ _r (2)
Pi-1 (tk sdkuma> =P (tk sdkuma) un P (tk beigu) - pk+l(tk beigu) (1 20)

(1)

(r) (r)

r (r)_ _r r (r) _ _r
Pi-1 (tk sdkuma> - pk<tk sdkuma) P (tk beigu) =Pr+1 <tk belgu)

2) izteiksmes (1.21) vertiba biitu minimala

L ) 2L ) (k+1)L )
2 (£ )= pile)]+ X (F ) =phle)] +t X (fle)=pile)] +o=min - (121)

Risinot minimizacijas uzdevumu (1.21) un vienlaikus nemot véra (1.20), atrod polinomu pj (¢)
koeficientus. Savukart mekléta momentana maksimala frekvence

}rnw(t)ZPZ(t)1 ja tksdkumaStStkbeigu (122)
bus atkarigd no izveleta skaitla L , tapec galigo frekvences funkciju labak iegut, viduvejot

S (), kas ieglitas dazadam L vértibam.

Punktu f(,) aproksimacijas piemérs ar pirmas un otras kartas polinomiem ( »=1 un r=2 )
paradits 1.6. Zim&uma.

1.1.4. Nestacionaru signalu diskretizacijas un atjaunosanas piemeri

Iepriek§ nodala aprakstitas metodes parbaudisim MATLAB-a (programmas 1.pielikuma), veicot
nestacionara signala atjaunoSanu no ta laika nevienmérigi izvietotam nolasém, kas iegiitas

1) tajos laika momentos ¢, ,kad P(z,)=nT  un fazes funkcija P(¢) ir zindma,
2) Iimenu-§kérsojumu momentos £,, ,un fazes funkcija ®(¢) nav zinama.

Pirmaja gadijjuma izmantosim testa signalu, kas sastav no tris harmonikam ar konstantam
amplitidam. Pirmas harmonikas frekvence lineari pieaug, otrds harmonikas frekvence
eksponenciali dilst, bet tresas harmonikas frekvence laika mainas p&c kosinusa, kas kapinats
kvadrata, likuma (1.7. Zim&jums).

a) 12 b) 12

081,

f,[Hz]
-
~
-

04 Ay /" -

0 50 100 150 200 00 50 100 150 200

t sl t sl

1.7. zim. Signalu veidojoSo harmoniku frekvencu maina laika (a) un atbilsto$a maksimala
momentana frekvence [ ,.(?) (b)

Zinot f,.(t) , saskapa ar (1.7) atrod fazi ®(¢/) un nosaka signdla diskretizacijas laika
momentus #, . Signals un ta nolases (melni punkti) attéloti 1.8. Zimgjuma.
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i
\. | {

’| '|
"!l i

]

b) 2

12

Aty [s]

50 100 150 200 0'40 50 100 150 200

t, [s] t,[s]

=)

1.8. zZim. Signals un tam atbilsto§as nolases s(#,) ka melni punkti (a) un diskretizacijas sola
atkariba no laika (b)

Zim&juma arT redzama diskretizacijas sola A?,=f,,,—t, atkariba no laika. Samazinoties signala
frekvencei f ... (7) palielinas diskretizacijas sola veértiba, bet frekvencei pieaugot — samazinas.
Tatad nolaSu izvietojums laika ir nevienmeérigs un to nosaka signala momentana maksimala
frekvence. Rezultata 200 sekunzu garuma tika iegiitas 260 signala nolases, kamér vienmerigas
diskretizﬁcijas gadijuma biitu nepiecieSamas vismaz 360 nolases (signala maksimala frekvence

ma=09Z 1 (1) ).

Veicot signala atjaunoSanu saskana ar (1.9), var parliecinaties, ka atjaunotais signals pietieckami
precizi atbilst sakotn&jam, neraugoties uz to, ka biutiski ir samazinajies signala nolasu skaits.
AtjaunoSanas rezultats paradits 1.9. Zimgjuma.

a) b)

0 50 100 150 200 [¢] 50 100 150 200

5(t) (b)

Tagad So pasu testa signalu diskretizésim pé&c Iimenu-Sk&rsojuma principa un veiksim ta
atjaunoSanu saskana ar algoritmu (1.11). Signals un ta limenu-S§kérsojuma nolases (melni punkti)
att€loti 1.10.a Zim&juma. Diskretizacijai ir izmantoti sesi [imeni un rezultata iegiitas 446 nolases.

1.9. Zim. Atjaunotais signals 5(¢) (a) un kltidas signals e(z)=s(t)—

a)

I ‘ ‘”

i
!‘ HHI\IW‘HI\I Ly

HV il

50

100 150 200
t,[s]

b)

0 50 100 150 200
t,[s]

1.10. zim. Signals un tam atbilstosas limenu-Skérsojuma nolases S (¢,) (a)un signala frekvences

foas(8) un £ (2)

Sakuma atrod punktu f (¢ j) veértibas saskana ar (1.14), (1.15) un (1.16), lai péc izteiksmes (1.22)
aprékinatu signala momentano maksimalo frekvenci [, (f) , kas nepieciesama kompozicijas
operatora (1.12) filtra impulsa reakcijas #,(¢.f,) aprékinam saskana ar (1.6). legiitais rezultats
paradits 1.10.b zZim&uma, kur ar punktiem attlotas f (¢;) vértibas, ar svitrliniju — signala patiesa
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momentana maksimala frekvence f,.(f) , bet ar nepartrauktu liniju — aprekinata frekvence

}max (¢) .Karedzams, tad }‘max (¢) aptuveni atbilst signala maksimalas frekvences izmainai.
Kad ir noteikta [, (¢) , veic signala atjaunoSanu saskana ar (1.11). Rezultats péc 10 iteracijam
paradits 1.11. zim&uma.

a) b)

2 2
1 1

= 0 EE 0 Mt it " 4

= = W'”lﬂ Wiy g iy

@ °
1 -1
2 2
0 50 100 150 200 0 50 100 150 200

t,[s] t,[s]

A

1.11. zZim. Atjaunotais signals $;_,,(¢) (a)un kltdas signals e(t)=s(¢)=3,_,,(t) (b)

Kladas signala efektiva veértiba \/T(‘”fT O(s(t)—ﬁ.(t))zdt , iteraciju skaitam i pieaugot,
(= i

samazinas (1.12. Zzim&uma nepartraukta augsgja linija). Ja signala atjaunos$anai izmanto stacionaru
filtru ar laika nemainigu caurlaides joslu ar nogrieSanas frekvenci F,, , tad atjaunoSanas
precizitate vietas, kuras nosactjums (1.10) neizpildas, pasliktinas, tapec kopg&ja signala atjaunosanas
kluda ir lielaka (1.12. zZim&juma partraukta augs€ja liija). Palielinot signala diskretizacijas I[imenu
skaitu, atjaunoSanas kliida abos gadijumos samazinas (1.12. Zim&uma apaks$€jas nepartraukta un
partraukta Iinijas).

0181 Tl

01

Kldda, [V]

0.02'5 X = 3
10 10 10 10

1.12. zZim. AtjaunoSanas kliida atkariba no iteraciju skaita (svitrlinijas atbilst stacionara, bet
nepartrauktas — nestacionara filtra pielietojumam)

Ka otru testa signalu izmantosim 3.8 sekundes garu runas signalu [1], kas pemts no TIMIT datu
bazes (/timit/train/drl/ mtpf0/sx335.wav). Signala diskretizacijas frekvence ir 16 kHz. Lai iegiitu
Iimenu-8kérsojuma nolases, tas tiek interpol&ts ar sinc-funkcijam, ka rezultata signala spektrs tiek
ierobezots lidz 4 kHz. Izmantojot 10 diskretizacijas limenus, iegtust 3301 Ilimenu-Skérsojuma
nolases, kas ir aptuveni 10 reizes mazak neka vienmérigas diskretizacijas gadijuma, ja signalu
diskretiz€ ar 8 kHz frekvenci. Nolasu skaita samazinajumu nosaka klusuma brizi starp vardiem
(1.13. Zimgjums).

s(t), [V]

t, [s]

1.13. zZim. Runas signala fragments un tam atbilsto$as limenu-$kérsojuma nolases
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Veicot signala atjaunoSanu, sakuma atrod ta momentano maksimalo frekvenci ]NF,,mx(t) . Lai
novertetu liknes atbilstibu patiesajam frekvencu veértibam, iegiist vienmerigi diskretizeta signala
laika-frekvencu att€lojumu, pielietojot Tsintervala Furjé transformaciju. Rezultats paradits 1.14.
zim&juma, kura signala spektra komponentes ar lielaku jaudu att€lotas tumsaka krasa. Ka redzams,
tad f,.(¢#) (nepartraukta Inija) labi izseko signala spektra augstako frekvencu vertibam.

f, [kHz]

—

0
0

0.2

04
t, [s]

06

08 1

1.14. zim. Signala laika-frekvendu attelojuma salidzinajums ar aprekinato £, (¢)

Péc f,.(f) noteikianas seko atjaunoSanas procediira, kuras rezultats péc 10 iteracijam
atseviSkam signala fragmentam paradits 1.15. Zzim&juma. AtjaunoSanas kvalitate ir atkariga gan no
iteraciju skaita, gan no apstradajamo nolasu skaita. Samazinot attalumu starp diskretizacijas
Iimeniem, pieaug “sakerto” nolasu skaits, un rezultata palielinas signala atjaunoSanas kvalitate. Tas
paradits 1.16. Zim&juma, kura apaksgjas divas liknes iegiitas, signalu diskretizgjot ar 20 [imeniem
un rezultata iegiistot 8509 nolases. Svitrlinijas atbilst stacionara filtra pielietojumam, kad signala
atjaunoSanai izmanto filtru ar laika nemainigu 4 kHz caurlaides joslu, bet nepartrauktas Iinijas —
nestacionara filtra pielietojumam ar laika mainigu caurlaides joslu atbilsto$i .. (Z)

011

0.05

s(t), [V]

-0.06

-0.1

041

0.;12
t1s]

043

1.15. zim. Sakotn¢ja (svitrlinija) un atjaunota (nepartraukta linija) runas signala fragmenta

klda, [mV]

salidzinajums péc 10 iteracijam

1.16. zZim. AtjaunoSanas kliida atkariba no iteraciju skaita (svitrlinijas atbilst stacionara, bet
nepartrauktas — nestacionara filtra pielietojumam)
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1.2. Signalatkarigas transformacijas pielietojums péc delta-izmainu
principa diskretizéta signala apstradeée
Limenu-Skeérsojuma diskretizacijas gadijuma signala nolases tiek pemtas laika momentos, kad
signals Skérso kadu no ieprieks uzdotiem sprieguma Itmeniem (1.17.a zim&ums). Ta ka laika
intervals At¢,=t, ,—t, starp diviem secigiem viena un ta paSa limena Skérsojumiem /, un
t,.1 var but bezgaligi mazs, tad p€c Itmenu-Ské€rsojuma principa realiz€ts analogs-ciparu
parveidotajs reali nevar nodrosinat visu nolasu “sakerSanu”. Tapec labak izmantot delta-izmainu
diskretizaciju (1.17.b zZim&ums).

1.2.1. Delta-izmainu diskretizacija

Delta-izmainu diskretizacijas gadijuma katra nakama signala nolase tiek nemta laika momenta, kad
signala izmaina no ieprieks€jas nolases vertibas sasniedz noteiktu delta sliecksni A/ [3].

a) b)

Al

S(tml )

Al

s(rm-l)

1.17. zZim. Limenu-skérsojuma (a) un delta-izmainu (b) diskretizacija
Starpiba starp divam secigam delta-izmainu nolasem s(#,) un s(¢,,,) ir konstanta un vienada ar
|s(t,.1)=s(t,)|=Al (1.23)

Minimalais attalums At,,=min(At,) ir atkarigs no A/ un signila spektralajam Tpasibam.
Sinusoidalam signalam s(¢)=A4sin(27 ft+¢@) maksimala stavuma vértiba ir A2 f=Aw
tapéc minimalais attalums

Al Al
At > =—
YT (1.24)
Frekvencu josla Iidz £, ierobeZzotam signalam ar spektralo blivumu
2 .
P(f)z A H Ja lflSFmax (125)

O’ ja lf b FVHCL‘C

maksimalais stavums bis sasniedzams, ja visu spektra komponensu fazes sakritis, tapéc minimalais
attalums [4]

: (1.26)

kur w,,, = 2 F

max .

Delta-izmainu diskretizacijas procesa iegiito nolasu blivums mainas atbilsto$i signala spektralajam
1pasibam, bet neatkarigi no tam nolasu skaitu uz atseviskiem limeniem saista sakariba

Nl,=f(—1)"zv,k, (1.27)
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kur [/, ir diskretizacijas Iimenu vértibas, bet N, — limena [/, delta-izmainu $kérsojumu skaits
[4]. Nolagu blivums sinusoidalam signalam s(z)=Asin(2m ft+¢) ir

o=2(K—-1)f, (1.28)

kur K=2 ir ské€rsoto limenu skaits. Ja K =1 , tad neatkarigi no signala frekvences “sakerto”
nolaSu skaits biis 1. Gadijuma procesam ar Gausa sadalijumu un spektralo blivumu (1.25) nolasu
blivuma aprékins nav tik acimredzams. Tapéc, lai vienkarSotu analizi, pienem, ka signala viens
otram sekojoSi lokalie ekstrémi ir ar atSkirigdm zimém un svarstas ap nulles Itmeni (1.18.
ZImegjums).

1.18. zim. Signals vienkarSotam delta-izmainu nolasu (tuksi aplisi) blivuma aprékinam

Sadam signalam nola$u blivums ir atkarigs no joslas platuma F .. un limeniem /, [4]
K=1

4 Fmax 2
Elo]= 3 doe

k=2

_li

4AF (1.29)

1.2.2. Signalatkariga transformacija

Diskréta signala s(z,) attélojumam frekvendu apgabala parasti izmanto transformacijas izteiksmi

Mﬁ=§ﬂMWV@% (130)

kar {W(f.t,)] ir transformacijas funkciju kopa. DFT gadijuma kopu veido kompleksas
eksponentfunkcijas {e ™/} , kuras nav saistitas ar signala spektralajam ipasibam [4].

Lai veidotu signalatkarigas transformacijas funkcijas, var izmantot minimalas dispersijas (MD)
filtru, kura frekvencu parvades funkcija pielagojas ieejas signala spektram [4]. Ja doti filtra
koeficienti a,,a,,...,a, ,tad izejas signals latka momenta n

p
v=2 a,x,_,=x"(n)a, (131)
n=1
kur x"(n)=[x,,x,_;.....x,_,.,] un a=[a,.a,,....,a,]" .lzejas signala dispersija
p=E|p,fl=a"Ra, (1.32)
kur R=FE {x*(n)xT (n)} ir autokorelacijas matrica un E|..] apzimé vidéjo vértibu. Filtra
koeficientus a,,a,,..., a, frekvencei f, aprékina ta, lai filtra izeja ieejas signala spektra

komponente f, netiktu kroplota, bet pargjo komponensu veidota izejas signala dispersija (1.32)
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biitu minimala. Pirmo nosacijumu var rakstit

p . ~
D a,e = (f)a=1, (1.33)
n=1
kur e(f,)=[e ™", 7T L e”™/%1" | Lai papildus (1.33) izpilditu ari otro nosacijumu,
filtra koeficientus frekvencei f, aprékina pec formulas [4]
R_le(fo)
a(fy)= - (1.34)
’ eH(fo)R le(fo)

Ievietojot (1.34) izteiksmé (1.32), ieglist MD filtra izejas signala dispersijas vértibu

1
oL eH(f())R_Ie(fo),
kura rada ieejas signala spektralo komponensu jaudu frekvences [, apgabala. Ja izvélas vairakas
frekvenéu vertibas f,=m/T [ kur m=0,1,2,... un T ir signala ilgums, un aprékina MD filtra
koeficientus a(f,) , tad izejas signala dispersiju vértibas p(f,) var uzskatit par ieejas signala
spektralas analizes rezultatu. Augstakas iz8kirtspéjas iegiSanai frekvencu soli A f=1/T samazina
vairakas reizes.

(1.35)

Lai aprékinatu MD filtra koeficientus (1.34), janosaka signala autokorelacijas matricu R .
Saskana ar Vinera-Hinéina teorému autokorelacijas funkcija R(T) ir saistita ar signala jaudas
spektralo blivumu P (f)

~+o0
R(t)=[ P(f)e"™ " df (1.36)
Savukart, lai  noteiktu P(f) frekvencem f=[f,, f\,.... fy_1] ,  zinot  nolasu
s=[s5, 57, Sy_1] vértibas, izmanto DFT
o= SBTr (137)
N s’
kur B ir M XN matrica, kuras m-tas rindas un n-tas kolonnas elements ir b,,=e¢ />™/"" .
Autokorelacijas matricas 1-tas rindas un k-tas kolonnas elementu atrod [4]
M-1
Pu= 2 2 b b (1.38)
m=0

Ta ka autokorelacijas matricas R eclementu aprékins nevienmeérigas diskretizacijas gadijuma péc

(1.38) ir tikai aptuvens, tad jaudas spektrala blivuma vértibas P=[p, p,,..., p,] , kur
D.=p(f,) aprekinatas saskana ar (1.35)

1

IA)= s’
diag(BR™'B")

(1.39)

nedos parak precizu rezultatu. Lai to uzlabotu, autokorelacijas matricas R clementu vértibas
iterattvi atjauno [4]

M—1

Ai Ali) 7 *

r(lkH): Z p(m D™ b i (1.40)
m=0

kur



- ()1 g H
pi=— SR (,.E’l —, (1.41)
diag (BR"" ' B")

Iteraciju process sakas ar P'”=P"") un beidzas, kad starpiba [P'*"—=P"|| kldst pietickami
maza.

1.2.3. Péc delta-izmainu principa diskretizéta signala apstrades piemérs

Ka testa signalu izvélas ARMA (autoregressive moving-average) procesu [4], kura jaudas spektrala
blivuma funkcija teorétiski ir zinama (1.19 zZim&juma partraukta Iinija).

a) by ¥
30

20+

Jaudas spektralais blivums
Jaudas spektralais blivums
=

. . . . . . . .
0 0.1 0.2 0.3 04 05 0 0.1 0.2 03 04 05
Normalizéta frekvence Normalizéta frekvence

(2)
<

o
=

Jaudas spektralais blivums
Jaudas spektralais blivums

, . . , . . . ,
0 0.1 0.z 0.3 04 05 0 0.1 0.2 0.3 04 05
Normalizéta frekvence Normalizéta frekvence

1.19. zZim. Jaudas spektrala blivuma novertéjums vienmérigi diskretizE€tam signalam ar
diskretizacijas frekvenci 2 F,,. (a)un F,, (b)unnevienmérigi péc delta-izmainu principa
diskretiz€tam signalam, izmantojot 11 [imenus (c) un 7, 11 un 15 Iimenus (d)

Sakuma tiek iegiits jaudas spektrala blivuma noveértejums vienmeérigi diskretize€tam signalam, kura
maksimala frekvence F,,=0.5HZ un ilgums 256s . levérojot nolasu teorému (diskretizacijas
frekvence 2F,, ), rezultats pec 10 iteracijam (1.40) un (1.41) paradits ar nepartrauktu liniju
1.19.a zim&juma. Punktlinija atbilst blivuma noverteéjumam (1.39) bez iterativas procediiras, kas
nedod tik precizu rezultatu. Ja samazina diskretizacijas frekvenci lidz F',, , tad paradas
frekvencu uzklasanas, kas labi redzama 1.19.b zim&juma.

Ja signalu diskretiz€ pec delta-izmainu principa, izmantojot 11 Itmenus, tad iegiist 120 nolases
(vidgja diskretizacijas frekvence 0.94 F, .. ). Jaudas spektrala blivuma novértéjums bez iteracijam
paradits 1.19.c zim&juma (punktota linija), kura redzama frekvencu uzklasanas. Pielietojot iterativu
procediiru, uzklasanas efekts vajinas un iegiitais rezultats daudz labak atbilst patiesajam.

Rezultats ir arT atkarigs no apstradajamo nolasu skaitu, kuram pieaugot, uzlabojas arT spektrala
blivuma novért€juma precizitate. Tas redzams 1.19.d zim&juma, kurd augseja nepartraukta linija
atbilst 60 delta-izmainu nolaseém (7 diskretizacijas Itmeni), vidgja — 120 (11 Itmeni), bet apaksgja —
200 nolasém (15 Iimeni). Ka redzams, tad signalatkarigas transformacijas pielietojums lauj
apstradat nevienméerigi diskretiz€tu signalu, kuram vidgjais nolasu skaits sekundg ir biitiski mazaks
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par nolaSu teoréma noteikto.

Literatura

1. R. Shavelis and M. Greitans, “Signal-dependent techniques for non-stationary signal
sampling and reconstruction”, IEEE International Conference on Acoustics, Speech, and
Signal Processing ICASSP 2009, Taipei, Taiwan, April 2009 (iesniegts public€Sanai).

2. H. G. Feichtinger and K. Grochening, “Theory and practice of irregular sampling”, 1994.

3. M. Miskowicz, “Send-on-delta concept: An event based data reporting strategy”, Sensors,
Vol. 6, pp. 49-63, 2006. 2006.

4. M. Greitans and R. Shavelis, “Signal-Dependent Analysis of Signals Sampled By Send-on-
Delta Sampling Scheme”, Proceedings of the International Conference on Signal Processing
and Multimedia Applications SIGMAP 2008, Porto, Portugal, July 2008, pp. 125-130.

19



2. Péetijjumi adaptivu signalapstrades panémienu izmantoSanai augstas
jutibas superplatjoslas stroboskopiska parveidotaja parametru
uzlabosana, eksperimentalo paraugu ar jutibu <50 pV un joslu >10 GHz
izveide un izpéte.

2.1. Pétijumi adaptivu signalapstrades panémienu izmantosanai augstas
jutibas superplatjoslas stroboskopiska parveidotaja parametru
uzlabosana.

Diskrétaja stroboskopija ir zinamas dazadas parveidojamo signalu momentano vértibu
meriSanas metodes, kas atSkiras gan ar savu efektivitati (pie viena un ta pasa strobu skaita nodro§ina
dazadu signala/trokSna attiecibu), gan ar tehniskas realiz€Sanas &értibam. Parskata perioda veiktais
adaptivo metozu pétijums bazets uz vienas no efektivakajam signalu stroboskopiskas parveidosanas
metodém — statistisko metodi. Metodes bitiba ir sekojosa. Katra signala fazes punkta signals »
reizes tiek salidzinats ar strob&jama komparatora (diskriminatora) slicksni un tiek registréts slicksna

_ . v oy . + _ . _ - - . —_ - —
parsniegSanas reizu skaits 7 . P&c tam signala momentana veértiba tiek aprékinata péc formulas:

+

nt o +ent
Uy =1y, F 0@ (D)) =ty 710, 42 erfl[z'“T()—I] (2.1)

kur 77 ir ar noteiktu mérki izvéléta konstante,

Uy - signala izm@rita momentana vertiba izverses ieprieksgja fazes punkta (procediras sakuma
u,; =0);

o, —maskéjosa trokSna videja kvadratiska novirze.

A I’l;r+1+8(l’l+) . v - . v - - =
p,,, =—— sliekSna parsniegSanas varbiitibas noveértgjums, kur £(0)=0.1;

n

e(n)=-0.1; &(n")=0 visos pargjos gadijumos.

Piezime: aprékina formula (2.1) izmantota funkcija erf ™ jo modelésanas sisttma MATLAB
nav normala sadalfjuma apgrieztas funkcijas aprékinasanas programmas.

. : . . y . A .
Ja n izvéléts <l tad jutami var uzlabot signala/troksna attiecibu 4, (n,n)=—= , kur 4, ir

0,
parveidota signala amplitida, o, — parveidota troks$pa videja kvadratiska novirze. DiemZel pie
mazam 7 vertibam jutami tiek kroplota signala forma. Tapéc So panémienu var lietot tikai signalu
atklasanas rezima superplatjoslas radiolokatoros, kur stroboskopiskais parveidotajs kalpo ka
uztveérosa iekarta. Izveloties 77 >1 noteiktas robeZas var uzlabot parveidotaja dinamisko diapazonu,

saltdzinot ar klasisko rezimu, kad 7 =1. Dinamiska diapazona paplaSinaSanu ar So panémienu
ierobezo signala formas kroplojumi un o, palielinaSanas, kas rodas pie lielam 7 veértibam.

Ieprieksgja projekta izpildes gada tika izstradata adaptiva “UD” metode, kas uzlabo
parveidojamo signalu amplitidu diapazonu, praktiski nepasliktinot signala/troksna attiecibu
(metodes pétijumu rezultati iesniegti iepriekseja gada VPP atskait€). Metodes biitiba pamatojas uz
to, ka, izmantojot iepriekseja fazes punkta izmé&rita signala pieaugumu, tick mainita “UD” metodes
sola vertiba, tada veida “prognozgjot” signala sagaidamo pieaugumu (vai kritumu) nakoSaja fazes
punkta. Metode tada veida izmanto parveidoSanas procesa jau iegiito “aprioro” informaciju par
signalu un adaptgjas atbilstosi signalam turpmakaja parveidosSanas procesa.
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Saja parskata perioda uz statistiskas metodes bazes izstradata cita tipa adaptiva metode. Metode
neizmanto ieprieks€ja fazes punkta iegiito informaciju par signalu, bet tekoSaja fazes punkta iegtto
statistiku apstrada ar mainigu “svara koeficientu”, kura vertiba ir atkariga no statistika iegiitas

informacijas par signala pieauguma vai krituma straujumu. Saskana ar %o principu konstantes 7
+

vieta formula (1) ievesta no statistikas — atkariga nelineara funkcija / (n"):

n
Uy =ty + f(n)0 N2 erf ' (q..) 2.2)
kur
Toten”
= 2””1—(71) -1
n

Piezime: ari formula (2.2) lai izb&gtu no artefaktiem gadijumos kad n* =n un n"=0 bitu
jarékina erf'(1)vai erf'(~1), lidzigi ka formula (2.1), ir ievests koriggjosais skaitlis & . ST skaitla
lielums ir atkarigs no konkrétas izv€letas nelinearas funkcijas un tas parametriem.

2

n
veértibam tas ir minimals, bet pie lielam — maksimals. Rezultata tiek panakts dinamiska diapazona
uzlabojums praktiski nepasliktinot signala/trok$na attiecibu. Sada pieeja it ka runa preti “veselajam
sapratam”, jo més normali sadalitu troksni apstradajam ar funkciju, kas neatbilst §1s problémas
formalam risinajumam. Tacu $ada pieeja dod pozitivu efektu un ar to ta sevi attaisno. P&c biitibas
jau misu agrakais parametra 7 lietojums ar veértibam, kas ir < 1, ir formalas pieejas “parkapums”.
Tacu maza strobu skaita apstaklos tas dod biitisku pozitivu efektu. (sk., pieméram, K. Kpymunsi,
A. Jlopenu, W. Kpactuns. IlpeoOpa3zoBanue Tmpu ampUOPHBIX CBEACHUSX OTHOCUTEIHHO
3alIyMJIEHHOTO CUTHAJIa CTATUCTUYECKMM METOAOM B JUCKPETHOH cTpOOOCKONUU. Aemomamura u
svruucaumenvras mexrnuxa. 2003, No. 4. C.3-8).

Funkcija f(n") tiek izvéléta ar mainigu stavumu tadu, ka pie mazam attiecibas

Ka nelinearo funkciju f(n") var lietot dazadas funkcijas, kas atbilst augstik mingtai tas
stavuma izmainu prasibai. Ka viena no vienkarsakajam $ada veida funkcijam var kalpot funkcija

f(g)=1+Kq| (2.3)

Piedavatas metodes efektivitati var ilustrét ar sekojoSu piem&ru. Apskatisim sinusoidalas

monosvarstibas ar amplitidu Al=1, kas maskéta ar normali sadalitu troksni pie 91~ 1
parveidojumu. Par€jie $a pieméra parveidojuma apstakli ir sekojos$i: strobu skaits katra fazes
punkta n = 25; fazes punktu skaits uz monosvarstibas periodu 7 = 96; funkcijas (2.3) parametri k
=2:r=1.

Vispirms ar statistiskas model€Sanas panémienu augstak miné&tais ar troksni mask&tais signals
tika parveidots ar klasisko statistisko metodi kad 7 = 1. P&c tam $is pats signals, pie tam lietojot to
pasu pseidotroksni, tika parveidots ar adaptivo metodi (2.2) lietojot nelinearo funkciju (2.3). Abu
parveidojumu rezultati att€loti zim&juma 2.1, kur mazo atSkiribu ilustracijas labad signali “uzlikti”
viens uz otra.
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Zim. 2.1. Divas parveidota signala ar amplitiidu Al =1 izverses, kas “uzliktas” viena uz otras.
Viena izverse - kad signals parveidots ar metodi (1) pie 7 = 1; otra izverse - kad signals parveidots
ar adaptivo metodi (2.2) pie funkcijas (2.3) parametriem k =2; r=7.

Ka redzams no iegiitiem rezultatiem, vaju signalu (stipri ar troksni mask&tu signalu) gadijuma
gan klasiska gan adaptiva metode uzrada aptuveni vienadu parveidojuma signala/troksnpa attiecibu
(par to var parliecinaties izdarot specialus signala/troksna attiecibas pétijumus). Tatad vaju signalu
gadijumos abas metodes ir lidzvertigas.

Tagad salidzinasim abas metodes lielas ieejas signala amplitidas gadijuma, pieméram, pie Al =

60 un pie ta paSa maskg&josa troksna 91 = 1 Ar statistiskas modelésanas panémienu iegiitie rezultati
atteloti zim&juma 2.2, kur uzskatamibas labad parveidoto signalu izvérses atkal “uzliktas” viena uz
otras. No iegltiem rezultatiem redzams, ka adaptiva metode ieveérojami mazak kroplo signala formu
saglabajot to tuvu sinusoidalai. Turprett ar klasisko statistisko metodi parveidota signala forma ir
izteikti zagveidiga.
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Zim. 2.2. Divas parveidota signala ar amplitidu Al = 60 izvérses, kas “uzliktas” viena uz
otras. Viena izverse - kad signals parveidots ar klasisko metodi (2.1) pie = 1 (signals 1); otra

izverse - kad signals parveidots ar adaptivo metodi (2.2) pie funkcijas (2.3) parametriem k =2;r =7
(signals 2).

Jasaka, ka kroplojumus klasiskaja metod€ pie lielam signalu amplitidam var noveérst palielinot
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koeficienta n vertibu. Ta pie n = 2 signala ar amplitidu Al = 60 parveidojuma ar metodi (2.1)
rezulats paradits zim&uma 2.3. Saja zim&juma “uzlikts” ari ar adaptivo metodi (2.2) iegitais tadas
paSas amplitiidas signala parveidojums. Ka redzams, abas metodes lielas amplitidas gadijuma dod
aptuveni Iidzvertigus rezultatus. Tacu apskatisim tagad, kas pie 7 = 2 notiek stipri ar troksni
maskeétu signalu gadijuma. Ta signala ar amplitidu A1 =1; o, =1 un 7 =2 paveidojuma rezultats
paradits zim&juma 2.4. No zim&juma redzams, ka parveidotais signals ir stipri maskets ar sist€mas
“reguléSanas” svarstibam, kas noveérojamas pat uz nulles linijas, tada veida ievérojami pasliktinot
signala/troksnpa attiecibu un izverses beigas parejot nepartrauktas svarstibas.
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Zim. 2.3. Divas parveidota signala ar amplitidu Al = 60 izverses, kas “uzliktas” viena uz otras.
Viena izverse - kad signals parveidots ar metodi (2.1) pie 7 = 2 un otra izverse, kura tas pat signals

parveidots ar adaptivo metodi (2.2) pie funkcijas (2.3) parametriem k =2;r=7.

1] 20 40 50 g0 100 120 140 160 180

Zim. 2.4. Signala ar amplitidu A1 = 1 un maskejoSo troksni o, =1 parveidojums ar metodi (1)
pie n =2.

lespéjamie talakie pétijumi:

a) Talako pétijumu gaita biitu meérkticigi veidot un izpétit abu adaptacijas principu apvienojumu
ta, lai panaktu maksimalu adaptivas signalapstrades efektivitati.

b) Adaptivo metozu pielietojums it seviski nozimigs ir superplatjoslas radiolokacija, kur
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stroboskopisko parveidotaju lieto ka uztveroSo iekartu. Ta, piemeéram, celu seguma radiolokatoram
ir jaspgj atri registrét gan vajus, gan liclas amplitidas signalus un nekads laiks diapzonu
parslégsanai “ar roku”, ka tas notieck uz oscilografa laboratorija, te nav dots. Lidz ar to
radiolokators, kur§ biis aprikots ar kadu no signalapstrades adaptivam metodém bis ievérojami
konkurétspé&jigaks neka lokators, kas aprikots ar parastu metodi.

c) Nedrikst aizmirst, ka celu seguma lokators, kas uzlikts uz automobila, parvietojas
nepartraukti. Lidz ar to ik pec katra stroba faktiski tiks apstradats signals, kas atstarots jau no citas
cela koordinatas. Tapec strob&Sanas frekvencei katra cela koordinatas punkta ir jabut pietickami
augstai lai varétu uzskatit, ka situacija cela seguma lokatoram nepartraukti parvietojoties praktiski
nav mainijusies. Tas rada izvéléto metozu tehniskas realiz€Sanas problémas un izvirza atrdarbibas
prasibas datu apstrades procesoram. Tas ir v€l viens turpmak veicamo pétfjumu lauks — novertet
metodes no to tehniskas realiz€Sanas iesp&ju un &rtibas viedokla.

2.2 Augstas jutibas superplatioslas signalu stroboskopiska
parveidotaja eksperimentalo paraugu ar jutibu <50uV un joslu >10GHz
izveide un izpéte

EDI Stroboskopijas laboratorija 1idz $im veiktie teorétiskie petijumi un ar1 atseviskie fizikalie
eksperimenti lauj secinat, ka pie pienemamas iekartas atrdarbibas (t.i. neveicot ilglaicigu signalu
uzkrasanu un viduvésanu) var nodrosinat trok$nu celina platumu (noise floor) <50 u V', kam atbilst
RMS <16 u V. Parskata perioda ir izstradats un izgatavots diskrétais stroboskopikais parveidota;s,
kura metrologiskas parbaudes uzradija parveidotaja jutbu 30 u ¥V (RMS 104 V). Saja
eksperimetalaja parauga izmantota pati vienkarSaka (ari tehniskas realiz€Sanas zina) signala
momentano vértibu meérisanas metode - “Up-and-down” metode (turpmak ,,UD” metode). Tada
pieeja lava atri un vienkarSi eksperimentali parliecinaties par uzstaditas jutibas prasibas
sasniegSanas iesp&ju.Vienlaicigi parskata perioda tika izstradata un izpétita efektivaka modificeta
“Up-and-down” signalapstrades metode, kas nosacitti nosaukta par ,,UDC” metodi.

@

Foto 2.1. Stoboskopiska oscilografa eksperimentalais paraugs
un signala ar amplitidu 200 u V oscilogramma, izveérse 100ps/div.

2.2.1.,UD” un ,,UDC” metozu salidzinajums.

2.2.1.1. “UD” metode.

,UD” metodes biitiba ir sekojoSa. Noteikta signala fazes punkta parveidojamais signals tiek
salidzinats ar strob&jama diskriminatora slieksni. Ja signals parsniedz slieksni tad diskriminators
parslédzas un uz vadibas shému tiek padots diskréts signals 1. Péc §1 diskréta signala sanemSanas
vadibas sh&ma palielina strob&jama diskriminatora slieksni par noteiktu lielumu sauktu par soli s.
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P&c tam Saja pasa parveidojama signala fazes punkta notiek atkartota strob&Sana un ieejas signala
salidzinasana ar jauno diskriminatora slieksni. Ja atkal signala momentana vertiba ir lielaka par
diskriminatora slieksni, tad slieksni palielina par soli s, bet ja ta izradas mazaka, tad slieksni
samazina par soli s. Saprotams, ka pec pietiekosi liela strobéSanas operaciju skaita diskriminatora
slieksnis ar precizitati +/- s biis vienads ar parveidojama signala momentano veértibu. Péc tam
nobidot strob&Sanas fazi par noteiktu diskrétu soli augstak minéto procediiru atkarto. Rezultata
iegiistam nakoSo parveidojama signala momentano vértibu. Ta ka strob&ama diskriminatora
slieksni maina ar lidzspriegumu tad rezultata atri mainiga parveidojama signala momentanas
vertibas iegiistam ka secigi sekojosas attiecigas lidzsprieguma vértibas. Sis lidzsprieguma vértibas
més varam ierakstit atmina, att€lot uz oscilografa vai radiolokatora ekrana (gadijuma, ja
parveidojamais signals ir radiolokacijas signals). Tada veida més varam gigahercu diapazona
signalus transformét kilohercu vai pat hercu frekvencu diapazona. Augstak aprakstita signala
momentano vertibu mériSanas gaita attiecas uz apstakliem, kad parveidojamais signals ir pietiekosi
jaudigs salidzinajuma ar strob&jama diskriminatora paStroksni. Vairuma gadijumu tas ta ar1 ir. Tacu
radioelektronika un eksperimentalaja fizika nakas darboties ar1 ar signaliem, kas ir loti vaji un ir ne
tikai salidzinami ar strob&jama diskriminatora pastroksni, bet pat vajaki par to. Arl tad signalu
parveidosana ir lietojama augstak aprakstita “UD” metode.

Tada gadijuma parveidojuma rezultats ir gadijumprocess ar noteiktu dispersiju un vidgjo
veértibu, kas atbilst parveidojama signala momentanajam veértibam. Aprakstito ,,UD” metodes
darbibu ar troksni masketa signala parveidoSanas gadijuma simboliski var aprakstit sekojosa veida:

u,=U,+X -ar troksni masketais ieejas signals;
U, - ieejas signala vertiba fazes punkta ¢ =1, ;

X -normali sadalits troksnis;

e;;, =€ *s -nakama sliekSna vertiba;
: i
E,=e - merTjuma rezultats;
Jn
e;,,, =e -nakama slickSpa vertiba nakamaja fazes punkta.
. > Jj.n

2.2.1.2. “UDC” metode

,,UDC” metode darbojas lidzigi ka ,,UD” metode ar to atSkiribu ka par signala momentanas vertibas
mériSanas rezultatu uzskata lielumu kas ir vienads ar signala dotaja fazes punkta n strob&anu rezultata
iegiito n sliek$nu vidgjo vertibu. Savukart nakosaja signala fazes punkta par sakotng&jo slieksna vertibu tiek
nemta iepriek$eja signala fazes punkta pédgja slik$pa vértiba. Aprakstito ,,UDC metodes darbibu ar
troksni mask@eta signala parveidosanas gadijuma simboliski var aprakstit sekojosa veida:

u,=U,+X -ar troksni masketais ieejas signals;

U, - ieejas signala vertiba fazes punkta ¢ =1, ;

X -normali sadalits troksnis;

e m=e ts - nakama sliek$na vértiba;
¢ . -

Ej = ;;ejji - mérijjuma rezultats;

e e -sakotngja sliekSpa vertiba nakamaja signala fazes punkta.

LT

,UDC” metodes priekSrocibas uzskatami var ilustrét ar signalu parveidoSanas statistiskas
modeléSanas palidzibu. Ka piem@ru apskatisim signala, ar amplitidu A;= 1, kas paradits
Zim&juma2.5, parveidosanas rezultatus abu metozu gadijumos. Sis signals, maskéts ar troksni pie
c =1 attelots Zim&juma 2.6.
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Zim. 2.5. Parveidojamais ieejas signals ar amplitiidu A;= 1 bez mask€josa troksna.
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Zim. 2.6. Parveidojamais ieejas signals ar amplitidu A= 1, kas maskets ar troksni pie . ¢ = 1.

Ar troksni masketa signala parveidojums ar ,,UD” metodi pie strobu skaita n=1000 att&lots
Zim&juma 2.7.

5 Zim. 2.7. Ar troksni masketa signala parveidojums ar "UD” metodi.
ST pasa ar troksni mask&ta signala parveidojuma ar ,,UDC” metodi rezultats pie strobu skaita
n=1000 paradits zim&juma 2.8.
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Zim. 2.8. Ar troksni masketa signala parveidojums ar "UDC” metodi.

Ka redzams no abiem augstak paraditiem zim&umiem ,,UDC” metode pie viena un ta pasa
strobu skaita uzrada ievérojami labaku signala/trokSna attiecibu neka ,,UD” metode.

,UDC” metodes priekSrocibas, kaut arT ne tik ievérojami, saglabajas art pie lielakam signalu
amplitidam. Ta, piem&ram, signala ar amplitidu A;=35, kas maské&ts ar troksni ¢ = 1 parveidojumi
ar ,,UD” un ,,UDC” metodém paraditi attiecigi zim&jumos 2.9. un 2.10.
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Zim. 2.9. Lielas amplitudas signala parveidojums ar "UD” metodi.
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Zim. 2.10. Lielas amplitiidas signala parveidojums ar "UDC” metodi

Aprakstito "UDC” metodes priekSrocibu dg] tika pienemts I€émums izpétit §1s metodes tehniskas
realizacijas iesp&jas un metodi parbaudit eksperimentali izgatavojot stroboskopiska oscilografa
eksperimentalo paraugu.

2.2.2. Stroboskopiska oscilografa uz ,,UDC” metodes bazes projekts.

2.2.2.1. Troboskopiska oscilografa uz ,,UDC” metodes bazes blokshema.

Parveidotaja blokshéma atteélota zZim&uma 2.11. Generators G1 strada ar 500KHz takts
frekvenci un generé taisnstiira formas impulsus. Ar bufera B1 palidzibu tiek vadits elektroniskais
sledzis S1, kurs izladé kondensatoru C1. So kondensatoru pastavigi 1adé stravas avots SA1. Sada
veida ieglistam zagveida formas signalu ar takts frekvenci S00KHz. Sis zagveida signals nonak uz
atsaistoSiem buferiem B2 un B3. No bufera B2 signals nonak uz komparatoru K1. Koparatora
zagveida signals tiek salidzinats ar atbalsta spriegumu, ko iegiist no ciparu-analoga parveidotaja
CAPI1. Mikrokontrolieris MCU2 vada CAPI. NepiecieSamo spriegumu CAPI1 izeja ieglst no
mikrokontroliera MCU2 iestadot rotacijas impulsu devéju EIl, kas kalpo parveidota signala
nobidiSanai pa X asi. Talak komparatora signals nonak pastiprinataja P1, kur tas tiek pastiprinats.
Ar formetaju F1 tiek formets signala platums apméram puse no perioda. Talak signals no §is shémas
caur ligzdu L1 tiek padots uz pétamas shémas palaiSanas ieeju. CAP2 generé pakapjveida signalu ar
takts frekvenci 1Hz. Dati uz CAP2 pienak no mikrokontroliera MCU 1. P&c tam signals ar vajinataja
A2 palidzibu var tikt sadalits uz Getriem parslédzamiem stavokliem. Sie stavokli nodrosina &etrus
izverSanas diapazonus pa X asi. IzverSanas diapazonus parslédz releji, kurus darbina Darlingtona
atslegas D1. Informacija uz Darlingtona atsleégam pienak no mikrokontroliera MCU2. Vajadzigo X
izvérSanas diapazonu iestada ar rotacijas impulsu dev&ju E3. No vajinataja A2 Sis 1Hz signals
nonak uz komparatoru K2, kur tas tiek salidzinats ar S00KHz zagveida signalu.

Talak komparatora K2 izejas signals nonak uz pastiprinataju P2, kur tas tiek pastiprinats. Ar
formétaju F2 tiek forméts signala platums apméram puse no perioda. Tad signals tiek padots uz
stoboskopiska parveidotaja galvu SGI1, uz kuras ieeju tiek padots p&tamais signals. Strob&jama
diskriminatora signals tiek salidzinats ar zinamu slieksni, ko nosaka kompensacijas signals.
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Zim.2.11. Stroboskopiska oscilografa uz ,,UDC” metodes bazes blokshéma.
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No stroba galvas tiek nonpemta informacija ,,0” vai ,,1” atkariba no ta vai kompensacijas
signals ir mazaks vai lielaks par p&tamo signalu. Ta ir impulsu ,,0” un ,,1” pliisma ar takts
frekvenci S00KHz, kuru nosaka takts generators G1. Sis virknes cipariskais kods nonak
buferi B4, kur tiek atsaistits no stoboskopiska parveidotaja galvas SG1. Koda impulsu
amplitiida tiek pastiprinata ar pastiprinataju P3 lidz 5V limenim. Talak Sis binarais kods tiek
padots uz skaititaja SK1 virziena ieeju U/D.

Stroba signals caur aizturi A1 nonak uz skaititaja skaitiSanas C ieeju un uz trigera T1 S
ieeju. Trigeris kalpo ka sinhronizators starp pienakosiem datiem un mikrokontroliera MCU1
darbibu. Katru reizi, kad pienak jauni dati, ar strob&jamo impulsu palidzibu trigera izzeja tiek
iestadits ,,1”. Tas nozimé, ka mikrokontrolieris MCU1 drikst pagpemt datus no skaititaja
izejas. Mikrokontrolieris MCU1 pien&mis datus un apstradajis tos nomet trigera uzstadijumu.
Trigeris ir gatavs atkal pienemt jaunu uzstadijumu ,,1” un I[idz ar to mikrokontrolieris MCU1
jaunus datus. Sie pasi dati nonak arf uz ciparu-analogo parveidotaju CAPS. Pastiprinatajs P3
kalpo lai parveérstu parveidotaja izejoSo stravu par spriegumu. P& tam signals ar vajinataja
Al palidzibu var tikt sadalits uz &etriem parslédzamiem stavokliem. Sie stavokli nozimé
oscilografa ieejas signala amplitiidu (diapazonu pa Y asi) parslégsanu. Stavoklus parsledz
releji, kurus darbina Darlingtona atslégas D2. Informacija uz D2 par iestadamo releju stavokli
pienak no mikrokontroliera MCU2. Vajadzigo Y izvérSanas diapazonu iestada ar rotacijas
impulsu devéju E4. Talak signals no Al nonak ka kompensacijas signals uz parveidotaja
galvu SG1. Pie kompensacijas signala caur rezistoru R1 tiek piesumméts spriegums no
ciparu-analoga parveidotaja CAP3. Sis spriegums kalpo lai attglojamo signalu biditu pa Y asi.
Parveidotajs CAP3 datus sanem no mikrokontroliera MCU2 un signala nobidiSana notiek ar
rotacijas impulsu devéju E2. Par cik nereti petamais signals ir kopa ar lidzsravas komponenti,
rodas problémas signalu atrast uz ekrana pa Y asi. Problémas novérSnai shéma ir ieviests
ciparu analogais parveidotajs CAP4, kur§ caur rezistoru R2 piesummé spriegumu
kompensacijas spriegumam. Nospiezot pogu S2 tiek padota komanda uz mikrokontrolieri
MCU2. Talak komanda nonak uz mikrokontrolieri MCU1, kur§ izanalizg situaciju un iestada
attiecigo spriegumu parveidotaja CAP4 izeja. Ta pa Y asi tiek iestadits att€lojamais signals pa
vidu LCD ekranam. Slédzis S3 fiks€ bildi uz ekrana.

Dati no mikrokontroliera MCU1 nonak indikacijas bloka kur§ izpildits uz ekrana
kontroliera SED1335 bazes. Operativaja atmina SRAM glabajas tekoSie dati, kas tiek atainoti
uz LCD ekrana.

Uz augstak aprakstitas blokshémas pamata ir izstradata ari stroboscilografa pricipiala
shéma. Shémas sarezgitibas d€] ta $aja atskaité netiek uzradita. Izprojektétas ari oscilografa
bloku spiestas plates. Oscilografa montaza un regulé€Sana paredzeta $a gada decembra ménesT.

Jaatzimé€ ka minéta projekta merkis nav paaugstinat stroboscilografa jutibu zem sasniegta
RMS 10 u V Iimena bet gan izmantot citas ,,UDC’ metodes priekSrocibas: pie mazaka
strobu skaita nodroSinat to pasu jutibu ka ,,UD” metodes gadijjuma, bet panakt lielakus
izvérSanas atrumus. Lielaki izverSanas atrumi ir svarigi stroboskopiska parveidotaja
pielietojumos superplatjoslas radiolokacija.

Kas attiecas uz stroboskopiska parveidotaja eksperimentala parauga frekvencu joslas

noteikSanu, miisu riciba nav nepiecieSamo tehnisko resursu. Ir nepiecieSams kvalitativs (ar
mazu fazes troksni) 1€cienveida sprieguma formeétajs ar Ieciena fronti ne sliktaku par 25ps.
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2.2.2.2. UD procesa statistiskie raksturojumi

UD process ir stohastisks process, kuru reprezenté gadijumlielumu Xj, X, ..., X,, ...
virkne, bet X, ir gadijumlielums, kas reprezente UD procesa rezultatu n-taja soli. Ja n ir

parskaitlis, t.i., n = 2m, tad pie sola garuma s=Aoc,, kur 0'5 ir UD procesa primara
dispersija, bet A €[0.1;1], UD process péc n soliem var nonakt viena no $adiem stavokliem:
X, €{0s, 2s, ..., 2ms, -2s, -4s, ..., -2ms}. Ja n = 2m + 1, tad péc n soliem UD process var
nonakt viena no sadiem stavokliem: 1s, 3s, ..., 2m + 1)s, -1s, -3s, ..., -2m + 1)s.

Ta ka UD procesu matematiski var aprakstit ka Markova k&di par sanumur&jamu
stavoklu kopu, tad UD procesu viennozimigi determin€ nosacitas varbiitibas

. [O(=in), ja j=i+]
Py =PiX, =js|X, =isy=q L
O@{A), ja j=i-1
Varbiitibu, ka péc n solu izpildes UD process nonaks stavoklt /s, apzim€sim ar simbolu
pi(n).
Turpmak ar simbolu p’, apzimesim varbutibu, ka r solos UD process nonak stavoklt

(2.4)

ks, ja tas start€ no stavokla js. Autokovariacija UD procesam, visparigi runajot, bus atkariga
no vairakiem parametriem: no sola garuma s, no starta momenta #, no solu skaita starpibas 7,
—np = r. Saskana ar kovariacijas definiciju

cov( Xy, Xutr) = E[(Xy - EX,) Xy — EXytr)]- (2.5)
Ta ka UD procesam pie jebkura n EX, = 0, tad miisu gadijuma
cov(Xy, Xn+r) = E(Xy Xpsr). (2.6)

Misu galvena interese par autokovariaciju attiecas uz situaciju, kad UD process péc
zinama solu skaita » klust praktiski stacionars, t.i., visiem k 2 0
pi(ntk) = pi(n). (2.7)
Ja nosacijums (2.7) bis izpildits pie n = v, tad visiem » > 0 un visiem m 2 v bus speka
aptuvena vienadiba
cov(Xy, Xpir) = cov(Xy, Xoir). (2.7"
Tatad autokovariacija $aja situacija bis atkariga (vismaz praktiska nozime) tikai no solu
garuma s un parametra r.
Autokovariacijas aprékinasanai pie n = 2m un r= 2k izmantojama formula

m k
VX, X, )= D poy (0245 Y Py 20 + s - (2.8)
q=—m u=—k

Analogiska formula uzrakstama gadijumam, kad UD process noris pa stavokliem +(2r
+1)s,r=0,1,2, ....

Pieradits, ka UD procesa galarezultata dispersija o,°, kuru iegiist péc n soliem, ir
atkariga no 3 faktoriem: solu skaita n, solu skaita paritates (n ir parskaitlis vai neparskaitlis)
pie nosacijuma, ka UD process ir “praktiski” stacionars. Ar péd€jo terminu saprotam
nosacijumu, ka UD procesam turpinoties, galarezultata dispersija var izmainities ne vairak ka
par 107-0,°. ST nosacijuma izpilde UD procesam tiek sasniegta péc saméra neliela solu skaita
(n = 14, ja 4 > 0,4), 4 vertibai pieaugot, praktiskas stacionaritates moments iestajas vel
agrak. Ta ka pétijums atklaja, ka sekundaras dispersijas vertibas atkarigas no solu skaita
paritates, tad $o lielumu apzimé$anai izmantojam atskirigus simbolus: ¢;’(A) apzimé

dispersijas lielumu gadijumos, kad solu skaits n = 2m, bet ;12 (D) - gadijumos, kad n = 2m+1.

v
levérojot 6,%(A), resp. o} (A) nepartrauktu atkaribu no parametra A4 vértibas, péc

mazako kvadratu metodes atrasta So funkciju aproksimacija ar otras pakapes polinomiem.
Funkcija 6,2 (A) aproksiméta ar polinomu
h(A) = -0,038737 + 0,919736-A — 0,222373-A%,
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v

bet & (A) - ar polinomu

h(A) =0,040241 + 0,314770-A + 0,662411-A%,

Aproksimacijas absoluta kliida ir robezas no 0,005 lidz 0,014. Papildus aproksimacijas
absoliitajam kludam izskaitlotas arT relativas klidas. 4 vertibam, kuras >0,4, aproksimacijas
relativa kliida neparsniedz 0,05, t.i., neparsniedz 5% no patiesas vertibas. Pie tam relativajai
kludai ir tendence samazinaties reiz€ ar 4 augsanu, jo pie 4 = 1 ta neparsniedz 0,02 jeb 2% no
patiesas vertibas. ST iemesla dg] aproksimacijai netika izmantoti tresas pakapes polinomi, jo
inzenieriska interese ir lielaka par dispersijam, kuras rodas pie UD procesa lielam solu s
vertibam, bet tieSi Sim diapazonam iegutais relativo kludu lielums ir akcept&jams.

Aprekini rada, ka pie jebkura solu skaita n stavokli (k + 8)s praktiski nav sasniedzami,
ja4>0,5,jo
< 0.000000014
zpl (n) <
= 1-0.000003398

(2.9)

Lidz ar to autokovariacijas aprékinos sanumurg&jamas Markova kédes vieta, pieméram,
paru skaita solu gadijuma var izmantot galigu Markova k&di ar parejas varbiitibu matricu M5
par stavoklu kopu S = {0s, 2s, 4s, 6s, -25, -4s , -65}.

|owy heca) 0 0 Y d(-A) 0 0
| o)D) DRAD(-A)+ D(-24)D(-34) 0 0 0
0
I +D(-24)D(34)
lo DAN)D(3BA) D(4A)D(-34)+ D(-44)D(-5) 0 0
0
[ I B (-4A)D(54)
M, =0 <|)| 0 D(64)D(54) s P(6A)P(-54)y+ 0 0
0
| +B(-64)D(T4)
| o)D) 0 0 0 QA D(-A)+ B(-24)D(-34)
0
I +D(-24)D(34)
lo 0 0 0 D(4A)D(34) DAN)D(-34)+
D(-44)D(-54) |
Il +D(-44)D(54)

lo 0 0 0 0 0 D(64)D(54)
aaD(64)D(-54)+ |

+D(-64)D(74) I

o= V1-&(-64)D(-74).

Ja4 =0,5, tad M7 iegiist veidu:

|l0.691462  0,154269 0 0 0,154269 0
0
0581758 0,407643 0,010599 0 0 0
0
|o 0,911963 0,087896 0,000141 0 0
0
M *= H 0 0 0,992449 0,007551 0 0
o
|o,s81758 0 0 0 0,407643 0,010599
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o

|0 0 0 0 0,911963 0,087896
0,000141 ||
|o 0 0 0 0 0,992449
0,007551 ||

Viegli parliecinaties, ka matrica M5 pie jebkuras A vertibas ir regulara matrica, t.i.,
(M;)* > 0, ja k ir pietickami liels naturals skaitlis. V.Plocina veiktie skaitlojumi paradija, ka
(M) visas rindas ir gandriz vienadas, ja 4 > 0,5. Tas nozimg, ka UD process pie 4 > 0,5
klost praktiski stacionars jau péc 14 soliem un cov(X,, X,:,) aprékiniem varam izmantot
matricu (M7)", (M7)?, ..., (M) elementu vértibas, lai iegiitu rezultatus ar augstu precizitati.

2.3. Strobéjama balansa komparatora aprékina metodika.

Augstas jutibas (50 mkV) stroboskopiskaja parveidotaja tiek lietots balansa komparators
(sk. Ztm. 2.12). Balansa princips nodroSina to, ka komparators praktiski nav jutigs pret
strobgeneratora trokSniem. Sads shemotehnisks risindgjums liela méra nodrosina
stroboskopiska parveidotaja augsto jutibu. Protams, bez tam v&l bitisku dalu jutibas
sasniegSana nodroSina signalapstrades metodes.

Ka radija eksperimenti un ari komparatora modeléSana, izmantojot firmas TANNER
modeléSanas programmu 7-Spice, tika konstatéts, ka parveidotaja parejas raksturliknes
kapuma laiks ir minimals (tatad frekvencu joslas platums maksimals) pie kaut kadas

optimalas strobsignala k&des pretestibas R veértibas.

R, Vo Rg

1

I
™,
=2 TD, Ug

R, LD, | Re

Zim. 2.12. Strobgjama balansa komparatora principiala sheéma.

Sai sakara tika veikti gan analitiski p&tijumi gan arT pétijumi uz komparatora datormodela
un tika iegiita sekojosa izteiksme pretestibas R, optimala lieluma aprékinaSanai:

Upp3 _2p1Up1

R, = , 2.10
pZIpl ( )

kur P1=18-1,9; P.= 0,7-0,8.

Komparatora strobsignalu formé tresa tuneldiode 7D,. So formétaju palaiz palaiSanas
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impulss ar amplitidu U,. Tuneldiode 7D, parslédzas un tada veida noformé sprieguma

lécienu ar asu fronti un amplitidu U, kur Uy ir sprieguma kritums uz tuneldiodes

72
voltampéru (VA) raksturliknes diftizijas zara pie stravas lieluma caur tuneldiodi vienadu ar

tuneldiodes pika stravu. Ja palaiSanas impulss péc TD; parslégsanas turpina vél augt, tas
dzen darba punktu Sai tuneldiodei pa diftizijas zaru uz augSu. No pusvaditaju fizikas ir
zinams, ka nav v€lams parak talu virzities pa So zaru uz augsu, jo tas izsauc tuneldiodes
parametru degradaciju. Ka radija fizikalie petijumi un p&c tam arT modeléSanas rezultati, pie

mazam Uo amplitidam tuneldiode slédzas 1€ni un rezultata pieaug parveidotaja parejas
raksturliknes kapuma laiks. Lidz ar to rodas jautajums, kadai ir jabiit palaiSanas impulsa
minimalai ampltidai, lai parejas raksturliknes kapuma laiks kaut cik jutami nepasliktinatos.
Analitisku pétijumu rezultata iegiits, ka palaiSanas impulsa darba amplitidu var aprékinat péc
Sadas formulas:

RZ
U .+1 (R, — 0
p3 (R RO+RV+R2+R{)
=1.15 (2.11)

0 min 2 B
R 0

" R,+R,+R,+R,

U,=1.15U

kur

. R(R,+R))
"R, +R,+R,’

R, un R ir tuneldiozu ID, un TD, diferencialas pretestibas VA raksturliknes sakuma
punkta.

Komparatora ieejas ignala k&des pretestibas R

« un signala avota iekSg€jas pretestibas R,
virknes slegums Sunté tuneldiodi 7D,. Tas noved pie komparatora nulles [imena nobides.

Stroboskopiskaja parveidotaja vienlaicigi ar signala transformaciju veic ari signala
pastiprinasanu no mikrovoltu diapazona uz milivoltu vai pat voltu diapazonu. So
pastiprinajumu realizé ar pretesttbu k=R, /R, attiecibu. Pie lieliem pastiprinajuma
koeficientiem var rasties situacija, ka pie ieejas signala amplitiidu diapazona +u, atbilstoSais
izejas signala diapazons *e, iziet arpus parveidotaja baroSanas spriegumu diapazona V.

Tas rada zinamas ne€rtibas parveidotaja tehniskaja realizacija un tapec rodas jautajums, vai
So nobidi nevar kompensét vai vismaz minimizet maksligi ievedot tuneldiozu 7D, un 7D,

asimetriju. Analitisku pétfjumu rezultata ir atrasts, ka tas ir iesp€jams un nepiecieSmo
asimetriju var aprekinat pec sekojosas formulas:

/ / R,(R,+R))
v ReRl* +Re(Ru +Rl)+Rl*(th +Rz) ’

(2.12.)
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kur

R} un R; ir tuneldioZu pretestibas pie stravam caur tuneldiodém, vienadam ar stravam,

kuras atbilst VA raksturtliknu kritosas (negativas) dalas stavakajam punktam.

Visi analitiski iegiitie rezultati tika salidzinati ar datormodeleSanas rezultatiem un
uzradija labu sakritibu. Tas ar lielu ticamibu liecina, ka So aprékina metodiku var€s izmantot
Sada tipa komparatoru projektesana.

Lidzigas izteiksmes R, un U, aprékinaSanai iegiitas arl uzlabota komparatora, t.i.

komparatora ar atbalsta pretstibu Ra, gadijuma. Public€Sanai iesniegtajos materialos Sie
rezultati nav atspoguloti, jo vél nav izlemts jautajums par uzlabota komparatora patent€sanu.
Ka zinams, publicétus izgudrojumus likums aizliedz patentét.

Ar projektu saistitie rezultati izklastiti sekojosas publikacijas:

1. E. Beiner, K. Kruminsh, V. Peterson. The experimental research of digital
sampling converter. Automatic Control and Computer Sciences. 2008. Volume 42,
Number 1, pp. 58-65. (Petijums saistits tikai ar VPP.)

2. Kapknussi. Moaupukanus cTaTHCTHYECKOT0 MeTOAa IS 00HApY KeHus!
cJa0bIX 3alIYMJICHHBIX CUTHAJI0B. Aemomamuxa u 66I1YUCTUMETBHAS MEXHUKA. -

2008.-Nel.- C. 40-44. (Petijums saistits ar granta 04.1127 teému.)

3. K Kpymunbm B ITnonusasm O HegocTaTouHOCTH KpuTepust A,/ o, B peKume

OOHapy KEHHsI CUTHAJIOB CTATUCTUYECKUMH METOJIAMU A8momamuxa u
svruucaumenvras mexuuxa.-2008.-Ne4.-C.63-72. (Petijums saistits ar granta
04.1127 tému.)

4. B.Kapxnunsi. CTaATHCTHYECKHI MeTO/ perucTpaniy 3allyMJIeHHBIX CHTHAJIOB
C YJIy4lIEHHBIMH XapaKTePUCTHKAMU. A8MOMAMUKA U bIYUCTUMENbHAS
mexuuxa.-2008.-Ne5.-C.68-75. (Petijums saistits ar granta 04.1127 temu.)

5. A.Lorencs. Digital Signal Processing UD Method and its Statistical
Characteristics. Electronics and Electrical Engineering. 2008, No.6, pp. 33-
36.(Petijums saistits ar granta 04.1127 t€mu.)

6. V. Plocins. Statistical Method Correction Possibilities. Electronics and
Electrical Engineering. 2008. No. 2. pp. 29-34. (P&tijums saistits ar granta 04.1127
temu.)

7. 3. beitnep, K. Kpymunbui. MogeaupoBanue u pacueTr cTpoOMpyeMoro
0aJIaHCHOI0 KOMIIAPATOPa HA TYHHEJIbHBIX AUoAaX. lesniegts public€Sanai

zurnala Aemomamuxa u eéviuucaiumenvras mexuuxa. (Petijums saistits tikai ar VPP.)

8. O. beiinep, K. Kpymunem. MoaenupoBanue u pacyer acCHMETPHHU
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CTPOOMPYeMOro 6aJaHCHOT0 KOMIIAPATOPa HA TYHHEJIbHBIX ANoAax. lesniegts
public@Sanai zurnala Aesmomamuxa u evruuciumenvras mexuuxa.(Petijums saistits
tikai ar VPP.)
Nolasits referats starptautiska konferencé Kauna 21.05.2008.: V. Plocish. Method of
Signal — Noise Ratio Maximization. The [2th international Conference ELECTRONICS.
(Petijums saistits ar granta 04.1127 tému.)
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3 Asinhronu datu apstrades sistemu attistiba izmantojot
mikroprocesoru, specializéto mikroshému u.c. musdienigas
mikrominiaturizé$anas tehnologijas.

3.1. Asinhronu datu apstrades sistému struktiras un
apstradato datu parraides uz centralo mezglu pilnveidosana.

Asinhronas datu apstrades sist€mas struktiiras pilnveide ir saistita ar talaku
sisttmas vadibas un datu apstrades algoritma pilnveidoSanu un jaunu shematisko
risinajumu pielietoSanu, kas lauj palielinat sist€mas veiktsp&ju un nodroSinat mazu
energijas patérinu. ST pilnveide norit mijiedarbiba starp izmainam sistémas vadibas un
datu apstrades algoritma un shematiskajos risinajumos. Pieejama elementu baze
(mikroprocesori, specializé€tas shé€mas) ar retiem izpémumiem, nav orientéta uz
IimenSkeérsojuma metodes algoritmu realizacijam. Tapéc Itmenskersojuma metodes
algoritmu realizacijam tiek izmantoti visparlietojamie mikroprocesori, kas lauj
modelét dazadas vadibas un kontroles struktiiras.

Iepriek$@jos programmas izpildes posmos asinhronas datu apstrades sisteémas
pielava tikai datu pirmapstradi un ierobezotu datu apjoma uzkrasanu. Tapéc lidztekus
sisttmas veiktspgjas palielinasanai ir aktuala tada apstradato datu parsiitiSanas uz
centralo mezglu risinagjumu izvéle, kas biitiski nemainitu veiktsp&jas un energijas
patérina raditajus, vienlaikus panakot nepiecieSamo parraides atrumu.

3.1.1.Asinhronu datu apstrades sistémas veiktspéjas palielinasana
izmantojot 2 mikroprocesoru strukttiru

Apstrades sistemas veiktsp&jas palielinasanu ierobezo algoritma uzdevuma seciga

izpilde, t.i., uzdevumu izpildes kopigais laiks, kas izteikts ar mikroprocesora (uP)
ciklu skaitu K. Izpildes laika samazinasanai algoritma izpilde tiek sadalita vairakos
uzdevumos péc sekojosiem kriterijiem: katrs uzdevums apstrada noteiktu algoritma
ietilpstosu procesu.
Algoritma pilnveidoSana notiek, sadalot vadibas un apstrades procesa izpildi 3
uzdevumos. Uzdevumu skaitu nosaka algoritma ietilpstoSie apakSprocesi: ieejas
signala atsekoSana, laika vertibas fiks€Sana un nakosa etalonlimenu veértibu aprékins.
SadaliSana uzdevumos notiek ta, ka jebkura uzdevuma uzsakSana nesaistas ar
nosacijumiem, kurus izstrada ieprieks§€jais uzdevums. Pirmais uzdevums ietver ieejas
signala atsekosanu, kas ieklauj komparatora izeju vertibu apstradi. Otrais uzdevums
ietver laika vertibu fiks€Sanu un to saglabaSanu turpmakai apstradei. TreSais
uzdevums ietver nakama etalonlimenu veértibu aprékinu un to parsitiSanu uz
etalonlimenu avotu. Katra minéta uzdevuma izpilde patéré noteiktu laiku. Pienemsim,
ka C ir ieejas signala atsekoSanas uzdevuma izpildes laiks, M ir laika vertibu
fiks€Sanas un to saglabasanas uzdevuma izpildes laiks un R ir etalonlimenu veértibu
aprékinu un to parsiitiSanu uzdevuma izpildes laiks. Uzdevumu izpildes kopigais laiks
viena mikroprocesora gadijuma, kas izteikts ar mikroprocesora (uP) ciklu skaitu, ir:

K, =C+R+M,

kur K, ir pP ciklu skaits, kas tiek pateréts uzdevuma veikSanai. Jaatzimé, ka

mérktiecigi ir izmantot asinhrona datu apstrades sistéma divus pP, kur viens pP
izpilda ieejas signala atsekoSanas uzdevumu, etalonlimenu vértibas aprékina un
parsiitiSanas uzdevumu, bet otrs - laika vértibu fikséSanas un to saglabasanas
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uzdevumu, jo ieejas signala atsekoSanas uzdevumu un etalonlimenu vértibas aprékina
un tas parsitisanas uzdevumi. Uzdevumu izpildes kopigais laiks, kas izteikts ar puP
ciklu skaitu, biis:
Ky =max[(C +R);(C+M)]

K, samazinasana ir iespgjama samazinot atseviSsko uzdevumu izpildes laikus. To
panak, optimiz€jot asinhronas datu apstrades sist€mas shému risinajumus. Pielietotais
Itmenskersojuma metodes realizacijas algoritms izmanto nelielu etalonlimenu skaitu
N =7-+15, kas lauj vienkarSot etalonlimenu vértibas aprékina un parsiitiSanas
uzdevumu, izmainot sh€émas risinajumu. To paveic izmainot zim.l. att€loto ieejas
signala atsekoSanas ierici. leejas signala atsekoSanai ir nepiecieSamas vismaz 2

X(t)

+

Izeja

Etalonlimenu | Vref
avots

Zim. 3.1. leejas signala atsekoSanas ierice

Sadas ierices, viena no tam atseko ieejas signalu X(¢) attieciba pret apaksgjo
etalonlimena veértibu V.s =7, , bet otra atseko ieejas signalu attieciba pret augsejo

ctalonlimepa veértibu V. =r". lecjas signala vertibu nolasa no iericés ieejoSo
komparatoru izejam ka 2 bitu kodu, kas paradits tabula 3.1.

Tabula 3.1
N.p.k. Ieejas signals Komparators Komparators
1 2

1. Nav sasniedzis etalonlimeni 0 0
r,

2. Atrodas starp etalonlimeniem 1 0
r;ooun r

3. Parsniedzis etalonlimeni 7, 1 1

Komparatoru izejam ir iesp&jami 3 stavokli. Stavoklis, kad ieejas signala vertiba
atrodas starp etalonlimepiem », un r, , atbilst binaram kodam “10” — komparatora
un 2 izeju vertibas atSkiras. Tas lauj izmantot ieejas signala analizei pazimi
F, =K, &K, ,

kur K, un K, ir komparatoru izejas vertibas, samazinot analiz€jamo bitu skaitu.

Lidz S§im visparpienemtais etalonlimena sh&mas risinajums izmantoja
ciparanalogo parveidotaju (CAP), kas lauj iegtt 2"etalonlimena vertibas atbilstosi
CAP ierakstitajam n - bitu kodam. Tads CAP dod vismaz 10-kartigu etalonlimena

vertibu skaita redundanci, vienlaikus sareZgijot etalonlimenu vértibas aprékina un tas
parsiitiSanas uzdevumu. VienkarSota CAP risinagjuma izmanto zim. 2. att€loto shému,
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kas lauj generét nelielu etalonlimenu skaitu N =7-+15, kur etalonlimenu izvéle
notiek ar koda palidzibu. Tas lauj uzdevuma izpildes programma aizvietot vairakas
mikroprocesora aritmétiskas un parsiitiSanas komandas ar vienu parsitiSanas

komandu.
CT2 Adrese Mux Vo
Te
Veértibas
N
stabila
sprieguma
dalitaji

Zim. 3.2. VienkarSota etalonlimena avota shéma

Vienkarsota etalonlimena avota shéma iegust etalonlimeni no stabila sprieguma
dalitaju veértibam izmantojot binaro skaititaju CT2 vai registru un analogo
multipleksoru Mux. Sprieguma dalitaju vertibu skaits nosaka iesp&jamo Vs skaitu,
ko var izmantot ieejas signala atsekoSanai. Binara skaititaja CT2 ieeju vada
mikroprocesora izeja. CT2 vai registra izejas koda vertiba uzdod adresi, t.i., izvélas,
ko no Mux ieeja padotajam veértibam padot Mux izeja.

3.1.2.Asinhronu datu apstrades sistémas veiktspéjas palielinasana
izmantojot daudzmikroprocesoru struktiru

Vienkarsakais risindjums ir seciga visa algoritma izpilde, kas ietver visu
uzdevumu izpildi, uz viena mikroprocesora. lerobezoti viena mikroprocesora resursi
un veiktspgja ierobezo parveidojama ieejas signalu frekvenci, kas neparsniedz paris
kHz. Veicot algoritma sadaliSanu vairakos uzdevumos, kuru izpilde parklajas,
vienkarSojot etalonlimena avota shému un izmantojot parklajosos uzdevumu izpildei
divus mikroprocesorus, parveidojama ieejas signala frekvenci var palielinat Iidz 8
kHz etalonlimenu skaitam N =7 .

Vairakkartiga nolasama ieejas signala frekvences palielinasana ir iesp&jama
N mikroprocesoru gadijuma, kur N ir etalonlimenu skaits, visparinot ieprieks
apskatito divu mikroprocesoru sist€mas risindjumu. Tad atbilsto§i Amdala likumam
ieglistamais algoritma izpildes paatrinajums Sy =% , kur N ir procesoru skaits, 71
ir seciga algoritma izpildes laiks, bet 7v ir paral€la algoritma izpildes laiks ar N
procesoriem.  Maksimalais paral€lisms tiek sasniegts izmantojot ieejas signala
atsekosanai N mikroprocesorus, jo tad katram mikroprocesoram ir tikai 2
etalonlimeni, kas nemainas. Uzdevumu izpildes kopigais laiks, kas izteikts ar uP ciklu
skaitu, bis:

C+M
Kp = T

Izmantojot katram mikroprocesoram tikai 2 etalonlimenus, nav nepiecieSama
veikt to izmainas kas skaititaja dod R =0, jo etalonlimenu vertibu aprékins un
parsiitiSana izpaliek. N procesoru risindgjuma gadijuma ieejas signala vertibai atbilst
komparatoru izeju veértiba 2 N biti. [zmantojot 11dzigi ka ieprieks binaru operaciju @
starp N sekojoSiem bitu pariem, ieglistam N - bitu unitaru kodu. So kodu var saspiest
aizvietojot to ar binaru kodu, kura garums ir k =log:N . S1 binara koda vértiba uzdod

ta procesora adresi k, starp kura etalonlimenpiem », un 7, atrodas ieejas signala

vertiba. Ja k=0, tad uzskata, ka ieejas signala nav, jo ieejas signala vértiba
nesasniedz vismazaka etalonlimena veértibu.
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Laika me@riSana notiek, fiks€jot taimera vertibu, ja mainas komparatoru izeju koda
vertiba salidzinot ar ieprieksgjo vertibu. Pielietojot vienam mikroprocesoram
izmantoto laika vertibu fiks€Sanas un to saglabaSanas uzdevuma algoritmu ir
nepiecieSama vienota laika baze, kas nozimé, ka ir nepiecieSams kopigs takts
generators visiem N mikroprocesoriem. Ja pielieto divu mikroprocesora sistéma
izmantoto laika vertibu fikséSanas un to saglabasanas uzdevuma algoritmu, tad
papildus N mikroprocesoriem izmanto vél papildus mikroprocesoru laika vértibu
fikse$anai un to saglabasanai. Sim mikroprocesoram ir paaugstinatas veiktsp&jas un
datu atminas apjoma prasibas.

Izmantojot N +1 mikroprocesoru sisttmu, un pienemot, ka laika vertibu
fikséSanas un to saglabasanas mikroprocesors spgj apstradat visus pieprasijumus,
sistémas veiktsp&ju ierobezos izmantoto komparatoru atrdarbiba. Ka iepriek§ minéts
N vertiba ir saistita ar etalonlimenu skaitu. Ja etalonlimenu skaits ir 7, tad ar1
mikroprocesoru skaits sistema biis 7 +1.

Lidztekus veiktsp&jas pieaugumam, ko nodroSina sistémas uzdevumu paralela
izpilde, sisttma veic arl1 komparatoru vertibu izmainas, tas parprogrammeéjot.
Etalonspriegumu vértibu programmésana var notikt divejadi: 1) izmainot
mikroprocesora logisko adresi sistéma; 2) mikroprocesoram izmainot komparatoru
vertibu péc komandas sanemSanas no centrala mikroprocesora.

3.1.3.Datu parraides uz centralo mezglu datu pilnveidoSana

Ierobezotie sist€mas resursi lauj veikt tikai datu pirmapstradi un uzkrat ierobezotu
datu apjomu. Tapéc aktuala ir tada apstradato datu parsitiSanas uz centralo mezglu
risindjuma izvéele, kas biitiski nemainitu veiktsp&jas un energijas patérina raditajus,
vienlaikus panakot nepiecieSamo parraides atrumu. ArT daudzmikroprocesoru sistéma
ir nepiecieSams nodroSinat sistémas sastavdalas ar atbilstoSiem ievadizvades
kanaliem. Pamata So kanalu 1pasibas nosaka izvéleta saskarne. ~ Izmantojamo
mikroprocesoru izvadu un jaudas pat€rina ierobezojumi nosaka iesp&jamo saskarnu
izveli. levadizvades kanalu organiz€Sanai var izmantot vadu vai bezvadu risinajumu.
Vadu risinajumam vairums MSP430 saimes mikroprocesoru piedava RS-232, SPI vai
I2C saskarni. RS-232 saskarni ir iesp&jams parveidot uz USB saskarni. [?°C saskarnes
galvenais trukums ir ierobezota taktsfrekvence lidz 400 kHz. SPI saskarne nodroSina
pienacigu parraides atrumu, bet ta ir vairak piemérota datu parraidei uz spiestas
plates. Vadu risinajumu kopgjais trilkums ir mehaniskais savienojums, kas ierobezo
savienoto objektu izvietojumu vai parvietoSanu. Vadu risinajumu pielieto galvenokart
lokalu objektu savietoSanai.

Daudz vienkarsak ir pielietot bezvadu risinadjumus, kas strada 2.4 GHz frekvencu
diapazona, jo tie ir izmantojami gatavi risinajumi ievadizvades kanalu organizgSanai.
Iespgjams izmantot ar1 citus frekvencu diapazonus, tacu tiem ir nepiecieSama
saskanoSana ar frekvencu diapazonus parraugoSo iestadi. Universala pielietojuma
gadljuma ir jaizmanto risindjumi, kas balstas uz standartu IEEE 802.15.4, ka
pieméram, ZigBee, kas pielauj dazadu razotaju iekartu savienoSanu. IzvEloties
mazaku nepiecieSamo atminas apjomu un izmantojamo radiokanalu diapazonu,
atseviskos gadijumos var biit izdevigi izmantot specifiskus bezvadu tikla risinajumus
ka Texas Instruments protokolu SimpliciTI™ . Ka paradits 3.1. tabula $1 protokola
pielietoSana neizvirza specialas prasibas izmantojamiem radio Cipiem un
mikroprocesoriem. Tas atlauj sekmigi izmantot $a protokola realizacijai MSP430x2xx
saimes mikroprocesorus ar nelielu izvadu skaitu, mazaku programmas un datu atminu.
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Tabula 3.2. Universala un specializéta bezvadu sakaru protokola programmatiiras
salidzinajums

Protokola programmatiira ~ SimpliciT[™ ZigBee

Tikla ipasibas:

Rezga tikls nav ir

Mezglu skaits No 2 Iidz 30 No 2 lidz simtiem
Savienojumi  “divpunkts” ir ir

un “zvaigzne”

Aparatiira un

programmatira:

Aparatiira Jebkur§ MSP430 un CC MSP4302418 un
raiduztvergjs vai 8051 SoC  CC2420/CC2430

Frekvence un modulacija ~ Jebkur§ TI radio IEEE 802.15.4 DSSS,

2.4 GHz
Objektkods Briva lejupielade Briva lejupielade
Pirmkods Briva lejupielade Nav nepiecieSams

Transléta koda  izmeérs ~4 Kbaiti atkariba no ~50-60 Kbaiti atkariba

MSP430 konfiguracijas no konfiguracijas
Savietojamiba ar citam nav iesp&jama
iekartam

Kriptesana Ir 128 bitu AES Ir 128 bitu AES

Tehnisko iesp&ju realizacijas parbaudei tika izmantoti risindjumi Tmote Sky, kas
ir lidzigs ZigBee un uz SimpliciTI™ balstita eZ430-RF2500 attistiSanas rika
mérkplate.

Tmote modulu parbaudei tika izmantots cygwin izplatiSanas modulis Boomerang,
kas nak kopa ar Moteiv's TinyOS-1.x un Java. To var instalét uz datora ar
operétajsistemu Windows XP bet ne uz datora ar operétajsistemu Windows Vista.

Tmote modulu parbaude notika, izmantojot programmatiiru, kas ietilpst cygwin
izplatiSanas moduli Boomerang: programmas Count, Delta un Osciloscope. Count ir
sakotngji ieladeéts Tmote atmina un, pieslédzot baroSanu, skaita un veic skaititaja
vertibas parraidi, ieslédzot dazadu krasu gaismas diodes.

Delta un Osciloskope programmas ieraksta Tmote caur USB no datora. Atbilstosi
uz datora atrodas lietojumprogrammas 7Trawler un Oscope, kas pienem un vizualizg
Delta un Osciloskope programmu atsiititos datus. Trawler pienem datus no Tmote
bazes stacijas ar programmu Delta. Oscope pienem datus no Tmote bazes stacijas ar
programmu Osciloskope. Programma Delta vizuali demonstré rezga (mesh) tiklu,
kura mezgli parraida vienu sensora nolasitu vertibu. Programma Osciloskope vizuali
demonstré sadarbibu starp bazes staciju un vienu tikla mezglu, nosiitot visas viena
mezgla sensoru izméeritas vertibas.
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Zim.3. parbauditais Tmote Sky sensoru tikls satur 4 Tmote Sky ierices, t.i., bazes
mezgls un 3 tikla mezgli. Bazes mezgls pieslégts datora USB portam.

DATORS

Zim. 3. Tmote Sky modulu slegums

Alternativs risinagjums ir SimpliciTI™ ir maza pateripa RF protokols domats
vienkarSiem, maziem RF tikliem. Ta ir atvérta koda programmatiira pielietojama TI
RF platformam, kas satur MSP430 mikroprocesoru un raiduztvérgju
CCIXXX/CC25XX.

Cina antena

USB spraudnis

Zim. 4. eZ430-RF2500 attistiSanas rika merkplate

Zim.4. attelota eZ430-RF2500 mérkplate ir bezvadu sistema, kas piesledzama
izmantojot USB saskarni, vai izmantojama ka atseviSka ierice ar vai bez argjiem
sensoriem. Ta sastav no 2 dalam. Viena dala ar USB spraudni pieslédzama datoram,
bet otra satur raiduztvergja un antenas Cipus. Otra plate ir eZ430-RF2500T attistiSanas
rika baterijas plate. To izmanto ka autonomu ierici. SimpliciTI™ protokols tika
parbaudits izmantojot abas attistiSanas rika mérkplates un Sensor Monitor Visualizer
programmu. Dota protokola versija lauj pieslégt ne vairak ka 8 ierices.
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3.1.4. Asinhronas datu apstrades daudzmikroprocesoru sistémas
ar paaugstinatu veiktspéju makets

Asinhronu datu apstrades sist€émas veiktsp€jas palielinaSanas iespeju izpétei tika
izveidots daudzmikroprocesoru sistémas makets, kas att€lots zim. 5. Tas izmanto
septinus €Z430-RF2500T mikroprocesorus MSP430F2274. Katram mikroprocesoram
ir 2 komparatori, kuru izejas ir pievienotas P1 un P4 portiem. Katram mikroprocesora
komparatoram ir pieslégta ieprogramméta etalonlimenu vértiba, kas tiek noteikta,
ierakstot komparatora registra noteiktu konstantes vertibu.

Tabula 3.3. Ieprogrammeétas etalonlimenu vértibas

N.p.k. Konstantes vértiba + pazime Etalonlimenu
vertiba V
1. 7/16+1 0,2
2. 6/16+1 0,5
3. 5/16+1 0,7
4. 4/16+1 0,9
5. 3/16+1 1,4
6. 2/16+1 1,8
7. 2/16+0 1,9
8. 3/16+0 2,3

Dotajam maketam tika ieprogrammeétas sekojoSas etalonlimenu vértibas, kas
paraditas tabula 3. Mikroprocesoru programmeésanai tika izmantota zim. 4. att€lota
eZ430-RF2500 attistiSanas rika mérkplate. Programmu izstrade tika veikta ar Texas
Instruments integréto izstrades vides IAR versiju 4.11. Programmu lagoSanai izmanto
JTAG saskarni. Dotaja izpildijuma katram mikroprocesoram ir ieprogramméta
komparatora etalonlimena vertiba. Tika izstradats un parbaudits programmas variants,
kas lauj mikroprocesoram pasam izvéleties etalonlimena vértibu atkariba no
mikroprocesora adreses. Pieméram, 7 mikroprocesoru gadijuma adreses kods ir 3 biti.
Tas var biit but fikséts (salod€ts) vai mainams ar komandas kodu no centrala
mikroprocesora.
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Zim. 3.5. Procesoru MSP430F2274 daudzmikroprocesoru sist€mas makets

Pé&c mikroprocesoru programméesanas procesoru plates tiek pieslégtas
baroSanai un uz komparatoru ieejam tiek padots ieejas signals. Lidzigi ka
etalonlimenu veértibas ar1 komparatoru aizkaves tiek programmeétas. Pirmie
mérfjumi pie maksimalas komparatoru aizkaves paradija, ka ieejas signala
frekvenci 7 mikroprocesoru gadijuma var palielinat Iidz 20 kHz.

[1] A. Baums, U. Greitans, U. Grunde Level-crossing sampling using

microprocessor based system, // ICSES 2008, Krakov , pp 20- 26.
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3.2. Energijas patérina minimizésanas probléma asinhronu
datu apstrades sistémas.

Viena no asinhrono datu apstrades sisttmu galvenajam pozitivajam ipatnibam ir
energijas patérina minimizéSana, automatiski parejot stavoklos ,, idle ” vai “’sleep’’
laika sprizos, kuros nenotiek informacijas apstrade, ka ari regulgjot frekvenci un
spriegumu [ 2].

Petfjumos izmantotajiem MSP430 saimes mikroprocesoriem raksturigs loti
mazs energijas patérin, kas aktivaja rezima ir ~0,2mA/MHz. Tomér turpmakaja
darba tiek planota pareja uz jauno MSP430x5xx mikroprocesoru saimi ar regul&jamu
energijas patérinu, ar programmu regul&jot mikroprocesora kodola barosanas
spriegumu Vcore - lesp&jamas 4 Veore Vertibas, kas lauj mikroprocesoram stradat ar
4 dazadam taktsgeneratora frekvencém 12, 16, 20 un 25MHz. Vcorg baro
mikroprocesora atminu un digitalo dalu. Ievadizvade un analoga dala ir pieslégta
baroSanas pamatspriegumam DVce, no kura formé spriegumu  Vcore - Divu bitu
registrs PMMCOREV[1:0] nosaka iesp&jamo Vcorg  vertibu. Paredzams, ka
MSP430x5xx mikroprocesori biis pieejami 2008. gada beigas, kas laus praktiski
pielietot izstradatos energijas patérinu vadibas principus.

[2] A. Baymc , H. 3a3n06a DHepreTudeckas ONTUMHU3AINS BCTPAUBAEMBIX CUCTEM
peaybHOTO BpeMeHH | uX agantuBHOCTH // ABT 2008 N3, c. 59-73.
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3.3.Signalam sekojoss Send-on-Delta parveidotajs

3.3.1. Pirmais risinajums - “lidojosais kondensators”

Sisteémas centralais mezgls ir tris kondensatori, kurus ar tranzistoru slédzu palidzibu var parslégt
vairakos rezimos. Principiala shéma $adam parveidotajam dota3.3. 1. zim&juma.

Signal [ —s

:\:V_ref .
- _ Sighial Up
e W

vk
Ly
T

|
ReCharge Fly Output

Ziméjums 3.3 1. Pirmais risindjums SoD parveidotajam ar triju
kondensatoru slegumu.

3.3.2. Kondensatoru sleguma darbiba

Divi kondensatori C_Hun C_ L var tikt pieslégti pie ienakosa signala, kas ir buferéts ar diviem
operacionalajiem pastiprinatajiem. TreSais kondensators C_F var tikt pieslégts vai nu pie atbalsta
sprieguma avota V_ref, vai arl pie abiem pirmajiem kondesatoriem, efektivi izveidojot izoletu
virknes slégumu. Par tadu virknes slegumu to var uzskatit tikai tad, ja pienem, ka par€jo pieslégto
elementu pretestibas ir loti lielas un tajos plustosas stravas ir pietickami mazas, lai neiespaidotu
kondensatoru slégumu. Praktiskai realizacijai ir nepiecieSami tranzistoru slédzi ar augstu pretestibu
aizverta stavokli, ka ar1 augstomigas komparatoru ieejas. Abie Sie nosacijumi ir izpildami, tomer ir
saistiti ar kompromisu attieciba pret atrdarbibu.

I

:EL

Ziméjums 3.3.2: Abu atbalsta sprieguma kondensatoru
un limenu nobides kondensdtora vienkarsots slegums.

Kondensatoros notiekoSos procesus var sadalit divos galvenajos ciklos un parejas posmos starp
tiem. Vienkarsota triju kondensatoru sléguma shéma dota3.3. 2. Zzim&juma. Pirms analiz€t procesus
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katra galvenaja cikla, janoverté sleguma pamatipasibas:

® ka izriet no sléguma, strava I caur visiem kondensatoriem ir vienada, Iidz ar to jebkura bridi
ladina izmainas visos trijos bis vienadas:
AQ
[ .=].=]. =]=—"%
c,” tc,—1c, A7
® kad slégums ir lidzsvara, strava nepliist un noslégtas k€des summarais ladins$
2.0=0,
® visi tris kondensatori ir vienadi, kas ir izv€leéts papildus nosacijums lai atvieglotu praktisko
realizaciju.
Nemot augstakminéto veéra, var apskatit abus darbibas ciklus:
1. Kondensatoru uzlade. Kondensators C_F ir pievienots pie V_ref un kondensatori C_H un
C L ir pievienoti pie ieejas signala. (Sim ciklam atbilsto§ie apzim&jumi ir ar indeksu 1.)
Tagad ir speka:
® Up=Uyy un Qp=U,*xC ;
o U,=U,=Ug,, unparalela sleguma veidotas keédes summarais ladins
Z 0=0,,—0,,=0 ,jo abi ladini izkompensgjas un strava neplast.
2. Nobides sprieguma izveide. Kondensators C_F ir pievienots starp C_Hun C L pozitivajiem
izvadiem, ka tas ir att€lots 3.3. 2. zZim&uma. Tagad, iestajoties lidzsvaram, bus speka:
° Up=Up=Up,
® ZQ:QL2+QF2_QH2:0
Izmantojot to, ka ladina izmainas A Q ir vienadas, var parrakstit pedgjo izteiksmi $adi:
(01=A0)+(0r=AQ)=(04,+A0)=0 , un péc pargrupgsanas iegit:
(Q1=0m)+H(Qp=3%xA0)=0 .

Pirmas ickavas, atbilstosi 1. cikla situacijai ir vienadas ar 0, un tadgjadi arT otras iekavas ir vienadas
ar 0, kas lauj atrast ladina izmainu:

QFI

A Q:T un attiecigi atbalsta kondensatoros C_Hun C_L uzstadito sprieguma nobidi no
signala vertibas:

ay="r

Péc lidzsvara iestaSanas otraja cikla kondensatoru C _F atvieno no kondensatoriem C Hun C L.
Tagad komparatoriem ir pievaditi nepiecieSamie sprieguma Itmeni, lai detekt&tu ieejas signala
izmainu par vértibu *+A U . Kad ir notikusi limena SkérsoSana, sist€éma atgriezas pie pirma cikla
1zpildes.

3.3.3. Parveidotaja kopshéma un vadibas signali

Parveidotaja kondensatoru sleguma darbibu kontrol€ vadibas signali, kuriem ir javeic $adi
uzdevumi:

® parejas procesu laika janodroSina trauc&jumu neesamiba parveidotaja izeja,

® péc limena Sk&rsosanas notikuma detekcijas javeic kondensatoru jauna uzlade un jagaida
nakamais Itmena Skérsosanas notikums,
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® janodrosina kondensatoru parslégsana bez parklasanas,

® janodrosina pietiekami laika posmi parejas procesu norimsanai kondensatoros.

Single Channel
Output OFF |-|

>| ReCharge ON |->| ReCharge 0FF|->| FlyC )-\.{ Output ON
L evel

Changed

Uzskaititos uzdevumus var attélot grafiski ka darbibas ciklu diagrammu, kas redzama 3. zZzim&uma.

Wait
Level
Changes

Zimeéjums 3.3.3: “Lidojosa kondensatora’ parveidotdja
darbibas ciklu diagramma.

Nemot véra parveidotaja darbibai nepiecieSamos nosacijumus, ir izveidots simulaciju Iimeni stradat

sp&jigs parveidotaja modelis, kas bez 3.3.1. zZim&uma att€lotas principialas shémas satur
nepiecieSamos vadibas signalu form&sanas blokus. S1 parveidotaja kopshéma ir dota 4. zim&juma.
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Zimejums 4. Stradatspéjiga "lidojosd kondensatora" Send-on-Delta parveidotdja principiald
shema.

ZoEsing

nobides sprieguma izveidei, t.i. iepriek§ aprakstitajiem abiem galvenajiem cikliem. So vadibas
signalu laika diagramma attélota 3.3. 5. zim&juma.

ReZharge
ApphDalia

Divi D-trigeri U6 un U7 (sk.3.3. 4. zim.) veic laika posmu form&Sanu kondensatoru uzladei un

| |

| L |
| | [] |
1 15 2

Time/uSecs

258

|

|

L]

25 a2

Ziméjums 5: Kondensatoru sleguma vadibas signalu laika diagramma.

B00nSeczidiv

Ka redzams no laika diagrammas, tad Iimena Sk&rsosanas notikums liek parveidotajam formét izejas
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signalu Crossing, kas ir noteikta garuma impulss. Paraléli tam tiek atsaistita komparatoru izeja no
pargjas shémas (kas gan nav att€lots laika diagramma), un veikta vispirms kondensatoru uzlade (1.
cikls) un, péc nelielas atstarpites, nobides sprieguma izveide (2. cikls). P&c tam sistema aktivize
komparatoru izejas un gaida nakamo notikumu.

3.3.4. Parveidotaja darbiba un sistematiskas k|udas

P&c ieslégsanas parejas procesu rimsanas tiek atblok@ta parveidotaja ieeja un izejas un tiek veikta
pirma atbalsta kondensatoru uzlade. P&éc tas sist€éma ir gatava darbam, t.i. Iimena Skérsojuma uz
augSu vai apakSu detekteSanai. Parveidotaja darbibu ilustré 3.3.6. zimgums, kurd redzams
sinusoidals ieejas signals, ap kuru ir sakartotas taisnstira formas kastites, kas rada uzstaditos
Iimenus un to Skersojuma momenta tiek noraidits signals “Sig-Up” vai “Sig-Down” attiecigi
Skérsojuma uz augsSu vai uz leju gadijuma.

Sig-Dowe | | I O A |

S8 L | | | | | |
.
:

|1 =

S

O J_n =

L
LA N
i

. kg i
L Pl
_, N 7
i
N i

e [T A

u] 05 1 15 25 25 4 4.5

=
L

Tima/mSacs BO0uSecz/div

Ziméjums3.3. 6. Parveidotdja darbibas ieejas un izejas signalu laika diagramma.
leejas signalu apklauj skérsojamo limenu veidotas kastites.

Tada veida tiek form&ta impulsu virkne divos kanalos, kas kopa veido izejas datus. To biezums ir
proporcionals signala vertibas izmainas straujumam. Sadam signala parveidotajam piemit sekojosas
pasibas:

® signals tiek kod&ts ar impulsiem — informaciju nes impulsu izvietojums laika;
ja signalam piemit izmainas mazakas par =AU (piem. troksnis), tad tas netiek noraiditas;
izejas impulsa polaritatei var atbilst signala izmainas virziens;

signalam ir jaieklaujas frekvendu josla /€[ f i fmal , kura tiks tuvak apskatita zemak;

signala absoliita amplittida principa nav ierobezota, tom&r praktiskai realizacijai pieejamas
tehnologijas ierobezo maksimalo amplitidu dazu voltu diapazona (to visvairak nosaka
kondensatoru noplides stravas);

® Iimena liclums *AU iruzstadams un zinams, bet netiek parraidits;

49



® mainsprieguma signalam ar % =0 Iimenu nobides abos virzienos kompenséjas.

P&edgja 1pasiba ir butiska $ada parveidotaja ilgstosai pielietosanai. Ta ka katra parveidotaja nostrades
reiz€ uzstaditie jaunie lItmeni ir balstiti uz momentano signala vertibu 1si péc ieprieksgja limena
Skersosanas notikuma, tad rodas neliela uzstadito ItTmenu nobide proporcionali signala izmainu
straujumam, ka tas ilustréts 3.3.7. zZim&juma. Citiem vardiem sakot — péc piem. n limenu
Skérsojumiem uz augsu uzstaditie Iimeni atSkirsies no n*xAU

35117970 36556830
4 BB AT

1
|
Sig | | | | i 1B | I

< B ENE - /
1

Sa-B | | | |

m

I
I
|
I
430 L
! / 282047m
|
I
|

4 /.
______________ = == == - - - —-TtT- - -~ - —-%-———— 427 1173m

335 340 345 350 358 360 i)
TimeluSecs SuSecsidiv

Ziméjums 7: Limenu skérsoSanas notikuma tuvplans. Parveidotaja modelis ilustré
ievestas kliidas laika un véertibas doménos.

Parveidotaja sistematiskajam kliidam ir divi galvenie avoti — komparatoru nostradei nepiecieSamais
slieksnis un Iimena Skérsojuma notikumam sekojosa kondensatoru uzlade nakama notikuma
gaidiSanai.

Ka redzams 3.3.7. zim&uma dotaja grafika, no briza kad ieejas signals (sarkana linija) Skerso
augs¢jo Itmeni (okera linija) 11dz bridim kad sisteéma ir atkal gaidiSanas rezima paiet nepilnas 4,5 ps.
Izejas signals “Sig-Up” paradas pec 3,5 ps. Tas ir atkarigs no ieejas signala izmainu straujuma, t.i.
sarkanas Iinijas stavuma un komparatoru histerézes licluma. Jo lielaka biis histeréze un jo mazaks
biis signila stavums, jo ilgaku laiku péc patiesas limenu $kérsoSanas aizkavésies izejas signals. So
sakaribu aptuveni var novertét péc sadas formulas:

UH[ST

aizkaves laiks tDEL:m )

kur U st - komparatoru histerézes lielums,

AU/IAt -tuvinats signala atvasindjums $kérsojuma vieta.

No grafika arT redzams, ka péc komparatoru nostrades sekojosa kondesatoru kart€ja uzlade notiek
salidzinosi atri, t.i. < 1 mikrosekundg. Sis laiks ir atkarigs no sistémas darbibas parametriem, bet ir
nemainigs pasas darbibas laika un uzliek fiksetu ierobezojumu parveidotaja atrdarbibai.

Abu augstak aprakstito aizkavju rezultata jauno Skérsojamo Iimenu uzstadiSana notiek laicinu péc
ieprieks€ja Itmena SkersoSanas, bet balstas uz ieejas signala aktualo veértibu, kura, ka redzams
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grafika, ir izmainijusies par nedaudz vairak ka U . Lai arf §ada limenu nobidiSanas var $kist
loti traucg€josa, faktiski maigsprieguma signaliem ta kompensgjas un ievie§ prognoz€jami nelielu
parveidota signala kroplojumu. Ja to tomér ir nepiecieSams samazinat, tad tas ir veicams nemot
vera, ka So limenu nobidi pamata nosaka komparatoru histerézes lielums, bet signala stavuma
izmainas to ietekmé€ salidzino$i nedaudz.

Pirms novertét parveidojama signala frekvencu joslu, jaatzimé apskatita sistémas modela
specifiskas 1pasibas. Vairaki sh€mas elementi ir simul€ti ka tuvinati ideali, tacu praktiska realizacija
to parametri ar lielu varbiitibu bus sliktaki, tadéjadi negativi ietekmgjot reala prototipa sniegumu.
Bitiskakie elementi un parametri ir $adi:

® Tranzistoru sledZi. Simulacija tika izmantotas lielas pretestibas vertibas aizverta un mazas —
atverta stavokli. Praksé $adus slédZzus izgatavot ir sarezgiti, bet tadi tiek izmantoti komerciali
pieejamos ACP un parslédzama kondensatora filtros. It Tpasi problémas var radit parak liela
pretestiba atverta stavokli (~ 1 kQ), kas palénina kondensatoru uzladi un traucg atrdarbibai.

® Kondensatori. Problémas var radit ne tikai $adu kondensatoru tolerances mikroshemu
izpildijuma, bet jo seviski to nopliides stravas. Izmantojot mazas kapacitates ar augstvertigu
dielektrika materialu ir iesp&jams iegiit Sadam parveidotajam pietickami mazas noplides
stravas (< 10° A/em?).

® Komparatori. Ar modernam pusvaditaju tehnologijam ir iesp&jams radit augstas icejas
pretestibas (>> 1 GQ) lauktranzistorus, kas $aja gadijjuma ir svariga nepiecieSamiba.

Parveidotaja pielietojamo ieejas signala frekvencu apgabalu nosaka:

® No zemo frekvencu puses — laiks, cik ilgi kondensatoros saglabata 1adina izmainas ir
mazakas par izv€letu precizitates kriteriju. Ja ka gal&jo robezu pienem -3 dB parvades
koeficientu, kas ir aptuveni vienads ar 30 % limena samazinasanos, tad var aprékinat cik ilga
laika atbalsta spriegums bis tik daudz samazinajies, t.i. nopladis:

03*U0* CPLANE . . C .. . .
At~ 7] , kas pieejamas tehnologijas gadijuma ir =~ 3,3 ms.
UO

Tadgjadi zemaka parveidojama frekvence ./ ™ 2% A7 ~ 150 Hz.

® No augsto frekvencu puses — laiks, kura tiek uzstadits jaunais Iimenis péc Ské€rsoSanas
notikuma. ST aizkave ieviesis gan amplitiidas, gan fazes izmainas, tade] tai ir griitak
piekartot kvantitativu krit€riju. Aptuvens novert€jums ir tads, ka Sai aizkavei nevajadzetu
parsniegt 10 dalu no sinusoidala signala perioda. Tada gadijuma maksimala frekvence ir:

f

max ™ WN 100 kHz ar $aja modelt izmantotajiem vadibas signalu garumiem.
Sada ~ 3 kartas plata signala josla ir jau pienemams raditajs, un, ka tiks paradits nakamaja nodala,
to ir iesp&jams uzlabot.

No aprakstita var secinat, ka $ada parveidotaja atrdarbibu var uzlabot samazinot komparatoru
histerézi, ka ar1 atrak veicot kondensatoru uzlades péc limenu skérsojuma notikuma. Pirmo faktoru
var samazinat vairak neka tipiskos komparatoru slégumos biitu pielaujams, jo tiklidz ir notikusi
limena Ské€rsoSana, komparatoru izejas tiek atslégtas un signala fluktuacija pret€ja virziena vairs
neko neietekm@. Ari komparatoram pieliktais atbalsta limenis tiek mainits uz nakamo, tadgjadi
nestabilitates problémas un oscilacijas tiek liela méra padaritas neiesp&jamas. Vienigais nosacijums
kam ir jabiit nodroSinatam ir tas, ka komparatora izeja jaunaja stavokli noturésies vismaz tik ilgi,
cik ir nepiecieSams, lai ciparu logika atslégtu komparatora izeju. Un modernu logikas elementu
gadijuma Sis laika spridis ir Joti mazin$ — zem 5 ns. Otru darbibas atrumu ierobezojoso faktoru art
var samazinat 1idz logikas elementu bazes maksimalajam iesp&jam veidojot savadaku parveidotaja
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struktiiru — it Tpasi tadu, kada ir aprakstita nakamaja nodala zim&juma.

3.3.5. Uzlaboti parveidotaja risinajumi

Iepriek$€ja nodala aprakstitais originala darbibas veida asinhronais Send-on-Delta parveidotajs
ilustr&ja Sadas pieejas iesp&jas un trikumus, kas mudinaja mekl&t iespgjamos risinajumus tam
piemitosajiem trikumiem un censties apzinat un izmantot visas tada risinajuma sniegtas potencialas
prieksrocibas. Saja nodala tiks apskatiti vairaki uzlaboti risinajumu varianti. Japiezimé, ka galvena
uzmaniba ir versta uz darbibas paatrinasanu augstaku frekvencu signalu parveidosanai. Zemaku
darba frekvencu sasniegSanai ir vai nu nepiecieSami 1pasi mazas nopliides stravas kondensatori un
ta ir materialzinatnes nevis elektronikas petijumu joma, vai ar1 speciali nopliides kompensacijas
triki, kas ir elektronikas “makslas” joma.

3.3.6. Paralelizets “lidojosa kondensatora” parveidotajs

Viens no veidiem ka paatrinat [éna mezgla darbibu ir izmantot divus identiskus mezglus, kuri
pamisus tiek parslégti starp diviem izpildamajiem stavokliem. Tada veida ir iesp&jams ieprieks
3.3.3. Zim&juma apskatito “lidojosa kondensatora” strikti sekvencialo darbibas diagrammu
parveidot paralelizéta darbibas diagramma, kada ir att€lota 3.3.8. zZimgjuma.

Channel 1

—>| CMP OFF |->| Follow ON |

Wait
Level
Changes

Qutput OFF

-|Fu||uw0FF|->| FlyC |->| CMPONl-

Channel 2

’

Zimeéjums 3.3.8: Paralelizéta “lidojosa kondensatora’
parveidotdja darbibas ciklu diagramma.

Sada parveidotaja tiek nodalita atbalsta kondensatoru uzlade 1idz aktualajam ieejas signala limenim
un “lidojosa kondensatora” uzlade 1idz nobides spriegumam no limena $k&rsoSanas notikuma
gaidiSanas. Principiala shéma tadam parveidotajam dota 3.3. 9. zZim&juma — ka redzams,
nepiecieSamo elementu un vadibas signalu skaits ir palielinajies.
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Zimejums 3.3. 9: Paralelizéta “lidojosa kondensatora” parveidotaja principiala
shéma.

Uzlabojumi nes mazaku ieguvumu neka papildus sarezgitiba, jo joprojam darbibas atrumu ierobezo
lidojosa kondensatora izlade atbalsta kondensatoros.
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3.3.7. Paralelizéts parveidotajs ar imenu nobides pastiprinatajiem

Divi iepriek§ apskatitie parveidotaji balstijas uz “lidojosa kondensatora” darbibas principu. Sis
kondensators veica vienu konkrétu uzdevumu - izveidoja uz diviem citiem kondensatoriem
simetriski lielaku un mazaku spriegumu neka signila momentana vértiba. Sadu sprieguma nobidi ir
iespejams iegiit ar1 savadak — ar nobiditiem invert€joSiem pastiprinatajiem, pietam to var veikt
nepartraukti bez ipaSiem zudumiem. Send-on-Delta parveidotdja, kas izmanto S$adus nobides
pastiprinatajus un divus atbalsta kondensatoru parus, principiala shéma dota 3.3. 10. zim&juma.

Sigral D—ﬂ
i?i )

o pe [T ST o
L h Kl e K 4 Do
€L

+
h
. %—D Signal Down
4j—r‘

1

Hi=

I

i i 0
Follow 1 Follow 2 CHP 1 CMP 2 Output
Ziméjums 3.3.10: Principiald shema paralelizetam parveidotajam ar
limenu nobides pastiprinatajiem.
Ta ka limenu nobides pastiprinataji signalu invertg, ir nepiecieSams ari invertét pasu signalu pirms
tas tiek pievadits komparatoriem salidzinaSanai. Ar1 komparatoru ieejas ir japiesledz otradak.

Tads parveidotajs nav paklauts gaidiSanai uz kondensatoru uzladi, jo ta notiek paraléli ar gaidiSanu
uz limena Sk€rsojuma notikumu, ka tas ilustréts 3.3.11. zim&uma dotaja darbibas ciklu diagramma.

Channel 1

I CMP OFF |->| Follow ON |

Qutput OFF @

-| Follow OFF |->| CMP ON |-

Channel 2

Wait
Level
Changes

Output ON

Zimeéjums 3.3.11: Darbibas ciklu diagramma parveidotajam
ar limenu nobides pastiprinatajiem.

Lenakie cikli ir tranzistoru slédzu atvérSana un aizvérSana, kas, lai arT var tikt veikta krietni atrak
neka notick kondensatoru uzlades procesi, tomér ir salidzino$i 1énaka neka ciparu logikas darbibas.
Vel darbibas atrumu ierobezo nepiecieSamiba p&c komparatora pieslégSanas pagaidit kamer tas
nostabiliz€jas un tikai tad var atkal ieslégt ta izeju.

Uzlabojumi pret iepriek$gjo variantu jau ir bitiski, bet ieglita izpratne par dazadu darbibu atrumu
atskiribu, ka ar1 v€lme samazinat vadibas signalu skaitu noveda pie talakas parveidotaja
optimizacijas.
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3.3.8. Pilniba paralelizéts parveidotajs ar imenu nobides
pastiprinatajiem
Aizstajot lendarbigus elementus ar atrdarbigakiem elementiem cita shémas vieta, iesp&jams izveidot

3.3.12. zZimgjuma att€loto parveidotaju. Ka redzams, tas satur divus parus ar komparatoriem, kas
dod iesp€ju tos darbinat paral€li un parslégt to izejas ar ciparu logikas palidzibu.

j
Sigral [ —

] .
e j—r‘ i - Signal Down
- [ SECINEpS
1 — — T _L
° + _T_ L | — Signal Up
P L T I
— — + i
:Tl—_ -
[ 0] O 0
Follow 1 Followe 2 Output 1 Output 2

Ziméjums3.3. 12: Principiald shéema pilniba paralelizetam Send-on-Delta
parveidotajam.

Tadgjadi katra darbibas cikla, ka tas redzams 3.3.13. zZim&uma, ir tikai viens nosaciti [eéns solis —
sledza atverSana. Pec tam uzreiz var aktivizet jeb atlaut attiecigad komparatoru para izejas, jo tie ir
bijusi nepartraukta kontakta ar ieejas un atbalsta spriegumiem un tiem nav nepiecieSams
nostabilizéSanas laiks, ka tas ir iepriek$€ja varianta.

Channel 1
[
IOutputOFFH Follow ON ‘

Level I!':\ar.gl
Changed Changes
IFnuoworFI—p{ Output ON }

Channel 2

Ziméjums 3.3.13: Darbibas ciklu diagramma pilniba
paralelizétam Send-on-Delta parveidotdjam.

Sads parveidotajs satur minimalu skaitu izgatavo$ana komplic&tu elementu (kondensatori un
tranzistoru sl€dzi) un ir optimals risinajums augstas atrdarbibas parveidotaja realizacijai.
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Literatdra par mikroshému izstradi

Saraksts ar iesakamo (bet ne visos gadijumos pieejamo) literatiiru. Pirmas gramatas ir pieejamas
interneta bez maksas, par€jas — izvilkumu veida vai nemaz.
® H. Camenzind, Designing Analog Chips. Virtualbokworm.com Publishing, 2005.
http://www.designinganalogchips.com

® B. Van Zeghbroeck, Principles of Semiconductor Devices. 2007.
http://ece-www.colorado.edu/~bart/book/book/contents.htm

® P.R. Gray, et al., Analysis and Design of Analog Integrated Circuits. Wiley, 2001.

® P.G. Jespers, Integrated Converters: D to A and A to D Architectures, Analysis and
Simulation. Oxford University Press, 2001.

D. Jones, K. Martin, Analog Integrated Circuit Design. Wiley, 1996.
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4. Originalu signalapstrades panémienu iesaiste multimodalas
biometrijas, siltumstaru pielietojumu un elektroenergijas
parvades diagnosticéSanas jomas.

4.1.Siltumstaru pielietosana attalinatas vadibas sistémas.

Misu piedavatais komunikacijas panémiens ir alternativs citiem patreiz lietotiem,
kas var nodroSinat komandu noraidiSanu bezvadu veida Iidz vairaku desmitu metru
attalumam. Ir jauzsver, ka netiek apskatita datu parraide ar noteiktu datu parraides
atrumu, bet gan informacijas par atseviSku notikumu nosutiSanu, kas arT ir loti svariga
komunikaciju sastavdala dazadiem attalinatas vadibas uzdevumiem, piemé&ram,
“gudrajas majas”.

Misu piedavajums ir siltumstaru, ka nes€ja, izmantoSana informacijas parraidei.
Sada veida veiktai datu parraidei piemit vairakas interesantas iesp&jas, no kuram
jaizce] iespgja par signala avotu izmantot cilvéka kermena kustibu radito infrasarkano
starojumu. Viens no vairakiem praktiska pielietojuma piemeériem ir attalinatas vadibas
sist€ma, kas sp€j detektet [1dz astonam dazadam ar cilvéka rokas kustibu noraidamam
komandam. Saja gadijuma, atikiriba, pieméram, no TV tilvadibas pultim, nav
nepiecieSsama nekada elektroniska aparatiira infrasarkano staru signala noraidiSanai,
ka arT nav nepiecieSami nekadi papildus baroSanas avoti (baterijas, akumulatori).

Peétijumu rezultati par divu PIR sensoru attalinatas vadibas sist€émas izveidi ir
publicéti: R. Fuksis, M.Greitans, E. Hermanis ,,Motion analysis and remote control
system using pyroelectric infrared sensors” Electronics and Electrical Engineering,
No.6(86), 2008, pp.69-72, ka ari tie tika prezentéti divpadsmitaja starptautiskaja
konferencé “Electronics 2008, Lietuva, Vilpa. Prezentacija tika apbalvota ar IEEE
Lietuvas parstavniecibas otro prémiju par labako prezentaciju jauno zinatnieku vidd,
kas vél nav ieguvusi doktora gradu. Lai iegtitu sikaku informaciju, skatit noradito
publikaciju.
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4.2. Elektroenergijas parvades diagnostika

Visu elektrisko ickartu darbibai nepiecieSama energija — elektroenergija. Sis
iekartas tiek izmantotas visas dzives jomas un bez tam nav iedomajama misu
turpmaka dzive, loti daudziem — darbs, pelpas avots. Visiem elektropaterétajiem
nepiecieSama elektroenergija ar noteiktiem tas parametriem, pie kuriem iekarta
darbojas — nominalais spriegums, frekvence, sprieguma veids. Elektroenergijas
kvalitate butiski ietekm& gan S$o energiju patér&joSo iekartu, gan elektroapgades
sistémas darbibas apstaklus, apkartgjo vidi, protams, svarigako sastavdalu — cilvéku.

Svarigi izpétit mainsprieguma elektroapgades sistéemu problémas, iesp&jamos
célonus. ST ir elektroapgades sistéma, kuras nestabilitate, problémas gan tiesi, gan
netie$i iespaido patérétaju. Patérctajs energijas kvalitates izmainas var manit gan
gaismeklu nevelamas darbibas izpausme, gan lietotas aparatiiras neparedz€tu un
nevélamu blakusefektu veida, biezi iespgjama pilniga iekartu disfunkcija.

Liclakas problémas notiek elektroenergijas sadales tikla struktiira. Parasti tas ir
radials tikls ar vienpuséju baro$anu. ST tikla darba reZima optimizacijas mérkis ir
piegadatas elektroenergijas parametru minimala izmaina pielaujamas robezas, tacu tas
klust aizvien gritak Iidz ar izkliedétas razoSanas pievienoSanos struktiirai. Arl
patérétaji ir dazadu veidu un patéré atskirigus energijas daudzumus. Biezi industrialas
razotnes atrodas dzivojamo maju tuvuma, kas biutiski iespaido elektroapgades tikla
noslodzi. Garas vidgjo spriegumu un zemsprieguma linijas lauku rajonos ir kritisks
punkts kvalitativas elektroenergijas nodroS§inasanai $ajos rajonos. Loti svariga ir
pareiza tikla sadale un esoSa tikla analize, pemot vera izmainas infrastruktira,
attiecigo rajonu apbuvé, energijas patérétaju veidu. P&d&jos gados paradijies liels
daudzums elektropatérétaju, kas izvirza augstas prasibas elektroenergijas kvalitatei,
tacu vienlaicigi to arT pasliktina.

Energijas kvalitate pastavigi jakontrolé gan patérétaju pus€, gan razoSanas un
nodrosinasanas pus€. Parasti parametri izmainas starpposmos. Energosadales tiklam
nepartraukti tiek pieslégti jauni abonenti. Protams, tiek izmantoti spriegumu
pazeminoSie transformatori, kas sadala visu tiklu mazakos apakstiklos.
Energoapgades problémas parasti izpauzas tieSi zemspriegumu linijas. Lielos sadales
mezglos uzstaditas ierices, kas lauj kontrolét konkrétus elektroenergijas parametrus,
tacu mazakos mezglos §1s mériekartas nav uzstaditas, tas ir dargas un griti
uzstadamas, nepartraucot energijas padevi. ST iemesla dé] nepiecieSamas citas
kontroles metodes, lai atrastu bojajuma vai energijas zudumu, kroplojumu vietu.

Ne vienmér iesp&jama bezkontakta diagnostika, kas faktiski ir ,,skats no malas”,
tacu biezi, izstradajot pareizus meérinstrumentus, universalu mérisanas metodiku un
apkopoto datu apstradi, iesp&€jams vismaz kvantitativi raksturot diagnostic€jamo
sistému. Sai sistémai jabit alternativiem izpausmes veidiem vai blakusefektiem, lai
pec Siem alternativajiem parametriem noteiktu sist€mas darbibu. NetieSa merjjumu
tehnika pilniba neatspogulo raksturojamo sist€mu, ta¢u biezi satur nepiecieSamo
informaciju.

Energoparvades I1nija nodroSinatais spriegums rada elektrisko lauku. Tas ir tiesi
saistits ar nodro§inato spriegumu, sniedz ta atspogulojumu elektriska lauka veida. So
elektrisko lauku iesp€jams nomerit bezkontakta cela. Tam nepiecieSami attiecigie
sensori, kuru neso$o informaciju japarveido parraidama informacija datu apkoposanai.

Elektriskais lauks iespaido jebkuru metala vaditaju, kas atrodas $aja lauka,
tadgjadi nelauj kvalitativi parraidit iegiito elektrosignala informaciju no sensora uz
datu apkoposanas iekartu klasiska veida — pa metala vadu. ST probléma rada
nepiecieSamibu péc pareizas komunikaciju, parraides sist€mu izmantoSanas,
nezaud€jot nomérito informaciju parraides cela. Nolému izvertét dazadu parraides
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veidu izmantoSanu, kas lautu parraidit ieglitos datus bez argjas ietekmes. Praksé tiek
veidoti un izméginati vairaki varianti — gan tieSa datu parraide pa ekranétu kabeli, gan
datu parraide izmantojot dazadas modulacijas un parraides vides — pa optisko kanalu,
radioparraide. Svarigi izvéleties efektivako un Iétako metodi.

4.2.1. Bezkontakta diagnostikas butiba

Bezkontakta diagnostikas priekSrocibas ir netraucéta, elektroenergijas parvades
Iiniju neiespaidojoSa kvalitates noveértéSanas metode. Ta var tikt izmantota gan
energoapgades uznémumu vajadzibam, gan neatkarigu kvalitates testu veikSanai bez
iepriekS¢jas saskanoSanas. Metodei ir dazi ierobeZojumi, piemé€ram, ta nav
pielietojama meza, vietas, kur no elektroparvades linijas 50 m attaluma vai mazaka
attaluma atrodas industriali objekti (biives, metaliski priekSmeti), koki, u.c.

Metode iesp€jama linija nodrosSinata sprieguma radita elektriska lauka dgl. To var
nomerit ar sensoru — plakanu kondensatoru. Elektriskais lauks pavajinas, palielinot
attalumu no avota. Attieciga vieta uzstadot sensoru, nemot vera elektriska lauka avota
stipruma iespaidojoSos parametrus (vada diametrs, novietojums attieciba pret zemi,
spriegumu linija), sensora atraSanas vietu un parametrus, ka ari savstarp&jas fazu
nobides, ja runa par vairakfazu elektrolinijam (divfazu, trisfazu, ka tas ir vairuma
gadfjumu). Var izveidot teorétisko modeli, kas, nemot v&ra ieprickSmingtos
parametrus, izskait]o elektriska lauka vertibas ideala gadijuma. Salidzinot §is vértibas
ar praktiski nomeritajam, iesp&ams noteikt sprieguma disbalansu, realo vadu
attalumu no zemes konkrétaja vieta, u.c. Uznemot uztverta elektriska lauka vertibu
laika atkaribu, iesp&jams novérot elektroenergijas parvades kroplojumus (sprieguma
lecienus, ickritumus, parravumus, frekvences nestabilitati, u.c). Sis modelis veidots
programma Matlab (sk. pielikumu — lauks.m).

Merijumi tiek veikti perpendikulari vadu novietojumam, novietojot sensoru
noteikta augstuma virs zemes, un parvietojot to, tieck uzpemtas elektriska lauka
vertibas dazadas vietas. Lai biitu iesp&jams iegiit maksimali daudz informacijas no
Siem meérijjumiem, tie javeic vairakas vietas, vienlaicigi izmantojot vairakas vienadas
ierices un apkopojot datus. Tas dotu informaciju par visu elektroparvades Imiju
konkréta laika momenta vai perioda ar1 Jautu noveértét nobides starp fazém.

Darba gaita pétiti vairaki iekartas varianti un datu parraides veidi. Galgjais
variants dots turpmaka apraksta.

Merfjumi veikti izveidota eksperimentalaja linija ka ari zem 330 kV Iinijas.
Apkopotie rezultati apstiprina iekartas un metodes darbspgju.

4.2.2. Datu parraide

Uzdevums ir kvalitativi parraidit sinusoidalu signalu, kuras frekvence ir 50 Hz, pa
datu parraides liniju. Parraidot sadu signalu péc Kotelnikova teorémas, nepiecieSams
izveleties diskretizacijas frekvenci vismaz divas reizes lielaku neka augstaka signala
frekvence. 50Hz ir pirma un vieniga harmonika idealam sinusoidalajam
mainsprieguma signalam, tacu janem veéra, ka realos apstaklos §im signalam uzklajas
papildus harmonikas, kas izmaina signala formu. Noverots, ka parraidamajam
signalam elektroparvades Iinija domin€ ari augstakas nepara harmonikas — tresa,
piekta, septitd harmonika (respektivi 150, 250, 350 Hz frekvences), kuras janem véra,
lai efektivak raksturotu méramo signalu, ierobeZojot signala spektru. Tas nozimé, ka
diskretizacijas frekvence jaizvélas vismaz

F=2-f=2-350=700Hz kyr f; — maksimala parraidama signala frekvence.
Janem veéra, ka diskretiz&jot signalu ar tikai divreiz lielaku frekvenci, signala
forma bus griiti saprotama.
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Jau ieprieks secinats, ka $aja gadijuma nav iesp&jams izmantot datu parraidi pa
metalisku vaditaju, jo ta bus loti kroplota. To esmu parbaudijis arT eksperimentali.
Signals ir kroplots un nepartraukti mainas, ,,peld”, pakustinot vadu.

Pastav iesp&ja izmantot radioparraidi augstas ~2.4 GHz frekvences, tacu tadejadi
tiek ienesti lieki metala objekti elektriska lauka (antena, kaut gan neliela, papildu
shéma). Optiska datu parraide ir piemérots datu parraides veids, jo gaismas izplatiba
nekada veida nav atkariga no zemas frekvences signala. [zmantoju $adu datu parraidi,
kur analogais signals tiek parveidots diskrétu impulsu rinda — delta modulaciju.

Delta modulators

Delta modulacija ir metode analogo signalu parveidoSanai diskréta forma. Tas
realizacijai nepiecieSama vienkarSa elektriska shéma. Pulsa platuma modulacija ir
analoga modulacija, tapat ka amplitidas modulacija (AM), frekvences modulacija
(FM), fazes modulacija (FaM), lenka modulacija. Sie modulaciju veidi tiesi saistiti ar
apkartgjas gaismas ietekmi. Es nevaru nodroSinat pilnigi melnu parraides kanalu,
tapéc nevaru lietot §is modulacija. Mana gadijjuma nepiecieSama kada diskréta
modulacija, tapéc izvelgjos vienkarsako un piemerotako modulacijas veidu — delta
modulaciju

Impulsu
generators

o, (1)
Kompara
D ~ Xpudl)
~ t)

Integrator

|

4.2.2.1.attels. Delta modulacijas sistémas blokshéma

Attela apskatama vienkarS$aka delta modulacijas darbibas shéma. Ieejas jeb
modul&jamais analogais signals ir m(t) . Saja gadfjuma tas ir sinusoidals signals ar
papildus troksniem (tresa, piekta, septita harmonika). Analogais signals tiek padots uz
summatoru, tacu, ta ka sakuma visas pargjas vertibas ir 0, neizmainits signals tiek
padots komparatora ieeja. Komparators salidzina ieejas signala vértibu ar kadu
iestatitu veértibu — Soreiz — 0. Atkariba no ta, vai ieejas signals ir lielaks vai mazaks par
noteikto vertibu, komparatora izeja iesp&jamas divas diskrétas veértibas. Impulsu
generators veido diskrétu impulsu virkni izeja.

Delta modulatora izeja raksturojama ka

Xy (8) = Asgnle(?)] ié(r -nTy) =A isgn[e(nTS )]o(t —nTy) ,kur

Xy (1) - DM izejas signals;

nTs _ diskréti laika momenti (n=vesels skaitlis);
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A — pozitivs impulss.
Delta modulatora izejas signals ir impulsu virkne, katram impulsam iepemot

pozitivu (augstako Iimeni) vai nosaciti negativu (zemako Iimeni), atkariba no e()
polaritates zimes péc attiecigas nolases veik3anas. Integréjot Xpw (1), iegiist

m(t) = z Asgnle(nTs)] kas ir analoga signala m(t) kapnveida aproksimacija.

n=—oo

. ()

signala
neizsekoS$ana

Demodulacija

Delta moduléta signala demodulacija notiek integr&jot diskréto impulsu signalu
Xpy ()| un iegiistot kapnveida aproksimaciju (attéls) m(t) . Lai pilniba atjaunotu
analogo signalu, noveérSot diskrétos I&cienus m(t) signala, to izlaiz caur zemo
frekvencu filtru, tadejadi iegiistot ,,pliistosu signalu”.

Lai iesp€jami precizak atjaunotu analogo signalu, jaizmanto péc iespgjas mazaks
amplitidas solis A un mazs diskretizacijas solis 7s, lai analogais signals biitu
»izsekojams”. Piemers (att€ls) attela.

Lai izvairitos no neizsekoSanas, jabit speka sadai nevienadibai:

A S dm(t)
TS dt max ’
kur 4 — amplitudas solis, V; Ts— diskretizacijas solis, s
dm(t)
7 analoga signala izmainas atrums.

Modulacijai un demodulacijai izmantoju RC kedi ideala integratora vieta, tapec
atjaunotais signals jau ta ir “plustoSs”.

4.2.3. Elektroparvades sistémas elektriska lauka apréekini bezgaligi
garai linijai
Pi-1;
V=V,

2. attels Gaisvadu elektroparvades Iinijas Sk&rsgriezums
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Apskatits viens bezgaligi gar$ vaditdjs ar potencialu U =U,  kur§ atrodas

(x,y)=(0,h) jeb augstuma h no zemes (y<0). A1 ir nezinamais linijas l1adin$ uz
garuma vienibu.

Elektriska lauka aprékiniem, zeme tiek pienemta ka ideals vaditajs.

Skalarais elektriska lauka potencials, ja y>0 , var tikt izteikts, ka nezinamais
ladins pret vienibas garumu.

P {_Y'i' h}z +x°
Vixy) = 2me, {_j,r— h}z +x° | g

Eery= P z(y+11]ﬁ:. +2x0, 2(:«—h)ﬁf +2x, | Vi
- dne, {_}r +h) +x (v - h)_ +x°

Seit u. un , ir vienibas vektori, kas, respektivi, ir X un y virzieni.
Lai atrastu £, jaiestada U(0,h-a)=U1.
2re WV,

L= In(2h / a)

P

Rezultata , un P vertiba tagad var tikt izmantota U(x,») un

E(x, ») aprékina$anai. Siem aprékiniem izstradata Matlab programma (lauks.m). Ar
§1s programmas palidzibu tiek veikta aproksimacija ar teor&tisko Iikni.
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4.2 4. lerice elektriska lauka datu iegusanai un optiskai datu
parraidei

Esmu izveidojis ierici, kas lauj nomérit elektriska lauka stiprumu noteikta vieta,
parraidit Sos datus bez trokSpiem datu parraides linija Iidz datu apkopoSanas,
glabasanas iericei (voltmetram, osciloskopam u.c.).

Elektriska lauka mériSanai izmantoju plaknu kondensatoru. Datu kvalitativai
parraidei izveidota optiska datu parraides linija, kas sastav no VCSEL lazerdiodes,
fotodiodes, parraides kanala. Datu parraidei izmantojot lazerdiodi, nepiecieSama
signala parveidosana diskrétos impulsos raiditaja gala (modul€Sana) un diskréto
impulsu parveidoSana atpakal analoga signala (demodul&$ana) uztveérgja gala.
Izmantota delta modulacija.

Elektrisko shému veidosanai izmantoju programmu P-CAD 2006. Sh&mas dotas
pielikuma.

Elektriska lauka meériSanas ierices uzbiive

Si ierice sastav no divam elektriskam shemam —
1. elektriska lauka detektora, delta modulatora, lazerdiodes darbinosa —
»augseja” dala;
2. diskréto impulsu uztvergja — fotodiodes — pastiprinataja, diskréta
signala uz analogo parveidotaja — ,,apaks¢ja” dala.

Parraides kanals veidots ka gaisa telpa caurules iekSiené, kuras diametrs 50 mm.
Caurule mehaniski notur raiditaja dalu paceltu noteikta attaluma virs zemes un izol€
parraides kanalu no apkartgjas gaismas ietekmes.

Caurule ir dala no mehaniska stativa, kas veidots vienigi no polipropiléna. Ta

dielektriska caurlaidiba tuva gaisa dielektriskai caurlaidibai & poiipropitens = L5 tadgjadi
praktiski neiespaido elektrisko lauku. Elektrisko lauku iespaido dazadi metaliski
priekSmeti, cilvéka klatbiitne, pat relativi neelektrisks materials — koks, tapéc iekarta
veidota iesp€jami mazos izméros un iesp&ju robezas izvairoties no jebkadiem
elektriskiem vaditajiem.

Stattvs balstas uz trim kajam. Ta apaksa piestiprinata uztvérgja dala. Gan
mehaniskai savienojamibai un nostiprinaSanai, gan lazera stara precizai raidiSanai uz
fotodiodi. Sim noliikam izprojektéti un izvirpoti polipropiléna korki.

Datu parraide no iekartas ,,apaks€jas” (uztvérgja) dalas lidz gala iekartai datu
attélosanai realizéta, izmantojot ekranétu vadu. Saja posma elektriskais lauks
neiespaido datu parraidi, jo ekranétais vads atrodas loti tuvu zemei. Vélams pat to
iezemét vai ierakt zeme. Tiek parraidits jau demoduléts analogais signals, lai to varétu
analizét gan digitalais osciloskops, gan voltmetrs.

Elektriska lauka sensors

Ka elektriska lauka wuztveroSais sensors izmantots plaknu kondensators.
Kondensatoram atrodoties elektriskaja lauka, starp ta plakném rodas potencialu
starpiba, kas izsakama ka spriegums. So spriegumu iesp&jams nomerit.

Kondensatora augsejas platnes diametrs ir 28 mm, tai ir rinka forma. Apaksgjo
platni veido taisnstiira metala plaksne, kuras izméri 50x70 mm. Sai platnei jabiit
relativi lielai, lai ta nosegtu un ekran&tu elektrisko shému. Elektriska lauka ierice vél
ir izstrades stadija. Ja ekrangjosa platne nespés pietickami izol€t ierici no elektriska
lauka ietekmes, ta bis jaizoleé ar aluminija folliju visapkart ierices kastitei, tadejadi
radot elektroneitralu vidi tas iekSieng. Runa ir tikai par ,,augs€jo” dalu, jo ta atrodas
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elektriskaja lauka.

4.2.5. Elektrisko shému analize

Elektriskajas shémas realizéta elektriska lauka detektora, delta modulatora,
diskréta signala uz analogo parveidotaja darbiba un lazerdiodes darbinosas un diskréto
impulsu uztveéréja sadarbiba. Delta modulatora princips izskaidrots ieprieks.
Elektriskas shémas dotas pielikuma.

4.2.6. Raidosas shémas darbiba
So shému veidoju programma P-CAD, kas speciali paredzéta spiesto plasu
veidoSanai. Shémai jabiit maksimali kompaktai un mazai, lai to neiespaidotu
elektriska lauka speki. Ta ievietota plastmasas kastité. Viegli ieslédzama, mainama
potenciometra pretestiba shémas kalibréSanai un mainams pastiprindjums dazadu
elektrisko lauku detekt€Sanai atkariba no to stipruma.
Galvenie shémas bloki ir
9. barosanas bloks;
10. ,,virtualas zemes” iestatiSanas bloks;
11. mérama signala atsaistiSanas un pastiprinaSanas bloks;
12. impulsu generators;
13. trigeris;
14. integr&josais bloks;
15. diskriminatora bloks;
16. lazerdiodes darbinosa dala.

BaroSanas bloks

Lidzsprieguma avots ir 9V baterija, kurai virkné ieslégta diode aizsardzibai,
gadijuma, ja baterija pieslégta pretéji paredzetai polaritatei. lerices ieslégSanai
paredzets slédzis SPPJ3. Paraléli ieslégta gaismas diode, kas sak spidet jau pie
nodroS$inatas stravas 2mA. Stravu ierobezo rezistors R26. Gaismas diode paredzeta
ierices ieslégta/izslégta stavokla indicéSanai. Elektrolitiskais kondensators C6
paredz€ts barosanas avota trokSnu mazinasanai.

,, Virtualas zemes” iestatiSanas bloks

Sis bloks iestata lidzsprieguma vértibu, kas ekvivalenta baroSanas avota
sprieguma pusei. Tas panakts izveidojot sprieguma dalitaju ar rezistoriem R23 un
R27. Kondensators C8 paredzets trokSpu samazinaSanai. Rezistoru viduspunkts
pieslégts pastiprinatajam U4 seko pastiprinatajs, kas atsaista So punktu no slodzes,
tadgjadi slodze neietekmés So viduspunktu. Spriegums $aja punkta visu laiku bis
konstants. Turpmak teksta So punktu sauksu par ,,virtualo zemi”.

Merama signala atsaistiSanas un pastiprinasanas bloks

Elektriska lauka sensors — plaknu kondensatora apaks€ja platne savienota ar
,virtualo zemi”, tadgjadi nodrosinot ieejas signala svarstibas ap So iestatito vertibu.
Sensora augs€ja platne pieslégta rezistoram R24, kas nodroSina ieejas signala
stabilitati un kapacitativo 1pasibu nomakSanu, un otra pastiprinataja U5 neinvertgjosai
ieejai. Sis pastiprinatajs darbojas, ka neinvertgjoss signila pastiprinatajs. Tas atsaista
un pastiprina sensora signalu. Ja ieejas signals nebiitu atsaistits, tad sprieguma
mérisSana uz kondensatora nebiitu iesp&jama. Kondensatora pretestiba ir loti liela,
tapec arl pastiprinataja ieejas pretestibai jabiit loti lielai, lai neietekm&tu uztverto
signalu.

Pretestiba R1 shéma apziméta ka R25. Ta ir 100 kQ. Pretestibas R2 vieta ieslegts
slédzis S1, kas parslédz pastiprinajumu. Katram stavoklim seko rezistoru kopums, kas
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izrekinati precizu pastiprindjuma reizu iegisanai — 2,3,4,5. Ja slédzis izslegts,
pastiprinatajs darbojas tikai ka atkartotajs. Kondensators C10 virkn€ ar kadu no
pretestibu kopu veido zemfrekvences filtru.

Rezistors R25 ar kondensatoru C7 veido augstfrekvences filtru ar nogrieSanas
frekvenci 530 Hz. Augstfrekvences filtra nogrieSanas frekvenci izvel€jos
eksperiment€jot un iegustot signalu bez troksSpiem, taCu nezaud€jot svarigas
harmonikas.

Rezistors R20 ielikts pastiprinataja aizsardzibai. Sini vieta analogais signals ir
uztvertais elektriska lauka signals, ko var parraidit, pieméram, pa vara vadu, tacu tas
tiek spécigi iespaidots, Skeérsojot elektrisko lauku. Tap&c nepiecieSama modulacija un
signala parraidiSana moduléta veida pa kvalitativu sakaru kanalu.

Impulsu generators

Impulsu generators nepiecieSams precizu, atru, periodisku impulsu generé$anai
delta modulatora darbinasanai. Netalu pie generatora starp baroSanas avota spailém
iclodéts kondensators C2, kas slapé trokSnus, kas var negativi ietekmé&t generatora
darbibu. Ka impulsu generators tiek izmantots TL NES555D taimeris dazada impulsu
saméra multivibratora sléguma. Slégums iegiits no taimera NE5S55D dokumentacijas.

Impulsu saméru iestada, mainot R11 un R13 rezistorus, frekvence atkariga no
kapacitates C4. Impulsu frekvence izvéléta 15 kHz. Impulsu samérs 0.6.

Rezistors R45 nodroSina bazes kolektora stravu.

Trigeris

Tranzistors Q3 darbina trigeri, kas, savukart, nepiecieSams delta modulatoram.
Trigeri veido tranzistori Q1 un Q2 kopa ar pretestibam R15, R16, R14.

Potenciometrs R7 iestada ieejas signalu tada stavokli, lai tas atbilstu
salidzinoSajam signalam. Rezistori R1 un RS veido vienu plecu un rezistori R40 un
R6 — otru plecu.

Integréjosais bloks

Pastiprinatajs Ul ir dualais pastiprinatajs — divi pastiprinataji viena korpusa.
Ul:A veic integréSanu. Tas ir ka summators ar integréSanas iesp&ju gan pieskaitot,
gan atnemot, ja signala Itmenis samazinas. To veic RC ké&des R9 un CI1, R10, C3.
Caur pretestibu R3 notiek izejas signala summésana ieeja.

Diskriminatora bloks

ST pastiprinataja otra dala Ul:B veic diskréta signala diskriming$anu — iestatot
noteiktu limeni caur sprieguma dalitaju, ko veido R21 un R2, ieejas signalu
neintegréjosaja ieeja ,apgriez” lidz noteiktam Iimenim, nogrieZot trokSpus. Ar
kondensatora C9 palidzibu veido atrakas diskréta signala frontes.

Lazerdiodes darbino$a dala
Pastiprinatajs Ul ir rail-to-rail pastiprinatajs TS952ID (sk.fotodiodes
pastiprinataja apraksta). Tas tiek lietots, lai izejas impulsi buitu maksimali precizi un
pareizi darbinatu tranzistoru Q6. Tranzistors augsta impulsa ITmena laika nodroSina
lazerdiodes spidéSanu, zema ltmena jeb nulles sprieguma laika lazerdiode nav saslégta
ar zemi — nespid. Tranzistora lietoSana izslédz pastiprinataja U1l parslodzi. Rezistors
R46 iestada lazerdiodei nepiecieSamo darbibas stravu 12mA.
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Citi kedi raksturojoSie parametri
1. Ke&des stravas patérins = 40 mA (nomeérits ar multimetru)
2. Baterijas kalpoSanas

baterijas energoietilpiba _ 500mAh —125%

ilgums= stravaspaterins 40mA

4.2.7.Uztverosas shémas darbiba
Galvenie shémas bloki ir
17. fotodiodes pastiprinatajs;
18. impulsu atjaunoSanas bloks;
19. integr&josais bloks;
20. barosanas bloks.

Fotodiodes pastiprinatajs

Lazera stara uztverSanai izmantota silicija PIN fotodiode SFH-203 FA 5Smm LED
korpusa . Tas lielaka jutiba ir tiesi pie VCSEL lazerdiodes raidita vilna garuma —
850 nm. Tas nozimé€, ka tiks filtréti apkart€jo gaismas avotu ar citu vilpa garumu
trokS$ni, un vislabak tiks uztverti lazerdiodes raiditie signali. Svarigi izmantot
pastiprinataju ar loti jitigu ieeju — ieejas Iimenis sakas praktiski no 0 veértibas un
iespejams gandriz lidz baroSanas maksimumam. Mana gadijuma jauztver loti mazs
signala Iimenis. Sadus pastiprinatajus sauc par pastiprinatajiem ar ,,rail-to-rail” (no 0
I1dz baro$anai) ieeju. Tiek izmantots AD8515 pastiprinatajs..

Raidita lazerdiodes signala uztverSanai fotodiode jaieslédz speciala shema.
Uztvertais signals sakuma japastiprina, jo raditas stravas izmainas fotodiod€ ir
niecigas. Tiek izmantots fotodiodes pozitivais apgabals. Ta ieslégta tiesa sleguma.
Paral€li diodei piesleégts Sunta rezistors RS, kas fotodiodes ka stravas avota stravu
parveido sprieguma krituma uz $1 rezistora. Spriegums tiek padots pastiprinataja
pozitivaja ieeja un pastiprinats, izmantojot neinvertgjoSo operaciju pastiprinataju
slegumu. Pastiprinajums tiek noteikts ar rezistoru R2 un R9 palidzibu. Kondensators
C7 darbojas ka augstfrekvencu filtrs.

Impulsu atjauno3anas bloks
Sis pastiprinatajs pastiprina uztverto signalu un ar C5 kondensatora palidzibu
veido asus impulsus (augstakas frekvences tiek pastiprinatas vairak neka zemas).

Integréjosais bloks

Integréjosais bloks izveidots ka RC filtrs, kas parveido uztvertos impulsus atpaka]
analogaja pirmsignala. Ar Sadas shémas palidzibu iesp&jams no impulsu rindas
atjaunot zagveidigu kapjosu, kritoSu signalu. RC k&éde veidota ar rezistora R6 un
kondensatora C3 palidzibu. Rezistori R7 un R5 un kondensators C2 veido atjaunota
signala pastiprinataju, nepastiprinot Iidzkomponenti. Tada veida izeja ir atjaunotais
signals, kas pacelts par noteiktu Iidzkomponenti, lai nodroSinatu signala parraidi,
izmantojot vienpolaru baroSanu. Pastiprinatajs U3 arT ir rail-to-rail TS952ID. Tas ir
pietiekosi atrs impulsu atjaunoSanai un tiek pareizi atjaunoti impulsi.

BaroSanas bloks

Tiek izmantota vienpolara baroSana. BaroSanas bloka ietilpst kronas tipa 9 V
baterija, kondensators C1 barosanas troksnu filtréSanai, diode D1 (1N4148PL) shémas
aizsardzibai. Uztvero$o bloku ieslédz ar bidslédza palidzibu. Diode VD1 ar stravu
ierobezojoso rezistoru R1 kalpo ka indikators.
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Sprieguma regulators VR nodro§ina pastiprinatajam AD8515 5V baroSanas
spriegumu. Kondensators C8 darbojas ka troksnu filtrs.

Citi kedi raksturojoSie parametri
K&des stravas patérins = 20 mA (nomerits ar multimetru)

baterijas energoietilpiba _ 500mAh 25k

Baterijas kalpoSanas ilgums= Stravas patering 20mA

4.2.8. lerice elektriska lauka datu bezvadu parraidei

Lai no uztvérgjsensora noraiditu elektroparvades liiju starojuma mérijjumus uz
savacgjiekartu (datoru) nepiecieSams izveidot datu parraides kanalu, kur§ nerada
traucgjumus, tatad jaizmanto bezvadu datu parraide vai optiska Itnija.

Bezvadu sakaru realizacijai izmantots Nordic Semi raiduztvéréjs nRF24L01, kurs
darbojas 2.45GHz frekvencu diapazona ar joslas platumu 2MHz. Parraides atrums ir
2Mb/s. Datu paketes garumu un to sitiSanas biezumu nosaka raiduztvérgja
uzstadijumi. Tam arT nepiecieSams mikrokontrolieris, kas S$aja pielietojuma ir
MSP430F2234.

Raiditaja plate sastav no:

MSP430F2234 mikrokontroliera ar iebiivetu 10bitu ACP;
nRF24L01 raiduztvergja.

Raiduztveérgja darbibu kontrole mikrokontrolieris nosiitot attiecigas vadibas
komandas.

MSP430F2234 iebiivetais 10bitu ACP darbojas ar SKHz takts frekvenci. Ieejas
signala frekvence ir 50Hz, amplitiida 2,5V. Analogais signals péc analogas ciparu
apstrades tiek saglabats kontroliera atmina, kur talak pa SPI interfeisu tiek parsitits uz
nRF24L01 raiduztvérgja FIFO atminu. NakoSais etaps ir datu pakeSu formeéSana un
parsiitiSana pa bezvadu sakaru kanalu uz datoru. Datu paketes garums 16 biti. Parraide
tieck realiz€ta datu pakeSu atkartota parsitiSana, gadijuma ja ta nav nosiitita vai
radusies kliida parraidé. Sada veida tiek mazinata iespgja pazaudet datus, kas ir loti
svarigi, lai iegutie elektriska lauka merijjumi butu precizi. Atela 4.2.5.1. att€lota
raiditaja iespiedplate.

4.2.5.1. attels. Raiditaja plate.

Savukart, kad uztveérgja dala tiek sanemti dati, sakuma tos identificé un tikai tad
parsiita uz datoru. ParsttiSanu no nRF24L01 raiduztvergja realizé FT2232L USB uz
SPI parveidotajs. Uztvergja dala tiek vadita ar programmatiiru, kura veidota LabView
virtudlo instrumentu programmeéSanas vidé. Par pamatu pemtas FT2232L razotaja
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funkcijas, kuras realize ta sadarbibu ar datoru, bet pargja datu apstrades un att€losanas
dala tiek veikta ar izveidoto virtuala instrumenta programmu.

Péc datu sanemsSanas tie nonak LabView apstrades bloka, kur tiek parveidoti un
attloti lietotajam izmantojot grafiku. Attéla 4.2.5.2. redzama uztveéréja plate, kura
pieslégta datoram izmantojot USB interfeisu.

4.2.5.2. attéls. Uztvergja plate ar USB interfeisu.

Praktiski ir izgatavotas divas eksperimentalas iespieplates raiditaja un uztvergja
dalai. Uzrakstitas programma MSP430F2234 mikrokontrolierim C valoda ACP un
nRF24L01 raiduztvérgja vadibai. Savukart uz datora izveidots grafiskais lietotaja
interfeiss datu att€losanai izmantojot LabView grafisko G programmeésanas vidi.
Sistemas kop&ja blokshéma attelota 4.2.5.1. attela.

\

Uztvéréjsensors

PC ar LabView
Raiditaja plate Uztvaréja plate programmatiru

4.2.5.3. attels. Datu parraides realizacijas blokshéma.

Izgatavotie paraugi tika parbauditi reala darbiba laboratorijas apstaklos, kur
parraides attalums saniedza ~20m, bet tiesas redzamibas apstaklos Iidz 30m.
Izveidotas sist€mas kopg&jais mérkis ir nodrosinat bezvadu datu parraidi no vairakiem
uztveérgjiem , lai mérjjumi no elektro parvades linijjam biitu precizaki. Uz doto bridi
izveidota datu parraide no viena uztveréja uz datoru. Realiz&ta bezvadu datu parraides
sistéma salidzinot ar optisko sisttmu no shémtehniska viedokla ir vienkarsaka, jo Seit
no uztvergjsensora nonemtais signals péc parveidosanas diskréta forma tiek apstradats
uzreiz neparveidojot to atpakal uz analogo signalu. Optiskaja liija no sensora
nonemtais signals tiem moduléts ar Delta modulatoru tad parraidits un véelak
demoduléts. Lidz ar to lielakais ieguvums ir vienkar§aks un kompaktaks tehniskais
risindjums, aizstajot dalu no elektroniskas dalas ar programmatiiru uz personala
datora.

4.2.9. Merijumi

Eksperimentala linija

Trisfazu liniju bezkontakta diagnostika ir pétita un skaidrota vairakos rakstos un
publikacijas, tacu kopigas iezimes ir méritas un analiz€tas amplitidu un fazu liknes
atkariba no attdluma lidz Iinijas vadiem. Merfjumu tehnika parasti izmantoti
kondensatoru tipa lauka devéji.
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Augstsprieguma linijas vadi atkariba viens no otra atrodas dazados izkartojumos.
Tas iespaido summara lauka izplatibu. Katrs gadijums jaanaliz€ atseviski. Izp&tiju
vienkarsako gadijumu, kad tris dazadu fazu vadi atrodas vienada attaluma no zemes
H, un starp tiem ir vienads attalums D. M&rjjumi veikti vienada attaluma no zemes —
h.

—& b o

MErimmm vietas

V1, x

111
i

4.2.6.1.1. attels. Meraparatiras izvietojums

Elektrigka lauka stipruma atkartba no Iinijas skérsvirziena mérfjumiem
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atkariba Sk€rsvirziena profilam




Amplitida

! Attalums

4.2.6.1.3. attels. Elektriska lauka linijas un amplitiidas raksturlikne. Elektriska
lauka bilde iegiita, izmantojot programmu Electric Field 2.1.

Lai varétu kontrol&t un iestadit vajadzigos spriegumus, bija jataisa eksperimentala
Iinija. Lai tas lauks pie zemiem spriegumiem bitu lielaks par vaditajiem tika nemtas
udens caurules, kuram lielaka virsma ka elektribas vadiem. Lai mazak ietekmetu
vaditaju galigums, caurules ir 6.5 m garas un atrodas tikai 2.2 m augstuma. Pie
meritaja augstuma 1.6 m Iinijas galigums salidzinot ar bezgaligu liniju ietekmé& ne
vairak ka 10%. Elektriska lauka aina zem trisfazu linijam ideala gadijuma tiek
att€lota, izmantojot izveidoto Matlab programmu.

Eksperimentala linija tika izveidota klaja lauka ar tadu vadu izkartojumu, ka
4.2.6.1.1 attela.

Eksperimentala linija sastav no tris metala stieniem ar diametru 1.1 cm, kam
pieslégtas katram cita faze. Ta tiek izveidots realas trisfazu linijas analogs. Mérfjumi
veikti ar voltmetra metodi dazados laika momentos. Fazu spriegumi mainiti ar
autotransformatora palidzibu.

Parametri: D=1 m, H=2,2 m, h=1.6 m, m&rijjumu solis = 0.25 cm, ¥=0.25 cm.

Merijumi eksperimentalaja Iinija
4.2.6.2.1.tabula. Mérfjumu dati eksperimentalaja linija

Merjjuma | Kreisas fazes | Centra fazes Labas fazes
numurs spriegums, V| spriegums, V| spriegums, V
1. 228 226 230
2. 228 227 229
3. 204 232 222
4. 228 198 230
5. 225 150 235

Lauka stiprums dots V/m
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1. merijums —=o — Teoretiskais
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4.2.6.2.2. att€ls. Signala izmainas atkariba no meraparata novietojuma (1.
merjjums)
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Meérijumi reala 330 kV linija Sérené

3750 I
/ —©— praktiskais
3375 / * teoretiskais [
£ [

3000 / i
: [
> 2625 :
AN

2250 ,
£ +
7 1875
<
: : &
8 1500
— H=7.5813 78845 8.6679

1125 / xo = -10.9971 |-3.4276 6.9077 \

7/ D=7.5756 10/3649 17.9378 X
{ U =1.0e+005 *[2.2838 2.3849 2.7052] \
750 B\g\\@
/ h
375
-30 -20 -10 0 10 20 30

attalums no centra, m
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4.2.10. Rezultati

Eksperimentala linija lauj mainit spriegumus fazes, tadéjadi simul&jot disbalansu
trisfazu linija. Merjjumu rezultati apstradati Matlaba un salidzinami ar teorétisko
aproksimaciju. Redzams, ka, ja mérjjumus veic atri un precizi, mérijumu Iiknes tiecas
uz teordtiskajam aproksimacijam un samazinas, ja samazina kadu fazi
(eksperimentalaja Iinija) un attiecigi proporcionals ari nodroSinatajam spriegumam
realaja linija.. Redzams, ka tie ir lidzigi, ja méraparats kalibréts. Kalibrgjot ierici,
iesp&jams noteikt spriegumu veértibas vados, ja tie izkartoti rinda. Iesp&jams, nakotné
tiks izpétitas ari citas vadu konfiguracijas.

Ta ka spriegumi ir laika mainigi un meérjjumi veikti katra punkta atseviski ar
vienu ierici, iesp€jamas nobides un kliidas meérjjumos, kas rada kopgjas sist€mas
(rezultgjoso lauku) izmainas, nesakritibu ar teorétisko modeli.

Problematiska zona datu parraidei ir spéciga elektriska lauka, pieméram, zem
elektroparvades linijam. Zeme var bt uzskatits ka labs vaditajs ar nulles potencialu.
Tas nozimg, ka elektriska lauka linijas tieksies no pozitivo ladinu puses uz negativo
vai neitralo. Tapéc starp zemi un elektroparvades liniju vienmér pastav elektriskais
lauks. Optisko datu parraidi tas neiespaido.

Manis izveidotais aparats sastav no sensora, VCSEL lazerdiodes un delta
modulatora, kas to darbina, viena gala, un fotodiodes un pastiprinosas kédes otra
sakaru linijas gala. Sakaru Iinija ir tikai tik gara, lai signalu talak biitu iesp&jams raidit
tuvu nulles potencialam — zemei. Saja vieta diskréto signalu parveido atpakal analoga
un parraida lidz mériekartai, kas atrodas drosa attaluma no elektriska lauka avota.
Analoga signala atjaunoSana jau fotodiodes sh&ma dod iesp&ju pieslégt jebkuru
méraparatu. Sis signals derés gan diskrétiem méraparatiem, kas analogo signalu atkal
diskretiz€s un parveidos binara signala, vai analogiem méraparatiem, kas spés uzradit,
pieméram, sinusoidas videjo kvadratisko vertibu.

Visprecizakie merijjumi iegiiti agra rita stunda, kad sprieguma izmainas ir
ievérojami mazakas neka diena. M&rfjumi veikti S€rené zem 330 kV linijas. Redzams,
ka mé&rfjumi ideali sakrit ar teorétiskajiem rezultatiem, ja visas faz€s spriegums ir 330
kV. Ir aprékinata ar1 dazada veida papildinformacija. H - katra vada augstums no
zemes, X0 - nobide no piepemtd viduspunkta, D — attalums starp vadiem, U —
spriegumi, kas izteikti no elektriska lauka m&rijumiem ar kalibrétu ierici.
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4.3. Sejas atpazisana. Biometrija.

4.3.1 Biometrijas uzdevumi.

Jedziens biometrija tick plasi lietots dazadas zinatnes nozars. So terminu izmanto biologija,
apzimgjot ar to biologisko datu savaksanu, sintézi un analizi. Biologija to sauc ari par biostatistiku.

Relativi nesen biometrijas uzdevumu klasts bija paplasinats. Paslaik ar jédzienu biometrija
apzZimé ar1 metozu, kuras tiek izmantotas cilvéku atpaziSanai, izp&ti. Biometriskai atpaziSanai
izmanto cilvéka fiziologiskas, vai uzvedibas ipaSibas.

Cilveka biometriskas 1pasibas var sadalit divas grupas, kas tiek attelots 4.3.1. zZim.

Biometrija

| 1
Fiziologija Uzvediba

I

|
-
L
\=d - | Drukasana
i Pirksta | h*
nospiedumms ' } Paraksts /ﬂéﬁ%

Roka ||

— -1 Balss ﬂMW

.

| SEja

4.3.1. zZim. cilvéka biometrisko 1pasibu klasifikacija

Fiziologiska cilvéka atpaziSana balstas uz kermena fiziskajam Ipasibam. Pirksta nospiedumus
visplaSak izmanto cilvéka atpaziSanai jau vairak, neka 100 gadus. Relativi nesen paradijas tadi
virzieni, ka sejas atpaziSana, rokas geometrija, acs atpazisana.

Uzvedibas atpaziSana balstas uz cilvéka uzvedibas 1paSibam. Pirmais un joprojam plasi
izmantojams panémiens ir paraksts.

Protams, attistas ari citas biometrijas stratégijas, baz&tas uz gaita pasibas, tiklenes, rokas un
pirkstu asinsvadiem, auss kanala, sejas termogrammas, DNA, smarzas, rokas un pédas izmeriem.
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4.3.2. Sejas atpaziSanas panémieni.

Sejas atpaziSanas sist€ma ir paredz&ta cilvéka automatiskai atpaziSanai pec sejas ciparu attéla.
Viens no atpaziSanas panémieniem balstas uz jaunas sejas un seju datu bazes salidzinasanas. Sejas
atpaziSanu parasti izmanto dro§ibas un datora vizijas sist€émas.

Pastav tris galvenie panémieni sejas atpaziSanas sist€mas realizacijai:

e Tradicionals

Dazi sejas atpaziSanas algoritmi izdala noteiktus sejas objektus vai 1pasibas, kurus péc tam
izmanto atpaziSanai. Piem&ram, algoritms var analiz&t relativu objekta poziciju, izméru, vai formu.
Par objektu $ini gadfjuma var uzskafit acis, degunu, muti un citas sejas dalas. Sis Tpasibas tiek
izmantotas att€lu ar 11dzigam pasibam mekl€Sanai. Dazi algoritmi normalizg seju datu bazi, saspiez
to un saglaba tikai to informaciju, kura ir lietderiga detekt€Sanai.

Popularie atpaziSanas algoritmi ir Eigenface, fisherface, pasléptais Markova modelis un citi.

*3-D

Tris-dimensionala sejas atpaziéana paradijas relativi nesen, bet ta Jauj sasniegt iepriek§
neredz&to atpaziSanas precizitati. ST pieeja izmanto 3-D sensorus, lai dabit informaciju par sejas
formu. S 1nformacua layj identificet cilvéku, pieméram, pec deguna vai zoda formu. Sis sistémas
liela prieksrociba ir tas, ka vina nav atkariga no apgaismosanas apstakliem. Ta lauj arT sejas
identifikaciju no dazadiem lenkiem.

e Adas struktiiras analize

Sis papémiens atpazisanai izmanto adas vizualas ipasibas, pieméram, linijas, punktus.
Izmantojot $o panémienu kopa ar 2D atpaziSanu var nozimigi palielinat atpaziSanas precizitati (Iidz
pat 25%).

Darba realizétai sejas atpaziSanas sistémai tiek izvéléts tradicionals Eigenface algoritms. Sis
algoritms pieder pie Principal Component Analysis algoritmiem.

4.3.3. ,,Eigenface” sejas atpaziSanas algoritms.

Sejas atpaziSanas algoritma uzdevums ir salidzinat ieejas signalu ar seju datu bazi un klasificet
cilvéku. Ieejas signals (sejas att€ls) ir trokSnains (att€la detektora troksnis, dazadie apgaismosSanas
apstakli, sejas pozicija), tomer ieejas atteli nav pilnigi dazadi. Tajos ir IpaSibas, kuras paradas visos
ieejas signalos. Tadus att€lus nosauca ,.eigenfaces”, seju atpaziSanas gadijuma. Eigenfaces var
1zrékinat no seju datu bazes, izmantojot Principal Component Analysis panémienus.

4.3.4. ,Eigenfaces” aprékinasana.

,Eigenfaces” var izrékinat p&c sekojosa algoritma:
Pienemsim, ka katrs sejas attéls f,(w,4) ir div-dimensionala masivs. Parveidosim katru attelu
par vektoru I' ar izméru P =w-h un ievietosim to masivas$ = {1"1,1"2,1"3,. . .,FM}. Aplikosim

algoritma realizaciju seju datu bazei no 10 att€liem (4.3.2. zim.).
Datu bazes vidgjo seju var izrékinat péc formulas (4 3.3. zim.):

- Z
Tagad pienemsim, ka katra seju datu baze atsl,qras no vidgjas sejas par:
® =T -T
Katrs @, vektors tiek ievietots masiva 4 = {(I)l,d)z,CI)3,...,d) M}. Kovariacijas matricu var
izrekinat sekojosa veida:
C=4-4"
Misu piemera kovariacijas matricas izmérs ir 10304 x 10304, tas nozime, ka ir jaizrékina

10304 ,.,eigenfaces”. Tas nav efektivi, jo lielaka att€lu dala atpaziSanas uzdevumam nav lietderiga.
Aprékinu apjomu var ievérojami samazinat, izrékinot citu matricu:
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L=A4"-4
No matricas L var izrékinat 10 (att€lu skaits datu baze) ipasvektoru v, un 10 IpasSvertibu.
Izveidosim matricu V = {vl,vz,v3,. ..,vM} no matricas L pasvektoriem, tad matricas C paSvektori ir

matricu A un V lineara kombinacija:
U=4V
Matricas U = {ul,uz,u3,...,uM} 1paSvektori u, tiek saukti par ,,egenfaces”. Miisu gadijuma M
= 10 un tas ir pietickams sejas atpaziSanai un vigiem ir vislielakas 1pasvertibas. ,,Egenfaces” tiek

attelotas 4.3.4. zim.

4.3.4. zZim. Datu bazei izrékinatas ,,Eigenfaces” ar lielakajam IpaSveértibam
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4.3.5. Seju identifikacija.

Jaunas sejas identifikacijas algoritms sastav no trim soliem:
Vispirms katrs sejas att€ls no datu bazes tiek uzprojicéts uz ,,Eigenface” telpu:

Q=U"-0,
P&c tam uz ,,Eigenface” telpu tiek uzprojicéts jaunais sejas attels:
Q=U"('-T)

Lai klasificét jauno seju tiek izrékinats Euklida attalums starp vektoriem Qun Q,. Lai
nodemonstrét algoritma darbibu panemsim pirma cilvéka jauno fotografiju 4.3.5. zim.

4.3.5. zim. Jaunas fotografijas (pirmais cilvéks no datu bazes) identifikacija p&c ,,Eigenface”
algoritma
Izrekinot Euklida attalumu starp jauno seju un datu bazes fotografijam dabusim rezultatu, kurs
tiek att€lots 4.3.6. zim. Euklida attalums starp viena un ta pasa cilvéka fotografijam bts minimals,
kas Zim&juma tiek paradits ar sarkano Iiniju.

79



4 5

4.3.6. ztim. Euklida attalumu starp jauno seju un datu bazes fotografijam

Jaunas sejas identifikaciju var panakt izvéleSoties Euklida attalumam noteikto (klasifikacijas)
slieksni: ja Euklida attalums starp jauno fotografiju un att€lu no datu bazes ir mazak par So slieksni,
tad cilveks ir pazistams, pretgja gadijuma, né.

4.3.6. Sejas atpaziSanas sistémas makets.

Darba gaita tiek realiz€ts sejas atpazisanas sist€mas makets. Maketa blokshéma paradita 4.3.7.
Zim.

Sisttmas galvenais elements ir firmas Texas Instrument ciparu signalu procesors
TMS320C6416 (turpmak teksta DSP). Sejas atpaziSanas sist€mas parasti tiek realiz€tas uz datoriem.
Tomér uz DSP bazetai sist€mai ir dazas prieksrocibas:

e Sistéma ir uzdevumam optimizéeta

¢ Samazinas elektroenergijas paterins

e Samazinas ierices cena

e Sisteéma ir portativa
darba. DSP ir paredzets ,,Eigenface” seju atpaziSanas algoritma realizacijai. Seju datu baze art tiek
saglabata DSP atmina.

Jaunas sejas fotografijas tiek iegiitas no videokameras, kuras galvenais elements ir firmas
Kodak attélu sensors KAC-9628. Sensora ciparu izeja tiek pieslégta pie DSP, kurs saglaba ciparu
informaciju par iegito att€lu sava atmina.

Firmas Texas Instrument mikrokontrolieris MSP430F169 ir paredzéts KAC-9628 sensora
programmésanai. Sensora konfiguracijai tiek izmantos I2C interfeiss.

Paslaik visa sistéma tiek kontroleéta no datora. Dators arT tiek izmantots rezultatu
vizualizacijai.

Sejas atpaziSanas sistémas makets tiek paradits 4.3.8. zim.
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4.3.7. zZim. Sejas atpaziSanas sist€mas maketa blokshéma

DSP Videokamera

mikrokontroleris
4.3.8. zZim. Sejas atpaziSanas sist€mas makets

Uzkonstruétas sist€émas galvenie tehniskie parametri:

e TMS320C6416 signalprocesora CPU frekvence ir | GHz, kas lauj nodrosSinat sejas
atpaziSanu realaja laika (pieméram, 0,02 s datu bazes no 10 att€liem gadijuma).

e TMS320C6416 signalprocesora ieks€ja atmina ir 1024K-Byte. Viena sejas bilde
aiznem 10K-Byte (100x100 pikselu, 8-bitu kod&sana). Signalprocesora atmina var saglabat

datu bazi no aptuveni 70 bildém.

e Seju atpaziSanas precizitate ir aptuveni 90 %, tomér ta ir atkariga no daudziem
faktoriem (apgaismojums, pozicija)
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4.3.6. Turpmakais darbs.

Nakotné tiek planots izveidot, portativu, automatisku, no datora neatkarigu, uz DSP bazéto
sejas atpaziSanas sistému. Arf tiek planots attistit sejas atpaziSanas algoritmus. So sistému tiek
planots apvienot ar citam biometriskas atpaziSanas sisteémam, kas laus izveidot multimodalo sistemu
un paaugstinat cilvéka identifikacijas precizitati.
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4.4 Plaukstas asinsvadu atpaziSsana biometrija

S etapa ietvaros tika apskatiti attélu iegfiSanas panémieni ka arT attelu apstrades metodes.
Tika izveidota att€lu apstrades metode, kas paredzeta korelacijas vektoru iegiSanai un analiz€Sanai.
legiitie rezultati sagatavoti un iesniegti publicéSanai (Modris Greitans, Mihails Pudzs, Rihards
Fuksis “Object analysis in images using complex 2D matched filters”’) starptautiska konference
EUROCON 2009 (St. Petersburg, Russia).

4.4.1 Biometrijas sistémas

Uzticama identitates noteikSanas sisteéma ir loti svariga dazadu darbibu veikSanai, ka
piemé&ram, iekltiSanai €kas, finansialu darbibu veiksanai, robezu SkérsoSanai u.c. Patreiz lietotajam
metodém — parolém, ID kartém, pasém u.c. Ir trilkumi — paroles var aizmirst, karti vai pasi var
nozaudét, vai nozagt, tadél rodas nepiecieSamiba péc droSas biometrijas ierices, kas spes identificet
cilvéku péc ta biologiskajam 1pasibam. Protams, arT biometrijas metodes iesp&jams viltot, ka
piemé&ram, pirkstu nospiedumus.

Misu piedavajums ir izmantot plaukstas asinsvadu izvietojuma diagrammu, lai péc tas
identific€tu cilveku. Personu identific€Sanai péc asinsvadu izvietojuma plauksta piemit labas
pasibas: 1) péc asinsvadu informacijas var noteikt objekta dzivibas pazimes; 2) ir griiti izmainit un
traumét asinsvadu ieks€jo struktiiru; 3) ir loti griiti viltot Sadu asinsvadu att€lu, jo tie redzamaja
gaisma nav redzami; 4) ir iesp&jams izveidot bezkontakta sist€ému, lai ievérotu sanitaros apstak]us.

4.4.2 Plaukstas asinsvadu infrasarkano attélu iegisana

Cilveka adai ir kompleksa, daudzslanu struktiira, kas sastav no vairakiem komponentiem
(Stnas, Skiedras, asinsvadi, nervi u.c.). Optiskie eksperimenti pierada, ka dazadi komponenti
paradas, kad ada tiek apstarota ar dazada vilpa garuma gaismas avotiem. Tas dod iesp&ju uznemt
plaukstas asinsvadu att€lus un izmantot tos cilvéka identifikacija.

Asinis transporte skabekli ar hemoglobina palidzibu, kas tajas atrodas; Hemoglobins kliist
piesatinats ar skabekli, kad skabeklis no plausam tam pievienojas. Tas kliist nepiesatinats, kad tas
tiek zaudéts kermena palig trahejas. Isak sakot artérijas satur skabekla piesatinatu hemoglobinu, bet
veénas, asinsvadi skabekla nepiesatinatu hemoglobinu.

Divu veidu hemoglobinam ir dazadi absorbcijas spektri. Skabekla nepiesatinats hemoglobins
seviski labi absorb€ gaismu ar vilna garumu ap 760 nm, tuvo infrasarkano staru apgabala. Kad tiek
uznemts kermena att€ls izmantojot tuvo infrasarkano starojumu, trahejas/asinsvadi bis tumsaki par
citam kermena dalam, jo tikai trahejas/asinsvadi absorbg Sos starus. Otrkart arterijas ir dzilak, tapec
tas praktiski nevar redzet.

Tiek lietotas divas venu attélu veidoSanas metodes: atstaroSanas un parraides metode.
AtstaroSanas metode objekts tiek apgaismots no priekSpuses, bet parraides metodé objektu
apgaismo no aizmugures, sana vai virsmas ap objektu.

AtstaroSanas metode izstarojosa ierice un uztverosa ierice var tikt apvienotas, jo virziens kada
notiek izstaroSana un atstarosana ir vienads. Tomeér parraides metodg ierices jalieto atseviski, jo
mainas izstaroSanas un uztversanas iericu novietojums.

Izmantojot atstaroSanas metodi iesp&jams izveidot mazaku veénu att€la ieguves sistemu, kas
bezkontakta veida iegiist un apstrada infrasarkano staru plaukstas pamatnes attélus. Sadas sistéma ir
paradita att€la 4.4.1.
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Plauksta

Optiskais
filtrs 760nm

Matéts stikls

760nm diodes

Kamera

4.4.1. zZim. Infrasarkano att€lu iegiiSanas sistéma

4.4.3 Eksperimentali iegdtie attéli

Lai realizétu 4.4.1 att€la redzamo sistemu ir nepiecieSama laba kamera, kas darbotos
infrasrkanaja diapazona. Attieciga infrasarkana kamera nebija pieejama, tad€] pirmajam
eksperimentam, tika izmantota Panasonic videokamera ar nakts redzamibas funkciju, lai
nodorSinatu jiitibu infrasarkanaja diapazona. Eksperimentali tika pieradits, ka apstarojot plaukstu ar
infrasrakano gaismu ar vilpa garumu aptuveni 760nm attela tiek izdalitas tumsas Itnijas, kas
reprezent€ asinsvadus. Tomér kameras kvalitates dél attéli ir loti trokSnaini, to var redzet attela
44.2.

4.4.2. zim. legitais plaukstas attéls infrasarkano staru diapazona

Protams, lai sasniegtu labakus rezultatus personu identific€sana, mums nepiecieSami labaki
atteli, tas nozimé, ka ir jauzlabo sistéma. NepiecieSams izmantot kameru, kas paredzéta darbibai
infrasarkanaja diapazona, Iidz ar to iegttie att€li biis kvalitativaki un vieglak analiz&jami. Kamera ir
pasiitita un tuvakaja laika tiks iegiiti jauni, kvalitativaki plaukstas asinsvadu attéli.
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4.4.4 Attelu apstrades algoritmi

Att€lu apstrade ir zinami daudz, dazadi algoritmi atsevisku detalu izdaliSanai, viens no
vienkarsakajiem ir Skautnu detekt€Sana, kas mekl€ straujas intensitasu izmainas attéla, tacu, ja
intensitasu izmainas ir pakapeniskas, ka tas ir miisu gadijuma, $is algoritms neder. Tadg] ir jaizveélas
algoritms un japielago tas ta, lai tas nodroSinatu asinsvadu izdaliSanu. Viens no algoritmiem, kas
tiek pielietots medicina, att€lu analiz€Sanai, kas ietver asinsvadus ir divdimensionalie salagotie
filtri. Literatiira ir apskatiti ar1 tadi algoritmi ka adaptiva sliekSnoperacija, Hessian matrica
1pasvektoru iegtiSanai, pikselu grupéSana, asinsvadu izsekoSana u.c. Lai izmantotu kadu algoritmu
sakuma ir jasaprot, kadas komponentes no iegiita att€la mis interes€. Apskatisim attéla
Skérsgriezumu kada patvaligi izvéleta rinda.

200 T T T T

190 - B

180

170

160

150

140

1 1 1
0 a0 100 150 200

4.4.3. zZim. Plaukstas asinsvadu attéla Skérsgriezums

Ka redzams no att€la 4.4.3 asinsvadus reprezent€ intensitates iekritieni uz apkartgja fona.
Tas nozimé, ka iegiitaja att€la mums ir jamekle tiesi $adas komponentes. Sadas komponentes var
aproksimét ar gausa likni. Optimala filtra izteiksmi var uzrkastit ka

h,,(x)=—exp(—x’/20°)

3

kur x ir punkti,  defing intensitates profila platumu. 2D filtra masku iesp&jams pierakstit ka
K, (x,y)=—exp(—x"120%)—m,

Tomeér lai §ads salagots filtrs spetu detektet asinsvadus dazadas orientacijas, nepiecieSams izmantot
rotacijas matricu, lai rotétu filtra masku.

_|cosO, —sin0,
reE L '
sing@; coso,

Tika izveidota programma MATLAB vidg, lai parbauditu algoritmu uz eksperimentali iegtta
attela. Izveidota filtra maska tiek roteta 12 lenkos, lai iegtitu rezult€joSo att€lu. Rezultats ir redzams
attela 4.4.4. Ka redzams, tad algoritms dod diezgan daudz lieko komponensu, kas nepieder
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asinsvadu att€lam. Tas ir izskaidrojams ar samera liela trokspa klatbiitni att€la, kas apgriitina attelu
apstrades un filtracijas procesu. Nosakot slieksni iesp&jams izvidot binaro attelu, lai novertétu
rezultatu. Ka redzams, tad $adus att€lus nevaram lietot, ja runa iet par precizu biometrijas iekartu.
Lai parliecinatos, vai kvalitativaks attéls dos labaku rezultatu, tika izvelets testa attels 4.4.5, ta
apstrades rezultats redzams blakus att€los.

N

4.4.5. zim. Testa att€ls, attels pec filtracijas un binarais attéls

Ka redzams péc iegiitajiem rezultatiem, $adu algoritmu iesp&ams izmantot un tas dod labu
rezultatu, ja pats analiz€jamais att€ls ir kvalitativs.

4.4.5 Adaptiva sliekSnoperacija

Lai salidzinatu algoritmus un izvél&tos labako, tika apskatita art adaptiva sliekSpoperacija.
legiitajos att€los asinsvadi paradas ka Iinijas, kas ir péc intensitates tumsakas par apkartejo fonu.
Biezi §adas detalas atdala no fona ar sliekSnoperaciju: uzstada noteiktu sliekspa veértibu un pikselus,
kuru intensitate ir zemaka par So slieksni, aizvieto ar melniem pikseliem, bet pikselus ar lielaku
intensitati aizvieto ar baltiem. Rezultata iegiist melnbaltu attélu, kura melnie pikseli pieder
asinsvadiem un baltie — fonam:
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4.4.6. zim. Adaptivas sliekSnoperacijas rezultats

Talak So bildi salidzina ar datubaze esosajam un noverté sakritibu. Piem&ram, novertgjums
var biit atSkirigu pikselu skaits pret visu pikselu skaitu, izteikts procentos. Talak izvélas to rezultatu,
kurs visvairak sakrit, tatad mazak atskirigu pikselu.

Metodika tika saskatiti vairaki trikumi:

Piem&ram, $adu metodiku ir iesp&jams pielietot tikai tad, ja visa bild€ $1 sliekSna vértiba ir
viennozimiga, respektivi, visa attela vienada. Tacu iegiitajos attélos, infrasarkanajai gaismai
atstarojoties no plaukstas, fona intensitate nav vienmériga visa att€la. Rezultata dazus asinsvadus
var ‘pazaudét’, bet dazus trok$nus var pieskaitit asinsvadiem. So trilkumu var novérst, pielietojot
adaptivo sliekSnoperaciju, kad sliek$na veértibu aprékina no apskatama piksela blakus esoSajiem
pikseliem:

SAd:Si-[ff flx,y)drdy|+C
p Db

kur Sp, — laukums kura tiek apskatitas pikselu intensitates, f(x,y) — analiz&jamais attéls, C —
konstante.

Algoritms ir viegli realiz€jams, nav nepiecieSams veikt sarezgitas matematiskas operacijas,
tacu ir Joti jutigs pret taja esoSas konstantes C vertibu, kuru parasti izvélas atkarigi no situacijas. Var
gadtties, ka So konstanti izvélas vienu, bet kadreiz paradisies nestandarta situacija un ierice
kludisies. Vel viens trukums ir iegiitas bildes transformacijas: nobides un rotacijas. Ja cilveks, kuru
ir jaidentific€, novietos savu plaukstu nepareizi, pieméram, nedaudz nobiditu, tad pikselu
izvietojums datubazes attela nebis tads pats, ka iegiitaja. Tapec adaptivo sliekSnoperaciju tika
nolemts papétit velak, un apskatit arT citus algoritmus.

legtitie rezultati tomér dod tikai skalarus lielumus katra attéla pikseli. Lai iegtitu papildus
informaciju par analiz€jamiem objektiem, miisu gadijuma asinsvadiem tika apskatits arT algoritms,
kas iegiist papildus informaciju no analiz€jamiem objektiem. Izmantojot Hessa matricu iesp&jams
iegiit att€la Tpasvektorus, kas konkréta gadijuma dod papildus informaciju par asinsvadu
izvietojumu (4.4.7. zZim.).
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Tacu $ada operacija ir sarezgitaka par ieprieks apskatitajam un ipasvektori vienmér var nenoradit
vélamo asinsvadu virzienu, tada veida ieviesot kliidu algoritma.

4.4.6 Korelacijas vektoru iegtisana ar 2D salagoto filtru palidzibu

Iepazistoties ar ieprieks apskatitajiem algoritmiem radas ideja par jauna algoritma
izveidoSanu, kas biitu noderigs ar segmentesSanas procesa. Piedavatas idejas pamata ir 2D salagota
filtréSana ar kuras palidzibu més varam iegiit filtra reakciju katra attéla pikseli pie visiem izv€l&tiem
filtra maskas lenkiem.

No ta seko, ka filtréjot, katra pikseli iegtist vektoru kopu, kur katrs vektors biis orientéts
maskas pagrieziena lenkt un ta garums reprezent@s filtra maskas reakciju. Teorétiski, vieta, kur
attela ir analiz€jamais objekts un filtra maskas korelacija ar objektu ir vislielaka, vektora garums ari

bis vislielakais. Attela 4.4.8 redzams testa att€ls, kura paraditas vektoru kopas, signala un trokspa
gadfjuma.

5 . = a
T = - = - -

4.4.8. zim. Vektoru kopas signala un trok$na gadijuma

4.4.6.1 Problemas nostadne

Uzdevums ir no iegiitas vektoru kopas iegiit rezult€josos korelacijas vektorus, katra pikseli.
Piedavatais algoritms balstas uz §adiem pien€mumiem:
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1. Vektoru kopa signala gadijuma satur garakus vektorus, kas orientéti objekta virziena;

2. Vektoru kopa trokSna gadijuma satur Iidziga garuma vektorus.
Tade] algoritmam jaizpilda sekojoSas prasibas:

1. Perpendikulari orientétie vektori pavajina viens otru;

2. Lidzigi versti vektori pastiprina viens otru.
Pirma prasiba nodrosina troksna apspiesanu, jo troksna gadijuma visi vektori ir lidziga garuma un
pa pariem perpendikulari. Otra prasiba ir izvirzita lai pastiprinatu signala reakcijas un iegiitu garaku
korelacijas vektoru. Ka art jaievero, ka rezultata Sai metodei jaatgriez vektors.

4.4.6.2 Problémas risinajums

Lai atrisinatu So problému bija nepiecieSams izstradat tadu matematisku metodi, kas lautu
perpendikulariem vektoriem savstarp&ji kompenseties, un vektoriem ar lidzigu virzienu —
savstarp€ji pastiprinaties.

Pamatdoma ir perpendikularus vektorus (90°) parvérst pretgjos (180°), pirms saskaitiSanas.
Metodikas algoritms ir $ads:

1. palielina reakcijas vektora s, lenki (maskas lenki) 2 reizes un iegiist vektorus, kurus sauc par
kompleksiem vektoriem c,. L1dz ar to perpendikularie vektori parversas par pretejiem, bet
l1dzigi orient@ti vektori paliek orienteti lidzigajos virzienos;

2. saskaita ieglitos kompleksus vektorus ¢, (rezultata iegiist korelacijas komplekso vektoru c,
ar dubultotu lenki);

3. samazina korelacijas kompleksa vektora ¢ lenki 2 reizes (iegiist nepiecieSamo korelacijas
vektoru v).

Algoritmu var aprakstit §adi:

i~ reakcijas kompleksie korelacijas koreldcijas
R (intensitdtes) vektori: kompleksais vektors:
= vektori:

j2 j2
?_E:“ Cp =8y 07 v=c-el
5 8= 8y @™
=
S
A

Lenka dubultos$ana, ka arT daliSana ar 2 izradas pasas sarezgitakas darbibas visa algoritma, jo tas
izmanto sekojoSas operacijas — sin/cos, arctg, daliSanu, pacelSanu kvadrata un kvadratsaknes
izvilkSanu:

c,'=VR(c)’+3(c)* cos(Z-arctg;((i)) +jsin(2-arctg;((j>>)]
= +3(c) -arc M sin -arc M
Cos'=VR(c)+3(c) cos(O.S a tgiR(c) +Js (0.5 tgm(c))]

Diemzgl, izvairities no ped€jas (3) operacijas nevar, jo ta ir nelineara, tacu, vispirms, var izvairities
no (1) operacijas: filtréSanas rezultatu (intensitati) jaorient€ nevis maskas virziena (lenkis fin), bet
uzreiz ar dubultotu maskas lenki (2¢.).



Tad veic (2) operaciju:

n n

Un péc tam samazina lenki (3).

Ta ka filtréSanas operaciju, kuras rezultata iegiist intensitati sn var izteikt ar formulu:
s,=JJ £x.)-M(xq, 90, %, v, ¢b,)- dxdy
D

jeb dikréta att€la gadijuma ka:
5,222 f(x. )M (50,7059, b))

______

—n_gz [ X, ('xO’yOJ-x’ Y, d)n)]'ej.z.d)”

Kur M(x0,y0,x,y,¢,) — filtra maska, novietota punkta (Xo,yo) un pagriezta pa lenki ¢,. Formula lauj
atrast vienu komplekso vektoru. Lai atrastu visus, javeic filtraciju ar maskam pie visiem
vajadzigiem lenkiem ¢,. Un tad tos saskaita kopa, iegiistot komplekso vektoru ¢. Sada filtracija ir
loti darbietilpigs process, jo ir javeic filtraciju vismaz pie 8 maskas lenkiem, lai dabiitu precizu
rezultatu. Salagota filtracija pie katra no 8 lenkiem péc bitibas ir att€la pikselu reizinajums ar
maskas pikseliem un to saskatiSana kopa, kas ir javeic katras bildes pikselim! Tap&c §1s process ir
javienkarso.

Summaro komplekso, jeb korelacijas komplekso vektoru ¢ atrod péc formulas:

QﬁZ[ZZ[f(x,y)- (X0, 0. X, 7. b, )]] .
¢, | D

So izteiksmi linearitﬁtes del var parrakstit $adi:

Q”:ZZ )C y ZM xO’yO’x Y (bn }2¢:| ZZ[ X, y M xO’yO’x y)]
D

Tagad filtracija ir javeic tlkal ar vienu komplekso masku M , divas reizes — ar tas realo un
imaginaro dalu. Komplekso masku atrod pé&c §is izteiksmes:

M(XO;YO,X y ZM xO)yO)x y d))

2:¢,

Ar sadiem matematiskiem parveidojumiem sakotneju algoritmu izdevas vienkarsot:

= _ .. _ ..
b koreldcijas korelacijas
= .

= 3 kompleksais vektors: vektors:
T~ "‘?\

& 3

=~ 0

g5 c=N¢, = \_‘ sy 1% v=coel
5 2 =" -

% ";: n H

S S

Talak tika izp&tita maskas méroga ietekme uz filtracijas rezultatiem. Katra maska detektg tikai att€la
detalas, kas ir ar to salagotas. Lai vienlaicigi detektet dazadu izmeru detalas, tikai piedavats viena
kompleksaja maska apvienot dazadu meérogu maskas pie visiem vajadzigajiem lenkiem ¢, . Lidz ar
to:

M,,=(xy,y0,%x,y)= Z ZM Xo, Vo X, Y, P, ) e e
m b

Tika ekperimentali pieradits, ka viena méroga maska netrauc€s cita méroga maskai.
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1. Pielikums

MATLAB programmas signalu ar laika mainigu frekvencu joslas
platumu diskretizacijai un atjaunosanai

clear all

%$signalatkariga diskretizacija un atjaunoSana, zinot fmax(t)
dt=0.01;
t=0:dt:200;
y=cos (2*pi* (0.1*t+0.2/200*t."2))+0.5*cos (-2*pi*8/1og(9) *9.7 (1-t/80))+
0.8*cos (2*pi* (t*0.75-280/pi* (0.5*cos (2*pi*t/280-2*40*pi/280)+
1/8*sin (4*pi*t/280-4*40*pi/280)))/3);

f=[1; %tris komponenSu momentanas frekvences
f=[£;0.1+0.4*t/200;1/10*9.”~(1-t/80);1/3*(0.5+sin(2*pi.* (t-40)/280))."2];
fmax=max (f) ; $signala momentand maksimdla frekvence

plot (t, fmax)

ff=0; faze2=ff;

for k=1l:length (fmax) -1
ff=ff+fmax (k) *0.01;
faze2=[faze2,ff];

end;

kk=1.25;
faze2=2*pi*faze2;
L=sinc (kk*faze2) ;
sig2=sin (kk*faze2);

[sn,ton,xn,txn,uuu]=1lvcrossing2(L,100,2,2,0);
tk=ton;
tk=[t(1l),ton]; size(tk)

Fatj2=zeros (length (t), length(tk));

£1ii=0;

for k=1l:length(tk)
Fatj2(:,k)=sinc(kk*faze2-fii)"';
fii=fii+pi;

end;

Fatj=Fatj2;

C=cos (2*pi* (0.1*tk+0.2/200*tk."2))+0.5*cos (-2*pi*8/1og(9) *9.” (1-tk/80) )+
0.8*cos (2*pi* (tk*0.75-280/pi* (0.5%*cos (2*pi*tk/280-2*40*pi/280) +
1/8*sin (4*pi*tk/280-4*40*pi/280)))/3); %signala nolases

Satjl=Fatj*C'; %atjaunotais signals

000000000000000000000000000000000000000000000000000000000000000000000000000000009

$signala atjaunosana no limenu-3kérsojuma nolasém Sn
[Sn,tn,ul=1vcrossing (200,1le-4, 'cos (2*pi* (0.1*t+0.2/200*t."2))+0.5*%cos (-
2*pi*8/log(9) *9.7(1-t/80))+0.8*cos (2*pi* (£t*0.75-280/pi* (0.5*cos (2*pi*t/280-
2*40*p1/280)+1/8*sin (4*pi*t/280-4*40*pi/280)))/3)"',4,8);

dt=0.1;
t=0:dt:200;
y=cos (2*pi* (0.1*t+0.2/200*t."2))+0.5*cos (-2*pi*8/1og(9) *9.7(1-t/80))+



0.8*cos (2*pi* (t*0.75-280/pi* (0.5*cos (2*pi*t/280-2*40*pi/280) +
1/8*sin (4*pi*t/280-4*%40*pi/280)))/3);

f=[1;
f=[£;0.14+0.4*t/200;1/10*9.”~(1-t/80);1/3*(0.5+sin(2*pi.* (t-40)/280)).72];
fmax=max (f) ;

$fmax (t) noteik3ana
[fup, tup, tint]=fupFn (Sn, tn) ; $fj(tj) aprékins (fj=fup, tj=tup)
tup=(tint (:,1)+tint (:,2))/2;

Fs=100; dtt=1/Fs;
tt=tn (1) :dtt:tn (end) ;

ft = zeros(size(tt));

for ma = 15:35 $fj(tj) aproksimacija dazaddam ma vértibam
ft = ft+Aproksimacija (fup,tup',ma,tt);

end;

ft = ft/21; $vidéjosana

plot(t, fmax, "k',tt,ft,'r")

f£f=0; faze=ff;

for k=l:length(ft)-1
ff=ff+ft (k) *1/Fs;
faze=[faze, ff];

end;

tk=[]; f0=0; kk=1.3; %atrod laika momentus tk
for g=l:1length(faze)-1

if faze(g)<=f0&&faze (g+l)>=£f0

tk=[tk, (f0-faze(qg))/ (faze(g+l)-faze(qg))* (tt(g+l)-tt(g))+tt(g)]l;
f0=£f0+0.5/kk;

end;

end;
%fazes aprékins
tatj=tn(1l):1/10:tn (end) ;
faze=2*pi*faze*kk;
fazen=interpl (tt, faze,tn, 'linear’', 'extrap');
fazet=interpl (tt, faze,tatj, 'linear’', 'extrap');
sig=sin (faze);
sign=sin (fazen);
sigt=sin (fazet);
%impulsa reakcijas h(tn,tk) aprékins

FF=zeros (length (tn),length(tk))
£fii=0;
for k=1l:length(tk)

FF(:,k)=sinc (fazen-fii)"';

fii=fii+pi;
end;

C2=interpl (tn,Sn,tk, 'linear', 'extrap'); %$signala interpolacija

C3=C2; $mekléjamo nolasu C3(tk) sakumvértibas
Xn2=FF*C3"'; $veértibu iterativs aprékins
for k=1:10
dC=interpl (tn,Sn-Xn2',tk, 'linear', 'extrap');
C3=C3+dC;
Xn2=FF*C3"';
end;

%$impulsa reakcijas h(tatj,tk) aprékins
Fatj=zeros (length(tatj),length(tk));
£1i=0;
for k=1l:length(tk)
Fatj (:,k)=sinc (fazet-fii)"';
fii=fii+pi;



end;
%atjaunotais signals
Satj=Fatj*C3';
figure
plot(t,vy,tn,Sn,'."',tatj,Satj,tk,C3','0");

function [funkc] = Aproksimacija(Sn2,tn2,m,t) S$funkcija punktu aproksimacijai ar
$gabalveida 1. kartas polinomiem
itsk = floor (length(tn2) /m);

if itsk < 2
a = polyfit(tn2,Sn2,1);
funkc = polyval(a,t);
else

for k = 1l:m:m* (itsk-2)+1
[y, (tn2 (k+m-1) +tn2 (k+m) ) /2] ;

b
Il

M = length(y);
y=[0,y,y(end)];

Sn = Sn2 (l:m*itsk);
tn = tn2(l:m*itsk);

S = sum(Sn);
sl = 0;
c = S
for k = 1:M+1
al = m*(k-1)+1;

a2 = al+m-1;
s2 = sum(Sn(al:a2));

sl = sl+s2;

c = [c;sum(Sn(al:a2).*tn(al:a2))+(y(k+1l)-y(k))*(S-sl)-y(k)*s2];
end;
sumtn = zeros (M+1,1);
sumtn?2 = sumtn;

d = m+m*M;

for k = 1:M+1;
al = m*(k-1)+1;
a2 = al+m-1;
sumtn (k) = sum(tn(al:a2));

sumtn2 (k) = sum(tn(al:a2)."2);
d = [d;sumtn (k)+m* (y (k+1)* (M-k+1) -y (k) * (M-k+2))1;

end;

Matr = d;

d = d*y(2);

d(l) = sumtn(l)+y(2)*m*M;

d(2) = sumtn2 (1)+m*M*y (2)"2;
Matr = [Matr,d];

for k = 1:M
dy = y(k+2)-y(k+1);
D= T[1;
dl = sumtn (k+1)-m* (y (k+1)-dy* (M-k));
D = [D;dl];
for z = 2:k+1
D = [D;(y(z)-y(z-1))*dl];
end;



D = [D;sumtn2 (k+1)-2*y (k+1) *sumtn (k+1)+m* (y (k+1) “2+ (M-k) *dy"*2) ];
if k+3 <= M+2
for z = k+3:M+2

D = [D;dy* (sumtn (z-1)+m* (y (z) * (M-z+2) -y (z-1) * (M-z+3))) 1;
end;

end;

Matr = [Matr,D];
end;
rez = Matr\c;
b = rez(l);
a = rez(2:end);
for k = 1:M

b = [b;b(end)+y(k+1l)*(a(k)-a(k+l))];
end;

mm = length (tn2)-m*itsk;
if mm > 0
y(end) = (tn2 (m*itsk)+tn2 (m*itsk+1))/2;
Sn = Sn2 (m*itsk+1l:end);
tn = tn2 (m*itsk+1:end);
S = sum(Sn) ;
St = sum(Sn.*tn);
sumtn = sum(tn);
sumtn?2 = sum(tn.”2);
aa = (St-y(M+2)*S-(b(end)+y (M+2) *a (end)) * (sumtn-mm*y (M+2) ) )/ (sumtn2-
y (M+2) * (2*sumtn-y (M+2) *mm) ) ;
bb = b(end)+y (M+2) * (a (end) —aa) ;

a = [ayaal;

b = [b;bb];
else

a = [aya(end)];

b = [b;b(end)];
end;
funkc = zeros(size(t)):

for k = 1:M+1

ind = t>=y (k) &t<y(k+1);

funkc (ind) = a(k)*t (ind)+b (k) ;
end;

ind = t>=y (M+2);
funkc (ind) = a (M+2) *t (ind) +b (M+2) ;

0000000000000000000000000000 oo

function [funkc] = Aproksimacija2(Sn2,tn2,m,t)Ssfunkcija punktu aproksimacijai ar
%gabalveida 2. kartas polinomiem
itsk = floor (length(tn2) /m);

if itsk < 2
a = polyfit(tn2,Sn2,2);
funkc = polyval(a,t);
else

for k = 1l:m:m* (itsk-2)+1
[y, (tn2 (k+m-1) +tn2 (k+m) ) /2] ;

=
Il

M = length(y);
y=[0,y,y(end) ];



Sn = S
tn t

SM = z
tM = S
t2M =
t3M
tdM
StM =
St2M =

for k
al
a2

n2 (1l:m*itsk);
n2 (l:m*itsk);

eros (M+2,1);
M;
SM;
SM;
SM;
SM;
SM;

= 1:M+1
= m* (k-1)+1;

al+m-1;

= sum(Sn(al:a2)
= sum(t (al az2)
u (al:az
(al a2

( )

)
(t ) .
(t ).
(tn(al:a2).
(S ) .
m 2

’
’

’

t3M
t4M
StM
St2
end;

’

)

)

) —
) =
k) =

sum
sum
sum
sum(Sn(al:a2
(Sn(al:a

al:a2));

u (
tn(al:a2).

k
(k
t2M(
(
(
(
M su

)
)
k 2);
k 3);
k 4);
k tn
( *(

) . ~2)) i

Ssum = sum(SM) ;
tsum = sum(tM) ;
t2sum = sum(t2M) ;
Stsum = sum(StM) ;

[Ssum; Stsum] ;

StM (1) ;

= SM(1);

k = 1:M+1

cc = [cc;St2M(

(k) *StM (k) +SM (

= skl+StM(
sk2+SM (k

+2*(y(k+1)
k)"2];

-y (k)) * (Stsum-skl) - (y (k+1) ~2-y (k) ~2) * (Ssum-

sk2

|
N
*

k
k
k

]

=~

=
|

)
)*
+1 )
1)

)

e

N
Il

+

tM (1) ;
= 0;
d = [m+m*M; tsum];
= 1:M+1;
d = [d;t2M (k) +m* ( (M-k+2)
* (tsum-sk2))];
sk2 = skl;
skl = skl+tM(k+1);
end;
Matr =

*y (k) "2- (M-k+1) *y (k+1)"2)+2* (y (k+1) * (tsum-skl) -

d;

skl = t2M(1);

sk2 = 0;

sk3 tM(1);

sk4d = 0;

d = [tsum;t2sum];

for k = 1:M+1;
d = [d;t3M(k

(tsum-sk3) *y (k+1)~2];

sk2 = skl;
skl = skl+t2M(k+1);
sk4 sk3;
sk3 sk3+tM(k+1) ;

end;

) +2% (y (k+1) * (£2sum-skl) -y (k) * (£2sum-sk2) ) + (tsum-sk4d) *y (k) "2-



Matr = [M

atr,d];

t3M

¥ (
t2M(
(
t4M (

2)
1)-
1)
1)+

*Matr (:
y(2)*
+y (2
(m*M*y

1 2)

-Matr (:,
(m*M*y (2)
) * (2% (£t2sum-t2M (1
(2)"

1) *y(2)"2;

=-2* (tsum—-tM (

)) -y (2

2+4* (t2sum-t2M (1

1)
)*
))

))

(tsum-tM(1))) ;

_4*y

(2)*

(tsum-tM(1))) *y(2)"2;

skl+t2M(k+1) ;
sk1l+t2M (k+2) ;
sk3+tM(k+1) ;
sk3+tM (k+2) ;
skl; ssk2
v (k+2) -y (k+1
y (k+1) ~2-y (

= sk2; ssk3 sk3; sski4 sk4;
)

dy?2 k+

D

dll

= 2)"2;
[1;
= t2M(k+1) -y (k+1) * (2*tM (k+1) -y (k+1) *m) ;
dlz 2*dy* (tsum-sk3) +dy2*m* (M-k) ;
dl dll+d1l2;
d21 = t3M(k+1) -y (k+1)* (2*t2M (k+1) -y (k+1) *tM(k+1)) ;
dz22 = 2*dy* (t2sum-skl) +dy2* (tsum-sk3) ;
dz2 d21+d22;
D [D;d1l;d2];
for z = 3:k+3
D [D;2*(y(z-1)
end;
D(end) =
y(z=2)*t2M(z-2))
if k+4 <=
for z
D
(tsum-ssk4)

-y (z=2)*

-~y (z-2))*d2-dl* (y(z-1)"2-y(z-2)"2)];

D(end) -2*y (z

-1)*d21+d1l1l*y (z-1) "2+tdM(z-2) -y (2-2) * (2*t3M(z-2) -

M+3

k+4 :M+3

= [D;2*dy* (£3M(z-2) +2* (

*y(z-1) "2+ (tsum-ssk3)

(tsum-ssk3) ) +m* ( (M—z+4)
sskl
ssk2 =
ssk3
sskd =

end;
end;
Matr

end;

y(z-1)* (t2sum-ssk2)-y(z-2)*
*y(z=2)"2)+dy2* (t2M(z-2)
*y(z=2)"2-(M-z+3) *y(z-1)
sskl+t2M(z-2) ;

sskl+t2M(z-1);

ssk3+tM(z-2) ;

ssk3+tM(z-1);

(t2sum-—
+2* (y(z=-1) * (tsum-
~2)) 17

sskl)) -
sskd)

[Matr,D];

rez Matr\cc;

= rez(l);
rez (2);
rez (3:end) ;

c
b
a

k
c
b_
end;

M
c;c(end) - (a(k)-a(ktl))
; ( nd) +2*y (k+1) * (

for 1:
= [c *y (k+1)72];
[b a(k)-a(k+l))1;

mm length (tn2)

if mm > 0
y (end)
ye
Sn =
tn
S
St
St2

-m*itsk;

(tn2 (m*itsk)+tn2 (m*itsk+1))/2;
y (end) ;

Sn2 (m*itsk+1l:end);

tn2 (m*itsk+1l:end);

sum (Sn) ;
sum(Sn.*tn) ;
sum(Sn.* (tn

-12));



sumtn = sum(tn);

sumtn?2 = sum(tn.”"2);
sumtn3 = sum(tn.”3);
sumtn4 = sum(tn.”"4);
aa = (St2-2*ye*St+S*ye”2+ (b (end)+2*ye*a(end)) * (2*ye*sumtn2-sumtn3-

sumtn*ye”2)+ (c (end) —a (end) *ye”~2) * (2*ye*sumtn-sumtn2-mm*ye”2)) / (sumtnd-
ye* (4*sumtn3-6*ye*sumtn2+4*sumtn*ye”2-mm*ye”3)) ;
bb = b(end)+2*ye* (a(end) -aa) ;

cc = c(end)-(a(end)-aa)*ye"2;
a = [a;aal;
b = [b;bb];
c = [c;cc];
else

a = [aya(end)];
b = [b;b(end)];
c = [c;c(end)];
end;

funkc = zeros(size(t)):;

for k = 1:M+1

ind = t>=y (k) &t<y(k+1);

funkc (ind) = a(k)*t(ind) .”"2+b (k) *t (ind) +c (k) ;
end;

ind = t>=y (M+2);
funkc (ind) = a(M+2)*t (ind) .”"2+b (M+2) *t (ind) +c (M+2) ;
end;

MATLAB programmas signalu ar laika mainigu frekvencéu joslas
platumu diskretizacijai un atjaunosanai

clear all

N=512; %punktu skaits

nrealiz=100;
nr=250; $realizaciju skaits (signalu skaits)
yy=1[1;
for nn=1l:nr

y=[0 0 0 01;

e=randn (1,N) ;

e=[0 0 e];

for k=1:N

y=[y, 2.76*y(end)-3.809*y(end-1)+2.654*y (end-2)-0.924*y (end-3) +te (k+2) -

0.9*%e (k+1)+0.81*e (k) 1;

end;

yy=[yy:;yv(5:end)]; $signalu masivs
end;

tt=0:0.01:N;
Satj=zeros (nr, length(tt));

for k=l:1length(t); $interpolacija ar sinc funkcijam
Satj=Satj+yy(:, k) *sinc (tt-t(k));

end;

ind=tt>=128&tt<=384;
Satj=Satj(l:nr,ind);

MN=2; $frekvencu sola dalitajs



fstep=1/ (MN*255) ;
fn=sort ([-fstep:-fstep:-0.5, O:fstep:0.5]1);
ind=fn<=0.15&fn>=-0.15;

Rezult=[];
RezDFT=[];
L=[]; aaa=1;

for kkkk=l:nrealiz;

while 1>0 $signalu atlase, kuriem nolasu skaits ir noteikta intervala
[z,v,Sn,tn,ul=1lvcrossing2 (Satj (aaa,:),100,3,110, [-42:6:42]);
N=length (Sn)
if N>225]|N<175
aaa=aaa+tl; aaa
else
aaa=aaa+l; break;
end;
end;

L=[L,N];
xn=Sn;

dt=tn(2:end)-tn(l:end-1);
dt=[dt, sum(dt) /length(dt)];

Sn=Sn.*dt;
e=exp (-1*2*pi*fn'*tn);
b=1/(tn(end)-tn (1)) * (abs (Sn*e'/length(1l))) ."2;

RezDFT (kkkk, :)=Db;

sl=sum (b (ind)) ;

ii=1;
r=[];
while (ii<11) %R matricas iterativs aprékins
for n=1:N
for k=n:N
r(k,n)=sum(b'.*conj(e(:,k)).*e(:,n));
if n~=k, r(n,k)=conj(r(k,n));end
end
end
r=r+0.001*eye (size(r)); $transforméacijas stabilizacija

skait=inv (r) *e';
nn=size (skait) ;
c=[1];
for kk=1l:nn(2)
c=[c,e(kk, :)*skait (:,kk)];
end;

for kk=1l:nn(2)
skait (:, kk)=skait (:,kk)/c(kk):
end;
s=xn*skait;
b=(s.*conj(s));
Rezult (15* (kkkk-1)+1ii, :)=abs(1l./c);
1i=1ii+1;
end;
end;

rezl=sum(Rezult (1:15:1500,:))/100; $rezultats péc atsevisSkam iteracijam



rez2=sum(Rezult (2:15:1500,:))/100;
rez3=sum(Rezult (3:15:1500,:))/100;
rez4=sum(Rezult (4:15:1500,:))/100;
rezb5=sum (Rezult (5:15:1500, :))/100;
rez6=sum(Rezult (6:15:1500,:))/100;
rez7=sum(Rezult (7:15:1500, :))/100;
rez8=sum (Rezult (8:15:1500,:))/100;
rez9=sum (Rezult (9:15:1500,:))/100;
rezl0=sum(Rezult (10:15:1500, :))/100;
rezll=sum(Rezult (11:15:1500,:))/100;
rezl2=sum(Rezult (12:15:1500,:))/100;
rezl3=sum(Rezult (13:15:1500,:))/100;
rezl4=sum(Rezult (14:15:1500,:))/100;
rezl5=sum(Rezult (15:15:1500,:))/100;

rezDFT=sum (RezDFT) /100; % DFT rezultats



2. Pielikums.



MopennpoBaHue U pacueT CTPOOHPyeMOro 6aJIaHCHOT0 KOMIIApaTopa Ha
TYHHEJIbHBIX THOIAX

3. beitnep, ookmop evluuciumenvHbix HayK
K. Kpymunsui, dokmop eviuuciumenshbix Hayk
HHucmumym s1eKkmpoHuKy u 8b14UcaumenbHou mexHuky
ya. /[zepbenec, 14 Puea LV-1006, Jlameus
E-mail: beiners@edi.lv

IIyrem ™MoaeMpoBaHMST W PAacYeTOB NPOBOAUTCH HCCJIeJOBaHUE
cTpo0upyeMOro 0aJJaHCHOI0 KOMIIApaToOpa, BBINOJHEHHOI0 HA
TYHHEJBHBIX [HOAAaX, B KOTOpPOM B KadecTBe ¢GopMupoBarTes
CTPOOCHUIHAJIA MCIHOJIB3YeTCHA TOKe TYHHeJbHbI auoa. IlpoBoagurtcs
MOJeJIMPOBAHUE M pacyeT ONTHMAJBHOIO 3HAYEHUs] CONPOTHBJICHUS B
Henu CTPOOCHIHAa W HeoOXOAMMOH AMILUIMTYIbI HMMILYJbCAa 3aIycKa
dopmupoBarenss crpodcurnasa. MogeaupoBaHue cTpOOHUpyeMOro
0aJIAHCHOI0 KOMIIApaTopa IMPOBEACHO ¢ NMOMOIUI0 nporpamMmmsel 1-Spice
(¢pupmsel Tanner.

KuroueBble ci10Ba: cTpoOMpyeMblil KOMITaparop, OajJaHCHBIM KOMIIaparop,
TYHHEJIbHBIN AMOJ], CTPOOOCKOMMYECKHI MpeoOpa3oBareb.

1. BBenenmue.

Crpobupyempie Oamancubie kommaparopsl (CBK) (ctpobupyembie OamaHCHBIE CXEMBI
CpPaBHEHMSI) BBITOJHO OTIMYAIOTCS TE€M, YTO MPAKTUUYECKH HEUYBCTBUTEIBHBI K IIyMY
dbopmupoBarenis cTpoOCUTrHama. ODTO TO3BOJSET CO37aBaTh CTPOOOCKOMUYECKHUE
npeoOpazoBarenu, 00JaJaoue BbICOKOW 4yBCTBUTENBHOCTHIO [1]. JloBOJIBHO OosiblIOE
KOJIMYECTBO PadOT MOCBALIEHO HCCIEAOBAHUIO TAKUX KOMIIAPATOPOB HAa 3JIEMEHTax
CBEpXIPOBOJTHUKOBOM KBaHTOBOHW »anekTpoHuku SQUID (superconducting quantum
interference device) [2, 3, 4, 5, 6, 7, 8]. HemocrarkoM Takux >JIEMEHTOB SIBISETCS
HEOOXOIMMOCTh HUX OXJIAKIEHUS JO0 TeMIeparypbl xuakoro renusa. [lostomy
nenecoobpasueiM  siBisieTcs:  uccinenoBanue CBK, mocTpoeHHBIX Ha 3leMEHTax,
paboTaromux npu KOMHATHOM Temmeparype, Hanpumep CBK Ha TyHHENTBHBIX AMOJAX.
Hcnonb3oBaHuEe TYHHEIBHBIX JUOMOB IIEJIECOOOpPa3HO M B CBSI3M C TEM, YTO
COBPEMEHHBIE TYHHEJbHbIE JHOABI MO ObicTponeicTBUi0 He ycrynaror SQUID


mailto:beiners@edi.lv

AJIEMEHTAM.

CBK MoryT Hcnonb30BaThCsl B pa3HbIX YCTPOMCTBAX ANEKTPOHUKU U aBTOMATHKU,
B TOM 4YHUCJIE€ M B JHUCKPETHBIX CTPOOOCKOMMYECKUX MpeoOpa3oBaTessiX CHUTHAJIOB.
Nmenno ¢ rakum ucnonb3zoBanueMm CBK OyzneT cBsizaHO Hallle HCCleI0BaHHUE.

B uccnenyemom CBK B kauectBe (popmupoBarens CTpOOCUTHANIa KCIONb3YETCs
TYHHEJIBHBIN JTHOJI, IEPEKIIFOUEHNE KOTOPOTO OCYIIECTBIISAECTCS UMITYJIbCOM HAIPSKEHUS

3amycka ¢ Hekotopoi ammuutynoi Uo. TlosToMy HEOOXOOMMO HAlTH BBIpaXKEHUE VIS
pacuera sToil amruiutyasl. Kpome Toro, HeoOXonMMO 3HaTh ONTHUMAIbHOE 3HAYEHUE

conporuBnenuss R, B nmenm crpoGcurHanma. MccnemoBaHHS MPOBOAATCS  ITyTEM
MOJIEIMPOBAaHUS U MYTEM aHAJIUTHUYECKUX PACUYE€TOB. AHAIMTHYECKUE HMCCIIECIOBAHUS B
oOLIEM BHJI€ TAKUX CUJIIBHO HEJIMHEMHBIX LENEN C pEAKTUBHBIMU JIEMEHTaMU SIBJISIOTCS
O4YeHb CHOXHBIMH. [loaTomMy st oOONerdyeHuss W YHOPOUIEHUS AHAJIUTHYECKUX
WCCIICOBAaHNN  TNPUBIEKAJIOCh  KoMIbroTepHoe  MoaenmpoBanne  CbK.  Jlna
MOJIETTUPOBAaHUS HKCIIONIb30BaNach cucreMa 1-Spice dupmbl Tanner. MopenupoBaHue
MO3BOJISIET HAM Kak Obl “nofkiouuTcs” K Jro0omy aneMeHty cxembl CBK, a Taxke k
JO0OMY 3JIEMEHTY SKBUBAJEHTHOM CXEMbl TYHHEIBHBIX JIMOJOB M HaOMIONaTh
MPOTEKAIOIINE B HUX Mpolecchl. MoJenupoBaHUE MOKa3bIBAET, KaKWe TOKHM U KaKue
NaJCHUSl HANPSDKEHUH B CXEME HMEIOT CYIIECTBEHHOE 3HAY€HUWe M UX IpHU
AHAJIMTUYECKUX UCCIIEBAHUSIX HEOOXOAMMO YUUTHIBATh, 1 KAKUMH MOYKHO IIPEHEOPEUb.
Takoil Moaxon MO3BOJSIET MOHATH HPOLECCHl, MPOTEKAOIIME B CXEME M oOjeryaer
aHanuTHYeCcKue uccienoBanus. Kpome Toro, mociae NnpoBEelEHHs] TaKMX B HEKOTOPOM
CTENEHU  MNPUOIMIKEHHBIX  PAacyeToB, MOJEIUMPOBAHME  TO3BOJIAET  MPOBEPUTH
COOTBETCTBHE ITOJTYYEHHBIX PE3YIBTATOB PE3YJIbTaTaM MOJEIUPOBAHHUS.

2. Pacyer onTHMAILHOIO 3HAYEHHSI CONPOTHBIeHUs X, B memu crpodcurnaa.

[TpunuunuansHas cxema CBK npuBenena na Puc. 1, tne 7D, u TD,- TyHHEJIbHBIE
muonel CBK, a 7D, - crpoOupyromuil TyHHENIbHbIH I1OHA, (POPMUPYIOIIHMA KPyTOH
nepenan HanpspbkeHus. CTpoOUpYIOMUN TyHHENbHBIA JIMOM 3aIlyCKaeTCsl HUMITYJIbCOM
3aIycKa ¢ aMIUIATyaou U ,, 0IaBaeMoM depe3 pe3uctop R,. CTpobupyromnuii mepemna
HAIPSKEHUS uyepe3 pe3uctop X, momaercs Ha mapy HOCIENOBATENbHO BKJIIOYEHHBIX

TYHHEJIbHBIX JIMO/I0B. B cxeme n300pa)keH Takke MCTOYHHMK CUTHaJa “; ¢ BHYTPEHHUM
conpoTtuBieHreM R, (oObraHO 50 Q). BXomHoW curHam depe3 JHMHHUIO Tiepenaqyn L

(0OBIYHO C BOJIHOBBIM compoTuBieHreM 50 Q) nmomaercs Ha pe3ucTop R, BXOAHOM LEMH
CBK. B Touke coenuHEHUs] TYHHEJbHBIX TUOA0B MOAKIIOUEH TaKXKe PE3UCTOP R, , uepes

xotopeli Ha CBK mnomaercss HanpspkeHue KOMIIEHcaluu e. B 3aBUCHMOCTH  OT
COOTHOLICHS] MIHOBCHHOIO 3HAU€HUs u, BXOJAHOIO CHUIHAjla W  HaIpPsDKEHUA

KOMIICHCALIUU e, NEPEKI0YaeTCs OJWUH WA APYTrOM TYHHEIBHBIA auoj. B paBHOBECHOM
coctossuuu CBK 006a nuoma mepexiirouaroTcsi ¢ OJWHAKOBOM BEPOATHOCTHIO. B Takom



COCTOSIHUM HAIPSKEHUE KOMIIEHCALMU MPONOPUUOHAIBHO MIHOBEHHOMY 3HAUYEHHUIO
BXOJIHOT'O CUTHANA e, =u,R,/R,.

R, v, R

] ]

L L
£,
=2 TD, Uy

R, T, | Re

Puc. 1. Uccnenyemsiit cTpoOUpyeMbIii KOMITapaTop.

B pacuerax u B MOmEIMpPOBAaHMU MCIIOIB30BaJaCh M3BECTHAs JKBUBAJICHTHAS CXEMa
TYHHEJIbHOTO JuOjAa, MNpuBeIeHHas Ha puc. 2, 1tme L, R,C,p(u) O3HAYaeT

COOTBETCTBEHHO: MAapPa3UTHYI HHAYKTUBHOCTh, COMPOTHUBJICHUE PACTEKAHUS, €MKOCTb
p/n mepexoja U HEIMHEHHYIO BOJBTaMIIEpHYIO XapakTepucTuky (BAX) TyHHEnbHOTO
muona. Tak kak paccmarpuBaembii Hamu CBK crpoOupyercss KpyThIM mepenanaom
HaNpsHKEHUsI, OCHOBHOM TOK Oy/IeT MpOTeKaTh Yepe3 EMKOCTU p/n mepexoja.

C = @ (u)

Puc. 2. Ucnonp3oBaHHas B MOZCIIN U B paCuCTax 9KBUBAJICHTHAA CXCMa TYHHCIJIBHOI'O
Auoaa.

[Ipu pacuere compoTtuBienus R, OyneM HCXOAWTh M3 TOTO, YTO TMOCIE BO3IACHCTBHS

cTpoOcurHaia paboyass TOYKAa TYHHEJBHBIX JHOJOB [JOJDKHA NEPEXOAUTh C Hayaia
BOJIETAMIIEPHOM XapaKTEepUCTUKU [1O0Jla HAa Haubosiee KPyTyl0 4acTh MaJarolleil BETBU
BAX. Oto TpeboBaHue cieayeT U3 cOOOpaKeHUM MOIyYEHHs] MUHUMAJIBLHOTO BPEMEHU
HapacTaHUsl TMEPEXOJHON XapaKTepUCTUKH CTPOOOCKOMMYECKOro TMpeodpa3oBarers,
ucnons3ytomero aanubid CBK [10]:

t, =22R,|C, (1)

rue ‘Rz‘ - nuddepennmanbHOe CONpoTHBIECHUE TMafaromeld BeTBH BAX TyHHEIbHOTO



IMOAAa B TOYKE, COOTBETCTBYIOLIECH NAJCHUIO HAINPSIKEHUS B MOMEHT BO3ICHCTBUSA
cTpobOupyroiero mnepenaga HanpstkeHus. KoopauHatsl Haubonee KpyToM YacTu
nanatomiei BeTBu BAX 00BIYHO HE SIBIAIOTCA MACMOPTHBIMH JAHHBIMU TYHHEJIHBHOTO
aroAa. DKCIEPUMEHTAIbHOE ONPEACIECHUE ITUX KOOPAMHAT TAKKE 3aTPYIHUTEIBHO, TaK
KaK 2JTa TOYKa SBIAETCS HeycToMuuBOM. [loaTOMYy mNpUXOAUTCA MOJIB30BATHCS
SMIIMPUYECKUMHU BBIPAKEHUSIMHU ONPEICIICHUS 3TUX KoopauHar [11]:

U*:plUp; ]*:pzlp (2)

Tac Up 141 ]p - IIMKOBOC HAIIPAXKCHHC U IMMKOBBIN TOK TYHHCJIbHBIX OHWOJOB. Ot

K03(h(pULIHEHTHI UMEIOT HEKOTOPHBIN pa3dpoc p, =1.8+1.9; p, =0.7+0.8.

Jlns  monydeHUss MaKCHMMalbHOM  aMIUTUTYAbl CTPOOMpYIOIIEro mepenaaa
HampsDKEHUST ~ HEOOXOAMMO  MCHOJb30BaTh  OTHOCUTENIBHO  OOJBIIME  3HAYEHUS
CONPOTHBJICHUA R, . Torma Opu INEPCKIIOYCHUM TYHHEJIBHOIO Jauoja 7D, TIIaJcHHC

HaIIpsOKCHUA Ha 9TOM OUOIC 6y,Z[€T PaBHATCA HAIIPAKCHUTIO Upp Ha BTOpOﬁ BOCXO,Z[HH_ICﬁ

BeTBU BAX Auoaa Ha YPOBHC IIMKOBOI'O TOKaA. ITO 3HAYEHHUE HaIIpSOKCHUS MOKHO
I[MOJIYYUTDb M3 IMACIIOPTHBIX AAHHBLIX AWUOOAd WJIN U3MCPUTHb SKCIICPUMCHTAJIBHO. C YU4CTOM
TOTO, YTO B MOMEHT BO3JCHUCTBHUS CTPOOHUPYIOIETO Mepenaaa HarmpsHKeHUs OCHOBHOM
TOK IIPOTCKACT 4YCPC3 CMKOCTH TYHHCIIBHBIX AMOJI0B, MOKCM COCTAaBUTH CJICAYIOHIICC
ypaBHEHHE:

Upp3 :p21p1Rv+2plUpl (3)
IIpy cOCTaBICHHU HTOTO ypaBHEHHUs IPHHATO, 4To [, =1 ,,. Torna u3 ypasuenus (3)
ImoJIydyacm caeayrouiee BBIPAKCHHUC JJIs1 pacucTa OIITUMAJIBHOI'O 3HAYCHUA
COTIPOTHBIEHHS R, B II€NH CTPOOCHTHAIIA:

Upp3 _zplUpl

R, = . 4
pZIpl ()

BnugHue mnapa3uTHOW  MHAYKTUBHOCTH L, B  HAlleM MPUOIHKEHHOM

TEOPETUYECKOM aHAJU3€ HE YUYHUTHIBAJIOCh BBUIY MAaJoCTH mnociennei. Hampumep, y
CEpUIMHO BBIYCKAaEMbIX OBICTPOJACHCTBYIOUIMX TYHHENbHBIX JuofoB Tuna 1M308
UHIYKTHUBHOCTH L coctaBisier  0.2+03nH. Pasymeercs, npu  OONbIIHX

UHAYKTUBHOCTSX MAaJCHUSl HANpPSXKEHUH MOTYT OBITh CYIIECTBEHBIMHM, U TOTAA TaKOE
npubmmkeHne Henonyctumo. He yuuThiBaeTcst Takke JEHCTBHE CONPOTUBIECHUMN
pacTekaHusi R, BBHJly MajJOCTHU NOCIeAHUX (OOBIYHO MEHble oma). B pacuerax He

YUYUTBIBACTCA TAKKC IIYHTHPYROHICC I[CﬁCTBI/IC COHpOTI/IBJICHHI/Iﬁ Ru 141 Re, TaK KakK B

MOMEHT BO3JIEUCTBHsI CTPOOCHTHajla OCHOBHOM TOK TNpoTekaeT uepe3 emkoctu C
TYHHEJIbHBIX JU0J0B. OpHAaKo BC€ OTU DJIEMEHThl OyayT YUYWUTHIBATbCS MPHU
monenupoBanun CBK jams  Toro, 4ToObl OIEHWUTH MPUTOJHOCTH TEOPETHUUECKHU
MOJIYYEHHOT'0 pe3yJibTara Juis mpaktuueckux pacuetoB CBK.

B KOHKpeTHOM TipuMepe g pacdyeTta R, UCIOIb30BAJIUCh 3HAYCHUSA

KOE(ULUEHTOB p, U P> KOMIBIOTEPHON MOJAEIN TYHHEIbHBIX 1no0B Tuna 11308: Pi=



1,77 u P>= 0,7. Hanpsxenue U s Momenn TynHensHoro mguona !0s Gwuto pasno 0,67
V. Torma cOIMacHO BbIpaXkeHUIO (4) TIodydaeM, 4YTO ONTHMAIbHOE 3HAYEHUE

compotuBieHus paBHo R, = 2997 Q. Eciam TouHble KoopauHatel Touku I ,U°
HEW3BECTHBI, MPUXOJIUTCS TMOJIH30BaATHCS MPUOIMKEHHBIM BBIPAXXCHUEM KOOPAMHAT CO
CPEIHUMHU 3HAUYCHUSIMU SMIIUPUUYECKUX KodduuueHtoB Pi= 1,85; P> = 0,75. Torma B
HallleM IpUMepe noayuaem R, =252 Q.

JInsi mpoBEpKH MPUTOAHOCTU BBIpAKEHHS (4) Uil MPAKTUUYECKHX PacueToB
npoBoaunock wmonenupoBanue CBK ¢ momounrto mporpammsl  7-Spice. B mopenu
uCronb30BAINCh BAX, MogydeHHbIe U3 NAaCOPTHBIX JAHHBIX TYHHEIbHBIX AUOJOB THUIA
11308. B nuonHou mape ucrnonb3zoBanuch moaenu auonosB 1M308]1 co cnemyrommmun

napamerpamu: {1 =1,, =10md; C,=C, =08pF . L, =02 nH; R, =0,8 Q. B xauyecTBe
CTPOOUPYIOIIETO HCIOJb30BajICs Oojiee MOIIHBIA TyHHEIbHbIM guon 1M308XK ¢
napamerpamu ! ,3=20 mA; L,=0,2 nH; R,=0,8 Q B ogaom npumepe ¢ emroctbro €=
4 pF. B ogapyroM npuMepe BBIILICONMCAHHBIA OSKCIEPUMEHT IOBTOPSUICS  CO
CTPOOMpPYIOIUM JHMOJOM, HMMEIOMUM MeHbIylo emkocTh Cs= 1 pF. Benuuunsl
conportusiennit moaenu CBK Obut cnenyrommumu: R, =47 Q; Ri=360 Q; R. =1kQ,
R; = (. JlmrensHOCTL (PPOHTA UMITYIIbCA 3aIycka (JOPMHUPOBATENS CTPOOCHIHANA Oblia
paBHa | ns. B KOMIBIOTEPHOM SKCIIEPUMEHTE BEJIMYMHBI CONPOTUBIEHHS R, MeHsuch B
npenenax or 18 Q mo 33 Q. [Ipu Kak10M yCTaHOBIEHHOM X, Ha MOJeNIn Onpenensnoch

BpeMsl  HapacTaHuss !,  TNEpeXOJHOW  XapaKTePUCTHKH  CTPOOOCKOITHYECKOTO
npeoOpasoBareis, ucnoibiyroiniero AaHubiii ChK.
Pe3ynbrarsl MogenupoBanus MpUBEAEHBI HA Puc. 3, U3 KOTOPBIX BUIHO, YTO MPHU

“ManbIX” CKOpOCTSX Hapactanus crtpobcurHana (Cs = 4 pF) BpIOOp BeIUYMHBI

conpotupienus R, ne sBngercsa kputuuneiM U R, MOxeT BBIOMpAThCA B IIpeienax oOT
npubnmusurenbao 18 Q mo 30 Q. Ilpum “Oonpimmx” k€ CKOPOCTSAX HapacTaHUs

crpobcurnana (Cs = 1 pF) BHIOOp BEeJIMYMHBI CONPOTUBIEHUA R, cTaHOBUTCS BecbMa
KPUTUYHBIM M B HallleM NpUMEpPE BpeMsi HapacTaHUs MEPEXOJHOU XapaKTEPUCTUKU

MMEET SBHO BBIPAKEHHBIM onTuMyM npu R, = 29,32 Q. Kak BMAUM, NOIYYEHHOE BBIIIE
TEOPETHYECKOE 3HA4YeHWE X, XOpOmIO COBMANAET C PE3yJBTATOM MOIETMPOBAHMS.
Pacuer R, ¢ mcnomp3oBaHMEM NPHONMKEHHBIX 3HAYECHMI KoopauHar Touku U, 1,

naer R, =252 Q uro Ha 14% MeHbIIIE ONTUMAIILHOTO PE3yIbTaTa, I0Ty4EHHOTO ITyTEM
MonenupoBanus. CreqoBaTenbHO, 1€1€C000pa3HO 3HATh TOYHBIE KOOPAMHATHI TOUYKH
us,I".
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Puc. 3. 3aBucUMOCTh BpeMEHM HAapaCTaHUsI IEPEXOTHON XapAKTEPUCTUKHU
npeobpasoBarens OT conporusiepusa X, B nenu crpobeurnana.

Bonee BbICOKOE 3HAUE€HHE BPEMEHHM HApACTaHUSI MEPEXOJHOU XAPAKTEPUCTUKU
npeoOpaszoBareis B IUANa30HE MaJbIX 3HAadeHWd R, 1pu MeHbHIEH eMKOCTH

TynHenbHOTO guoma 1Ds (Cs =1pF) ofpacHseTcs BO3HMKHOBEHHMEM KoneOaHMII B
anekrpuueckoil cxeme CBK. IlpuunHOW 3THX KOJ€OAaHWI SBISAIOTCS Mapa3UTHbIE
MHIYKTUBHOCTU L., Majble mOTEpH KOHTYpa U3 3a MaJbIX 3HAYE€HHH CONPOTHBICHHUS X,
U ylapHOoe BO30YXXJIEHHE KOHTYpa OBICTPO HapacTaIOIIUM CTPOOHUPYIONIUM MepenagoM
HaIPsKEHUS.

3. MonenupoBanue u pacuer aMmmuTyasl Uo ummysibea 3amycka (opMupoBares
CTpPOOCHIHAJIA.

Jlns  ompeneneHuss HeoOxomumol — ammmuTyasl  Uo  MMIymbca  3aIycka
dbopmupoBarensi crpoOcurHaiza MyTeM MOICIUPOBAHUS MPOBOAMIOCH MCCIEAOBAHHE

CKOPOCTH IEPEKIIOUEHUs TYHHEILHOro auoaa !Ps; B 3aBUcUMOCTH OT aMmiuuTyasl Uo
OpU pa3HbBIX 3HaYeHUsAX conportuBieHuid u emkocted CBK. B pesynbrare Takoro

MCCIIEIOBaHMs OBUIO YCTAHOBIEHO, 4TO ¢ yBenudeHneM Uo Bpems NEpEeKIOueHMs
TyHHENbHOTO auofa I!DPs ymenpmaers u npubmmsurensHo mpu  Uo =115Ugn,
NPaKTUYECKH JOCTHTaeT MAaKCHMalbHOM CKOpOCTHM mepekmodenus. W3  a3toro
MCCIIENOBAaHMs OBbLT CIEIaH BBIBOM, 4TO JUIA ONpenencHus padoder ammumtymsl Uo B
KaKIOM KOHKpeTHOM ciydae Heobxomumo HaWth Uomn, a Uo onpememuts Kak
U,=1.15U

B TCOPCTUYICCKOM HUCCIICIOBAHHUH 6y,ZL€M npeHe6peraTL TOKaMH, IIPOTCKAOIIUMHN
Uepe3 CMKOCTH TYHHCIBbHBIX OUOAOB MW IMAJCHUAMH Hal'[p}I}KeHI/Iﬁ Ha TIApa3uTHBIX
HHAYKTUBHOCTAX JHOOOB. Taxkoe AOITYIICHHUC 00OCHOBEIBACTCS TCM, YTO HMMIIYJIbC

0 min ,



3allycKa HMMEET OTHOCUTEIBHO HHU3KYKD CKOPOCTh HAapacTaHWs  HaIPSIKEHUS

(IIUTENBHOCTh (PPOHTA UMITYJIBCA COCTABIIIET HECKOIBKO HAHOCEKYHT). B Takom citydae

st cxembl CBK MoxeM cOCTaBUTh CIENYIONIYIO0 CUCTEMY YPAaBHEHMIA:
I,R,+I1,Ry+I,R,=U

0 min

]1R0+12(R0+RV+R2+R;):U0mm (5)
Iac
1] RI(RM+R1)
'"R,+R,+R, ° (6)
U
r p3
R3 - ] ) (7)

R, p R, — conpoTUBIEHNS TYHHEIBHBIX JAUOAOB B Hadaje MEPBOH BOCXOIALIEH BETBH
BOJIETAMIIEPHON XapaKTEPHCTUKH (MOXHO M3MEPHTh OJKCIIEpPHMEHTANbHO), K3 —
CONPOTUBJIEHHE TYHHENBHOTO amozxa !Ds; B Hadanme mpolecca IEPEKITIOYEHHs, KOra
najenue Hanpsokerus Ha 105 pasuo U, s u Tok yepes auon pasen .

IIpu cocraBieHMHM 3TOM CUCTEMBI YPAaBHEHUN HE YUYUTBHIBAJIOCH LIYHTHPYIOIIEE
NeiicTBUE CONPOTUBIIEHHsI KOMIIeHcauuu R., Tak kak BeIMYMHA ATOTO CONPOTHBJICHHUS
HAMHOTO OOIBIIE CONPOTUBICHUA X1 M COCTaBIAET OOBIYHO HECKOJBKO COT WM JakKe
HECKOJIBKO TBICSY OM.

Pemas 5Ty cHCTeMy ypaBHEHMH OTHOCHMTENLHO TOKA /1, NMPOTEKAIOIIETO uepes
ID; y npupaBHUBAs 3TOT TOK MUKOBOMY TOKY /3, MOJTy4aeM BBIpaKEHHME MUHMMAJIBHO

HEOOXOUMON aMILIUTYIbI Umin. YMHOKAT Uomn Ha ko3puuueHt 1,15, nomyyaem

cienyrouiee BelpaxkeHue paboueil aMIIuTyAbl UMITYJIbCA 3aITyCKa:
2

Ups #1,5(R - R, +Rv]i0R2 +R;)
omin = 1.15 X (8)
" R,+R,+R,+R!
I[Hﬂ OOCHKH TOYHOCTU TCOPCTUYUYCCKU ITOJIYUYCHHOI'O PC3YJIbTaTa 6BI.TIO IMPOBCACHO

uccnenopanue MuHuManbHOH ammmutyasl Uomn Ha Mogmenn CBK mpu  pasHbix
napaMmeTrpax 31aeMeHTOB Mmozaenu. Tak B mpumepe ¢ BAX TyHHENbHBIX IHONOB THIA

1M308 ¢ mnapamerpamu !, =1,,=10md, C,=C,=4pF. [, ,=20md, C,=IpF,
Ry =R,=R;=08Q, L =02nH qpy 3payenusx conporusnennii Ry =360Q;

U,=1.15U

R, =47Q. R, =25Q: R,=(; R, =1000Q y nnyprensHocTH (poHTA MMITYIbCA 3aycKa,
paBHOIl 1 ns, Ha Moxenu Obuto momydeHo Uomn =875V B cBoro ouepens pacuer 1o

soipaxkenuio (8) gan Uomn =848V (npu pacuere 3mauenus conporusnenmii &1 u R,
onpenensiiuch U3 BAX TyHHenpHBIX AuoAoB). Kak BUIuMM, pe3ynbrarhl pacuera u
MOJENMpOBaHus oTauyarorcss Bcero Ha 3,08%. B gpyrom npumepe npu

1,,=10mA; R, =13Q y tex sxe OCTaNbHBIX HapaMeTpax CXeMbl Ha MOJEIH ObLIO



nonydeHo Uomn =525V Pacder npu stux ycnoBusax gain Uomn =308V Pesynprars
ornuyatorcsi Ha 4,4%. CnemoBarenbHO, B 000MX TpUMEpax pe3yibTaTbl pacuera C
OpUeMIIEMON TOYHOCTBHIO COBMNAJAOT C pe3yjibraTaMyd MOJEIUPOBAHUS, UYTO B
ONPEJEIICHHOW Mepe CBHUJETEIbCTBYET O MPUTOAHOCTU MOITYYEHHOTO BBIPAKEHUS IS
npaktuueckux pacuetoB CBK. Pazymeercs, OkOHUATENbHYIO OLEHKY IMPUTOAHOCTH BCEX
MOJIyYEHHBIX BBIIIE TEOPETUUYECKUX PE3YJbTATOB MOXKET JaTh TOJBKO (PU3UYECKUI
HKCIIEPUMEHT.

4. BeIBOIbI:

1. TlomyueHsl BbIpake€HUs JUI pacueTa ONTUMAJIbHOIO CONPOTHUBICHHUS B LENHU
CTpOOCUTHAJIa U aMILJIUTY/IbI 3aIlycKa (hOPMHUPOBATEINS CTPOOCUTHATIA.

2. Ilposeneno monenupoanne CbK ¢ momonisro nporpammel 7-Spice.

3. Pesynmprarel TEOPETMYECKMX pPACUETOB JOCTATOYHO XOPOWIO COBHAAAKT C
pe3ysbTaraMu MOJAEIIMPOBAaHMS. DTO B ONPENEICHHOW MEPE CBHUIETEIBCTBYET O
TOM, YTO TEOPETHYECKH IOJYUYEHHBIE BBIPAXKEHHUS MOXKHO OyIeT HMCHOJIb30BaTh
npu npaktuyeckoM npoektupoBannn CBK  nmanHoro Tuma. Pasymeercs,
OKOHYATEJIbHYIO OLICHKY IPUTOAHOCTH TEOPETHYECKUX PE3YJIbTaTOB MOXKET 1aTh
TOJIBKO (PU3MUECKHUM SKCIIEPUMEHT.
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MoaeanpoBaHue H pacyeT aCCHMETPHHU CTPOOHPYEMOro 0aJJaHCHOTO
KOMIIAPATOpPa HA TYHHEJbHBIX IMO0AAX
3. beitnep, ookmop evluuciumenvHbix HayK
K. KpymunbI1, 0okmop eviuuciumenbHbix HayK

Hncmumym snekmpoHuKu u 8b14uUCIUmenbHoU mexHuKu
yi. /[3epbenec, 14 Puea LV-1006, Jlameus
E-mail: beiners@edi.lv

Ilyrem MomenuMpoOBaHHS ¥ PAaCYeTOB TMPOBOAUTCS HCCJIEI0BAHUE
cTpo0upyeMoro  0ajJaHCHOIO0  KOMIIAPATOPa, BbINOJHEHHOIO0  HA
TYHHEJIbHBIX [HOAaX, B KOTOPOM B KadecTBe (hopMupoBaTe/if
CTPOOCHTHAJIA MCIOJIb3YeTCA TO:Ke TYHHeabHbI auona. IlpoBomaurtcs
MOIeJIMPOBAHHME M pacyeT He00XOAMMONl ACCHMMETPHH TYHHeEJIbHBIX
AHONOB IS TOJYYeHHS] MHMHHMAJIBHOIO CABHMIA HYJEBOI0 YPOBHA
HANPSIZKEHUsT  KOMIeHcanuu. MoageaupoBaHue CTPOOMpyeMOro
0aJIAHCHOT0 KOMIIApaTOpa MPOBEIEHO C MOMOINI Nporpammbl T-Spice
¢pupmsbl Tanner.

KuroueBbie ciioBa: cTpoOupyeMblil KoMmaparop, OajJaHCHBIM KoMIaparop,
TYHHEJIbHBIN AUOJ], CTPOOOCKONMMYECKHUI MpeoOpa3oBaTeb.

1. BBenenue.

Crpobupyembie  OanmancHble kKoMmmaparopbl (CBK) BbITOAHO OTIMYAarOTCS TEM, YTO
MPaKTUYECKH HE YYBCTBHTCIBHBI K IIyMy ¢GOpPMHpPOBATENs CTpOOCUTHaAIA. ITO
MO3BOJISICT CO3/1aBaTh CTPOOOCKONMYECKHE MpeoOdpa3oBarean 00JaJaloIIie BBHICOKOM
YYBCTBUTEIIBHOCTHIO [1...9]. DKCIIepUMEHTaIbHbIC WCCJIEOBAHUSA TaKOTO
npeobOpa3oBaresiss ¢ KOMITApaTOpPOM Ha TYHHEIBHBIX JHOAAX IIOKa3alM, YTO HU3 3a
IIYHTUPYIOIIETO  ACHCTBHUS  CONPOTHUBICHUS B I€NM BXOJHOIO CHTHAJIA W
MOCJIEAOBATEIbHO BKJIIOYEHHOTO C HHUM BHYTPEHHETO CONPOTUBJICHUS MCTOYHUKA
CUTHAJa, TMPOUCXOAUT BEChbMa 3HAYUTEIBHOE CMEIICHUWE HYJIEBOIO  YPOBHSA
npeobOpazoBarens. Tak, ecnu nuana3oH U3MEHEHUs aMIUIMTY]l BXOJIHOTO CHUTHaJla PaBEH

tu, TO MOXKET OKa3arbCia, 4YTO COOTBeTCTBy'IOIHI/Iﬁ Auarta3od HU3MCHCHHUSA BBIXOJHOIO

curHaga € u3 3a GOJBIIOrO HYJIEBOTO CMEIIEHUS MOXKET OKA3aThCs YACTHYHO MIIM
MOMHOCTBIO 32 TMpeAeTaMH HampsOKeHHs NWTaHus ycTpoictBa TV . Drto cosmaer
HekoTopble HeynoOctBa B ucnonb3oBanuu CBK. Tloatomy B ganHO pabote
IIPOBOIMTHCS UCCIIEIOBAHUE BO3MOXKHOCTEH KOMIIEHCALMK HYJIEBOTO CMEIICHHS MyTEM
peHaMEepPEHHOTO BBEACHHUS acCUMETpHuM TyHHenbHBIX AuoAoB CBK. Anamutuueckue
UCCIIEZIOBaHUsI B OOIIEM BHUAE TAaKUX CHJIBHO HEJIMHEWHBIX IeNel C peakTUBHBIMU
3JIEMEHTaMH SIBISIOTCS OYEHb CIOXHBIMU. [loaToMy Ui oOneryeHus: aHaJIMTUYECKUX
UCCJIEIOBAaHUI IPUBIIEKAIIOCH KOMIIBIOTEPHOE MOJEIMPOBAHUE C IIOMOILBIO POTPAMMBbI


mailto:beiners@edi.lv

T-Spice ¢upmbr Tanner. MonenupoBaHHE WCIIOIB30BAIOCH TAKXKE W JUJIST TIPOBEPKH
TOYHOCTH AHAIMTHUYECKH MOTYYEHHBIX PE3YyJIbTATOB.

2. Pacuer accumeTpuM TYHHeJbHBbIX q1010B CbK

[punnunuansHas cxema CBK npusenena na Puc. 1, rne 701 u 7D, - rynnensHble
muomsl CBK, a TDs - crpobupyromuii TyHHENBHBIA 110j, (GOPMUPYIOLIMI KpyTOil
nepenaj HarpspkeHus. opMUpoBaTesb CTPOOCUTHANA 3aITyCKAeTCsl UMITYJIbCOM 3aIlyCcKa
¢ ammmarygoii Uo, momaBaemom wuepes pesuctop Ro. CrpoOupyrommii nepemnan
HAIPSDKEHHS Yepe3 pesucTop X, momaercs Ha mapy MOCIENOBAaTENbHO BKIIOYEHHBIX
TYHHEJIbHBIX UO/I0B. B cxeme n300pa)keH Takke MCTOYHHMK CUTHaJa “: ¢ BHYTPEHHUM
conporupienueM R (00bruo 50Q). BXOmHOM CUrHAnm uepe3 JMHUIO Hepenaun L
(0OBIMHO ¢ BOJHOBEIM conpoTupieHreM 50 Q) momaercs Ha pesucTop R. BXoaHOM Henn

CBK. B Touke coelMHEHNs TYHHEIBHBIX JHOM0B MOAKIIOUEH TaKke pesuctop K., uepes
xotopeii Ha CBK mnomaercss HampsikeHue KOMIIEHcaluu e. B 3aBUCHMOCTH  OT

COOTHOILICHS MIHOBECHHOIO 3HAUE€HUsA Y, , BXOOHOI0O CHIHaJla W  HAIIPAKCHHA

KOMITCHCALMM €i MEePEKI0YaeTCs OJUH WA APYroM TYHHEIbHbIA auoj. B paBHOBECHOM
coctosHun CBK 00a nuoma mepekiroyaroTcs ¢ OJMHAKOBOM BEPOATHOCTHIO. B Takom
COCTOSIHUM HAaNpsDKEHUE KOMIICHCAIMM NPONOPUMOHAIBHO MIHOBEHHOMY 3HAYEHUIO

BXOMHOTo curhana ¢ =#,R./R, TIpu npeoOpa3soBaHUM MHUKPOBOILTOBLIX CHUTHAJIOB
OJTHOBPEMEHHO C TpaHcopmanueld BO BpPEMEHUM HEOOXOAMMO TAaKXKe YCUIIUBATh
npeoOpa3oBaHHbIl CHTHAJI C MHUKPOBOJIBTOBOIO Juamna3oHa IO KpailHeil mepe [0
MUJIMBOJBTOBOIO Auana3zoHa. [[ns 3Toro wucnoib3yercss KOI(DUIMEHT YCUICHUS
npeoOpa3zoBaressi, ONpeneIsieMblil BbIILICIPUBEIECHHBIM OTHOIIEHUEM CONPOTHUBICHUUIM

k=R,/R, ConporusneHne kommneHcanuu R. u BHyTpenHee compoTusieHne R;
MCTOYHHMKA BXOJHOIO CHIHAJIA OKa3bIBAIOT INYHTUPYIOLIEE NEHCTBHE IO OTHOLIEHHIO K

TYHHEIUIBHOMY [HMOZy D1, 4TO NpPUBOAUT K CMELICHHIO HYIEBOIO yPOBHS
npeobpazoBarenisa. C ATUM xKe KOIPHUITUEHTOM YCHUIMBACTCS TaAKKe U HYJIEBOE CMEIICHUE
npeoOpaszoBareisi, YTO MPU OOJBIIUX 3HAYECHUAX K MOXKET JOCTUTATh BHICOKUX YPOBHEM
HaIPSKEHUS.

B cBsi3u ¢ 3TUM nipeyiaraeTcsi BBECTH ONPEAEICHHYI0 ACCUMETPUIO TYHHEIbHBIX JIUO/I0B

D, y 1D, yto6sl mpu BxomHoM curHane “; =0 mpynmeBoe cMemeHume €0 TaKKe
PaBHSJIOCH WM MO KpaliHel Mepe ObLI0 Obl OIM3KO K HYIIIO.

YtoObl pemuTh BONPOC MPEAHAMEPEHHOTO BBEICHUSI TaKOW acCMMETpuu, Oyaem
UCXOIUTh U3 cienytouiero mnpeacrtaBienuss o padore CBK. Ilocne BosnpeiicTBus
CTpPOOUPYIOILIETO Mepenaja HanpspkeHUs: pabodas TOUKa TyHHENbHBIX JMOAOB JIOJKHA
NEepexXoquTh C Hadana BojbTammepHon xapaktepuctuku (BAX) amoma na nambomee
KpyTylo 4acTh manawomei BeTBU BAX. D10 TpebGoBaHWe ciemyeT U3 COOOpakeHUi
MOJyYeHUs] MUHUMAJBHOTO BPEMEHW HapacTaHWsA TEPEXOJAHONW XapaKTePUCTUKHU



CTPOOOCKOMMYECKOT0 IpeoOdpazoBarelis, ucnoib3yrouero gaiubeii CBK [10].
R, v, R

L L
sz,
=2 TD, Uy

R LT, | Re

Puc. 1. Uccnenyemslit cTpoOHUpyeMbIii KOMITapaTop.

[Tocne BoznelcTBUSL CTpOOCUTHANA, B 3aBUCUMOCTH OT COOTHOIIEHUSI MTHOBEHHOTO
3HAUEHUsI CUTHaANIA Y; W ypOBHS HANpPsKEHUS KOMIIGHCAIMU €:, OAWUH U3 TyHHEIbHBIX
JIMOJIOB TEPEKJIIOYAETCSl B BHICOKOBOJIETHOE COCTOSIHHE, a JIPYroil — B HU3KOBOJIBTHOE.
Ecnu ke BXOomaHOE HampspKEHUE PaBHO HYIIO, TO MEPEKIIOUEHUE TYHHEJBHBIX JIUO/OB
OyIeT ONpeNeNaThcs TONbKO INYHTHPYIOIIUM JeHCTBUEM conpoTusiaeHuii R, +R; p,
pasyMeeTcsi, ypOBHEM HAIpsHKEHUs] KOMIICHCAIMM e. TyHHEJIbHbBIE JHUOABI MOXHO
MPEACTAaBUTh KaK IMOPOTOBBIC AJIEMEHTHI C MOPOTaMH, MPOMOPIMOHATBEHBIMUA IMHKOBBIM
Tokam auonoB: 1 =5[,358, =51, B ycnoBusX paBHOBECHS CXEMbl HANPSKEHUE
KOMIICHCAIINHM € JIOJDKHO OBITh TaKHUM, YTOOBI TYHHEIBHBIC TUOMABI MEPEKIIOYATNCH C
OJIMHAKOBOW BEPOSITHOCTHIO. B TakOM COCTOSTHUM CXEMBI MBI MOXEM MPEICTABUTh, UTO

TOKH 4Yepe3 TyHHENbHbIE IUOIBI JOCTUrAOT HOporoB 51 u S ogHoBpeMeHHO. Ecim
GpOHT OBICTPO HAPACTAIOIIETO CTPOOHMPYIOIIETO HAIPSHKEHUS allPOKCHUMHUPOBAThH
nuHENHHO HapacTtaromeid gynkuueit #(f) =kt mponecce, mpoTekaomuil B cXxeMe, MOKHO
OIKCATh CIECAYIOMIEH CUCTEMON YPAaBHEHUHM:
kt—e=1,(R,+R;+R,)—1I,R,
e=-I\R,+1,(R, +R))~I,R (1)
0=-1,R;+I1,(R; +R,+R))
e

Ri=—1; Ry=—2 2)

R, u R, 03Ha4arOT CONPOTHMBIEHUS TyHHENbHBIX HuomoB D1 u TD,coorBeTcTBEHHO

Ipu TOKax 4depe3 muonbl [=1". [ m U" ABIAIOTCS KOOpAWHATAMU TOYKH HamOosee
KpyTol dyactu mnajnawmomeid BetBU BAX nuomoB. DTH KOOpAMHATBI OMPEAEHSAIOTCS
CIENYIOIMMHU AMIIMPUYECKUMH BhIpaykeHus MU [ 11]:

U'=(18+1.9U ,;1"=(0.7+08)], tne U, u !, - muxoBoe HampsykKeHHE M IIMKOBBI



TOK TYHHEJIbHBIX JIUOJIOB.
U3 cucteMsl ypaBHeHuid MoxxHO Hakitn Toku /1) u 1,() | mporexaromue uepes
D, y 1D, (u3-3a JIMHBI 5TH BBIPAXEHHMs 37eCh He mpuBoaarcs). Ilocme storo,
npupasaupag [1() =S, u 1,() =S, moxno Haiitu uHTEpBaNBl BpeMenu /1 u f2, yepes
KOTOPBIE TOKH 4€pe3 JUOIbI JOCTUraroT MOPOroB 51 m S: (M3 - 3a CIOKHOCTH DTH
BBIPOKEHUS 37IECh TaKke He mpuBonarcs). Jlanee, npupaBHuBas {1 =f: W BBIpaxas M3

TOr0 paBEHCTBAa €, TMOJy4aeM CJEAYyIOUlee BBIPAKEHHUE HYJIEBOTO CMELICHHUS
npeoOpa3oBareis:

_ S[[leeRl* +1p1Re(Ru +Ri)+1p1Rl*(Ru +Ri)_[p2Re(Ru +Rz)]
R

u

3)

€

HOTp€6OBaB, yTOOBI €0 :O, HaxoanuM, 4YTO MCKIAY IIMKOBBIMHM TOKAMH TYHHCJIbHBIX

AUOOO0B JOJI’KHO BBITIOJIHATHCA CIICAYIOMICC BECbMaA ITPOCTOC COOTHOIICHHUC!
Re (Ru + Ri )

1, =1 . ; 4
" " RAR+R.(R,+R)+RI(R,+R) @
O6braH0 R. >>Ri y R, >> R, Torna Belpaxenue (4 ) ynpomiaercs emte Golee:
/ / R, +R,
PUTUPR R LR KR, )

[Ipurognocts BhIpakeHust (5) a7 MPAKTUYECKUX PACUETOB MPOBEPSIIOCH HaA
monenu CBK co cienyroiieil 5kBUBaIe€HTHON cXeMOW TyHHENbHbBIX A10J0B (CMm. Puc. 2).

Ls Rs
>_/‘v"v"\ [ ]

C = q)(u)

Puc. 2. DxkBUBajeHTHAsl CXeMa TYHHEJIbHBIX JMOJIOB MCIOIb30BaHHas B Mojienn CBK

TyHHeNbHBIC OWOABI MMENU CleAyromme mapamerpel: 1, =10mA 1, =20md,
C,=C,=4pF. C=1pF. L =02nH . R, =R ,=R,=08Q. U, =U,,=U,,; =013V
BAX nauomoB moxpenu cooTrBeTcTBOBaiM BAX TyHHeENbHBIX auonoB Tuna 1M308.

COHpOTHBHeHHﬂ CXEMBI HNMCIIN CHeI[yIOH_H/Ie 3HAUCHUA:

p2

(opmuposarens crpobeurnana Vo =99V Mopens 50 — omHOro Tpakra Iepenadu
curHasia coctosna u3 91 LC 3BenweB. Ilpu pacuerax HeEoOXOIMMOW acCUMETPUU
TYHHEJBHBIX  JHMOJOB  WCIONB30BAJIMCh  CPEJHHAE  3HAYEHHS  OMITHPHUCCKHX



ko3 unuentos Pi= 1,85; P.= 0,75. Torma mnpu BHILICIPUBEICHHBIX YCIOBHUIX
COMIaCHO BbIpaXeHHIO (4) ObUIO MOJIYYEHO, YTO TYyHHENIbHBIE IHUOMABI JOJKHBI UMETh

accumerputo 1, =0.741,, =74md
B kxommbloTepHOM 5KcrepuMenTe Ha Mmoaend CBK 6bL1o momydeHo, 4to Ipu

TaKoO# acCUMETPUH JUOA0B TyHHENbHbIN auon D1 ne nepekmouaercs, ecnu e = 0,017,
u nepekirouaerca, ecnu e = 0,02V. CnepoBarenbHo, paBHOBecHOe coctosinne CBK

UMEET MECTO TMPH € = €0, HAXOIALIUMCS T1Ie-TO MEX]Y ITUMHU 3HAYCHUSIMU HATIPSKEHUH,
YTO J0CTAaTOYHO Onm3ko K Hymto. [locie 3Toro ObUIO YBENTWYEHO KOJIMYECTBO 3BEHHEB
monenu JmHuM 10 291 u skcmepumeHT moBTOpeH. Torma OBUIO TOMY4YEHO, YTO
paBHOBecHOe coctogHue CBbK HaxomuTcs Mexay 3HAUYEHHUSIMH  HANPsHKCHUS
xomriercar e = 0,03V u e = 0,04V, 4ro Toke mOCTaToO4yHO ONMM3KO K HYIHO. J[ms

CPaBHEHHS MOKHO OTMETHTB, YTO HPH PABEHCTBE IHUKOBBIX TOKOB ,1 =1,> Ha mMomenn
CBK 0bUIO TOSTyYEHO, YTO PABHOBECHOE COCTOSIHUE CXEMbl HAXOAUTCS TNE-TO MEXKIY
3HaYeHUsIMU HanpsbkeHud e = 2,05V u e = 2,1V. D10 npu KodPUIUEHTE YyCUIEHUS
npeoOpaszoBarensi Bcero nuiib k = 24,6. Ha mpakThke NpUXOAUTCS TOJIB30BAaThCS U
3HAYUTENBHO OOJBIIMMHU KOI(DUIIMEHTAMU YCHUJICHUS, DPE3ylIbTaTOM 4Yero OydeT ele
Oosiee 3HAYMTEIBHOE CMEIEHHWE HYJIEBOTO ypoBHsS. Takum 00pa3oM, MpeaHaMepeHHOe
BBEJICHUE aCCUMETpUU TyHHENbHbIX aAuofoB TD1 u TD2 sBasercs 3¢hdexTuBHBIM
CPEICTBOM JJIsl KOMIIEHCALIUH YPOBHSI HYJIEBOTO CIIBUTa, a MOJYYEHHOE BbIpaxkeHue (4) ¢
JOCTAaTOYHOM TOYHOCTBIO MOXKHO HMCIOJIB30BaTh MPHU IMPAKTUYECKOM IPOECKTHPOBAHUU
CBK BblllI€ ONTUCAHHOTO THUIIA.

3. Pacuer CONMPOTUBJIICHUHA R, e BXOAHOro curauaJia.

B BHIpaX€HMH pacdeTa acMMMETPUM (4) BXOAUT 3HAaYEHHME CONPOTHBIECHHUA X,

BxonHou nenu CBK. ComportuBieHue R, nomxHO OBITH BBIOPAaHO TAaKOW BEJIMYUHBI,
4yT0OBI BXOmHOE cornportuiienne CBK Obu10 cornmacoBaHo ¢ BOJIHOBBIM CONMPOTUBICHUEM
auauu L (06bryHO 50 Q). OgHako 0 TakOM COIIACOBAaHUU MOXKHO TOBOPHUTH TOJIBKO 32
npenesamMu AeHCTBUS CTpoOCUTHANA, TaK KaK BO BPEMsl ICUCTBHUS CTPOOCUTHANIA B CXEME
MIPOUCXOMAT CIIOKHBIE TEPEXOIHBIE TPOIECCh, BO BpPEMs KOTOPBIX pabodas TodKa
nepexonut ¢ Hadasa BAX TyHHENbHBIX JAMOJOB HA UX MAJAIOUIYI0 BETBb C
MOCJICAYIOINIUM TEPEKIIOYEHHEM AUON0B. M TONBKO MOCHE OKOHYAaHUS BO3JECUCTBUS
cTpoOuMIynbca pabouas TOYKa BO3BpAIACTCS B HCXOAHOE MoJokeHue. B Takom
cocrostHun CBK Ha cxemy JelCTByeT TOJBKO HampsbKeHHE KoMmeHcauuu e. OpgHako
TOKH, CO3/1aBa€MbI€ ITUM HANpPsOKCHUEM, He3HauuTenbHbl. [losTOmMy, paccMmarpuBas
skBUBaJECHTHYIO cxeMy CBK, TyHHeNnbHBIE AUOABI MOXHO 3aMEHUTh OMHYECKUMHU

conprupienusmu R u R: stux nuonos B Hauane BAX muonos. Torma JI€TKo MONYYHUTh,

4TO COIIPOTUBJIICHUC Ru B ICIIM BXOAHOI'O CHUTIHAaJIA H€O6XOI[I/IMO paCHYUTLIBATL 110
CJICAYOIICMY BBIPAKCHUIO!



RlRe R3R0
(R,+R, +—)

R —50 R, +R, " R,+R,
u - RlRe R3R0 (6)
+R,+R +———
R, +R, R, +R,
e R R, R~ nuddepenHnmanbHbie  CONPOTHBIEHUS, TYHHENBHBIX  JMOIOB

ID\,TD,,TD; c¢oorBeTcTBEHHO B Hauane BAX nmomos. s momydeHs OXHOBPEMEHHO C
NPpeoOpa3soBaHUEM CHIHAJIA OOJIBIIOTO YCUIEHHS HEOOXOMMO MOJIb30BaATHC GOJBIIMMU

sgauenuamu R.. Torma umeer mecto coorHomenue R.>> R, B cpowo ouepenp pis
MOJIYYEHUST MaKCHUMaJbHOM aMIUIUTYAbl CTPOOMPYIOIIET0 IIeperajga HalpsKEeHUS

HeoOxomuMo utobbl R0 >> R;. Torma ¢ yd4eToM BBILIECKA3aHHOIO BhIpaxkeHHe (6)

HECKOJIbKO YIIPOILACTCH:
R(R,+R +R
Ru :50_ l( 2 v 3) . (7)
R, +R,+R, +R,

4. BuIBOILI.

1. IlomydeHsl BbBIpakeHMS I pacdeTa conporuBieHus BxonHoW uenu CBK wu
HEOOXOAMMOM aCCUMETPUHUU TYHHENBHBIX JMOJO0B, OOECHEYMBAIOLIEH OIM3KOE HYIIO
cMenieHue Hyneroro yposusi CbK.

2. ITpoBeneno moaenuporanue CBK ¢ momoiisio nporpamMmmsel 7-Spice.

3. Pe3ynbrarbl TEOPETHYECKUX PACYETOB XOPOLIO COBMANAOT C PE3yJabTaTaMu
MOJEIUpPOBaHuA. B omnpeneneHHOW CTENEeHW 3TO CBUAECTENBCTBYET O TOM, YTO
IIOJIyYEHHBIE BBIPAXKEHUSI MOXKHO HMCIOJIB30BaTh NPU MPAKTUYECKOM IMPOEKTHUPOBAHUU
CbK panHoro tuna. Pazymeercsi, OKOH4AaTEIbHYIO OLIEHKY IPUTOAHOCTH TEOPETUYECKUX
PE3yJABTAaTOB MOXKET JaTh TOJIBKO (PU3UUECKUN IKCIIEPUMEHT.
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1. INTRODUCTION

A method of recording noisy signals with the use of a stroboscopic transformation was described in [1].
The method is intended for the detection of signals or for the measurement of the parameters of signals, such
as amplitude, period, or form.

The essential elements of the method are as follows. A noisy periodic signal u,(¢) enters the input of a stro-
boscopic discriminator with threshold e;. It is assumed that the noise has a normal distribution with standard
deviation G,. Strobing of the signal is performed in a definite phase ¢; corresponding to the instantaneous value
of the signal u,(#;). Strobing in this phase is repeated in the course of n periods of the signal u,(#). The number

of responses n* (number of cases when the threshold is exceeded) of the discriminator is determined and an
estimator of the instantaneous value u,(t;) is calculated on the basis of this number:

Uy = 6,@ ' (P) +e, ()

where ®~'(P;) is a function inverse to the normal distribution and P; an estimator of the probability of
exceedance of the threshold.

The function erf™! is used in calculations to determine ®~'(P) thus:
@ (P = J2erf (1), )
where

o 2n,.++e(n,.+)_
n

1. 3)

The term &(n; ) assumes the following values: €(0) = €,, &(n) = —¢, and g(n; ) =0in the remaining cases. It is
introduced in formula (2) in order that the function ®~'(P) not become positive or negative infinity in either
case n; =nor n; =0. The measurements may be performed in both the tracking mode, once the next mea-
surement cycle establishes a new value of the threshold:

€iy1 =€t Uy, 4)

and in a mode with constant threshold (here we usually set e = 0). In the case of low signals, the amplitude of
which A, does not exceed in value 6,—1.56, both modes are roughly equivalent, while only the tracking mode
may be used in the case of high signals.
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The method does not lack for a number of drawbacks. First is the fact that it is necessary to use the function
®'(P), which markedly lengthens the recording time by comparison with other methods, chiefly, the “up-and-
down” method. This is because of the fact that it is relatively difficult to calculate the function ®~'(P) and also
because a corresponding value of € must be selected in each measurement cycle. Moreover, in a number of
cases it is desirable to increase the dynamic range of recorded signals without worsening any of the other
characteristics. For example, the dynamic range may be expanded by increasing the number of strobing points,
but this increases the recording time.

2. MEASUREMENT MODE WITH CONSTANT THRESHOLD

Meanwhile, a modification of the method in which the function ®~'(P) is not used is possible. In fact, in
many cases it is not necessary to determine the exact form of the recorded signal. Thus, if the operation begins
in the detection mode, it will only be necessary to determine the presence or absence of the useful signal in the
input noise. The form of the output signal u,(#) does not play a major role and only the signal-to-noise ratio of
the transformation is of importance. The exact form of the output signal is also not needed in those cases when
it is necessary to determine the individual parameters of the signal, for example, the amplitude or period. Even
in problems that involve determining the form of the signal, the use of the function ®~'(P) is justified only in
individual cases. Therefore, it may be replaced by another method that makes it possible to eliminate to some
extent the drawbacks of the statistical method.

The step polynomial
Folr) = Y kr', )
J

may be such a function. By varying the number of terms in the polynomial and the values of the coefficients
k;, the polynomial may be used to select the most appropriate approximating function ®-'(P), depending on
the measurement conditions and measurement tasks.

Let us first consider in more detail the behavior of the polynomial (5) in a measurement mode with constant
threshold, both in signal detection and in the determination of the parameters of the signal. The sinusoidal signal

T

will be used as the input signal. Here A, is the amplitude of the signal and n; the number of strobing points per
signal period 7,i =0, 1, ..., nz The amplitude is measured in units ¢,. The recording quality is estimated by
the ratio &, = A,/G,, where A, is the amplitude of signal u,(f) while G, is the standard deviation of the output
noise (noise track).

Let us find expressions for the quantities A,, G,, and 4,. In the course of strobing the noise-masked instan-

taneous value u,(7;), any value n;, beginning with n; =0 and ending with n; = n may occur with a certain

probability in a series of n strobings. The probability that in such a series the value of the threshold will be
exceeded j times is given as

P, ;= Co®(uy) (1-@(u;))" . 7

Thus, the value of the output signal u,; is a function of the random variable n;. From probability theory it is

known that where a variable Y is connected to a discrete random variable X by some functional dependence
Y = ¢(X) and where, moreover, the distribution function of the argument is known, the mathematical expecta-
tion of the quantity Y is expressed as

m =Y o(x)p; ®)
In the variant using the function (2) (henceforth, variant 1), we find, in view of (7), that

n—1

= Y (N2 b Cpx D)+ (1= D(uy)" )+ 2(hy = (1= D(uy)" + by @), (9)

Jj=1
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where
b = erf‘l(ﬁ - 1), (10)
n
12
b, = erfl(—i—l), (11)
n
- 2
b, = erf 1(1 —ﬁ). (12)
n
An analogous calculation for the function (5) (henceforth, variant 2) yields
ty, = pr(ﬂ - ) « Chx () (1-®(u,)" . (13)
n
The amplitude of the output signal A, may be found by means of formula (9) or formula (13):
Ay = max(u,). (14)

Analytic expressions for the quantity 6, may be obtained using the expression

G, = JZ(f(xp—m)% (15)

Jj=0

where f(x)) is the function (2) or (5). Substituting these expressions into (15) we obtain for the function (2)

n—1
Grerp = /\/Z(bz 05" % C)) +b; % 05", (16)

j=1

(Here it should be noted that b% = bg and m =0, since the function erf~!(r) is symmetric relative to the zero point.)

If f(x) is the polynomial (5), we similarly obtain

Gy = A/}Zﬂ(fp(gnl— Dz x Cl % 05", 17

We find the value of &, for both variants. The functions /,(n) for both variants are presented in Fig. 1
(curve [ for variant 2, f (r) =r + 0.75r* +0.077°, and curve 2 for variant 1, €, = 0.1). The values of &, are greater
for variant 2, though the curves are quite close, and in the signal detection mode the existing differences do not
play any particularly important role. The advantage of variant 2 lies in a simpler practical implementation and
in the rate of the calculations.

In determining the signal amplitude in the mode with constant threshold, it should be kept in mind that the
transformation (2) yields an overstated estimate depending on the value of n. This is explained by the nonlin-
earity of the function erf~'(r). The distribution 7(A, + u,) (u, representing the noise) is symmetric for any value

of A, while erf~!(r) is asymmetric relative to A,. That is, the positive half-wave A, is greater than the negative
half-wave (or conversely, if the polarity of the input signal is opposite). For the transformation (2) it is impos-
sible to completely eliminate this asymmetry, though it may be reduced to a sufficiently low value by increas-
ing n or, what is the same thing, by averaging r, repeating the strobing cycles at a single phase point of the input
signal.

An error in the determination of A, is inherent to variant 2, though an appropriate selection of the param-
eters of this variant also makes it possible to reduce this error to an acceptable minimum.

The relative error in the determination of the amplitude A, as a function of the values of A; and n, cal-
culated by means of formulas (9), (13), and (14), is shown in Fig. 2. Curve 1 corresponds to variant 1 (with
n =150); curve 2, to variant 2 (n = 10, fir) = 0.07r A9 + 0.75r A 3 + r); and curve 3, to variant 2 with n = 25,
f(r)=0.07r A9+ 0.75r A 3 + 1.05r + 0.02. The procedure used to determine the parameters of the polyno-
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Fig. 1. Dependences /,(n) in detection mode. Fig. 2. Relative error of amplitude determination.

mial depend on the desired form of the dependence A, (4,) and other conditions. This problem will not be
discussed in the present study.

From Fig. 2 it is evident that the two variants are roughly equivalent in terms of the attainable precision. From
formulas (16) and (17) it follows that ¢, = 0.18 for variant 1 (with n = 50) and that ¢, = 0.44 for variant 2

(with n = 10). By means of five-fold averaging of the scans for variant 2 we obtain 6, = 0.44/./50/100 = 0.18.
Consequently, assuming identical precision, the variants are equivalent with respect to number of strobings.

3. MEASUREMENTS IN TRACKING MODE

Only the tracking mode may be used in the case of signals with high amplitude (A; > 1.56,) and high rate
of growth:

Upip1 = Uy +MAuy,, (18)

where 1 is a constant. In [2] it is proved that with A, = 6;, n = 25 and 1 = 0.08, it is possible to achieve in the
detection mode a three-fold increase in &, (~12 as against ~4) by comparison with the variant in whichm = 1.

Let us determine the form of the output signal (18). For this purpose it is necessary to calculate the incre-
ment in the output signal Au,, if the increment in the input signal is given as

Auy; = A](sinz—n(i+ 1)—sin2—ni). (19)
nr nr

By substituting the increment Au,; into formula (7) in place of u,;, it becomes possible obtain expressions for

Au,; analogous to (9) or (13). Substituting the resulting values of Au,; into formula (18), we find the form of

the output signal u,. Its amplitude is determined as

Azf = max(uz). (20)

The dependences A,(A;) for n = 0.08 are presented in Fig. 3. (It was established that a value of A that is
practically maximal is achieved in both variants.) Curves 1 and 2 (respectively, n =25 and n = 10) correspond
to variant 2, and curves 3 and 4, to variant 1 (also n = 25 and n = 10, respectively). Using these dependences
it is possible to determine the amplitude A, from the measured value A, despite the fact that the form of the
signal u, differs strongly from the sinusoidal. This makes it possible to reduce the total number of strobings
(with one and the same precision) by comparison with the variant in which it is necessary to achieve an undis-
torted form of the output signal. (For this purpose it is necessary to increase the value of 1, though simulta-

neously decrease h,.) In the range A, < 46, the dependence A/ (A,) is practically linear, which is very useful
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Fig. 3. Dependences Ay(A ). Fig. 4. Dependence of error 6,7 0n amplitude A;.

for practical applications. If the nonlinear part of the curves are also used, the range of determination of the
amplitude may be expanded to A, = 80;.

From Fig. 3 it is evident that the use of a polynomial in place of erf !(r) is preferable. First is the greater
steepness achieved in the transformation; second, the dependence A,(A,) is virtually independent of n, which
cannot be said of variant 1.

If the amplitude and form of the signal over a broad range have to be recorded, it will then be necessary to
increase the value of the coefficient 1 (while keeping the value of n; unchanged). Moreover, it should also be
recalled that in this mode the standard deviation G, (noise track) does not fully characterize the recording qual-
ity. Thus, distortions that arise in the case of excessive steepness of the transformation of individual segments

of the input signal are not taken into account (the quantity Au; must not exceed the values Np) erf! ‘(2—8 - 1)
n

or f,(£1)). Greater information is supplied by the normed standard deviation of the form of the output signal
from the form of the input signal:

11 2
Gy = A_I/\/n_TZ(”li—”zi) . (21)

The latter depends on a large number of parameters (G, 1, M, €;, 717), hence it is difficult to obtain the corre-
sponding analytic expressions. The efficiency of the variants in the mode of recording the form of the signal is
compared on the basis of the results of numerical modeling.

An idea of the behavior of the quantity (21) is provided by Fig. 4, which shows the dependences G6,(A,) for
both variants with n =10 and 1} = 1. Curve / corresponds to variant 2 (f, = r + 0.5r A 3 + 2r A 9), and curve 2,
to variant 1. The curves possess a minimum that corresponds to the maximal value of A, above which nonlin-
ear distortions commence.

With these values of the parameters of the polynomial, variant 2 assures a roughly 1.7-fold greater dynamic
range, though in this case the quantity 0,is greater than in variant 1. In addition, it is not possible to specify a
concrete value of G, above which it becomes unacceptably great, rather this depends on the requirements
imposed on the precision of the recording.

4. CONCLUSIONS

With the proposed modification of the statistical method it becomes possible to improve a number of
experimental parameters of the method.
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An increase (though not very great) in the signal-to-noise ratio of the output signal is achieved in the signal
detection mode. Replacement of the function erf~! by the polynomial makes it possible to significantly reduce
the time needed for the computations.

In the tracking mode the use of the polynomial makes it possible to expand the dynamic range. If the func-
tion erf! were used for this purpose, it would be necessary to increase the value of €, or 11, which would in turn
produce an increase in the error and affect the precision of the recording in the lower part of the dynamic range.

It was shown that a value of 1 that assures a maximally possible signal-to-noise ratio may be used in mea-
surements of the amplitude. Though the output signal is then strongly distorted, in some part of the dynamic
range the function A, (A,) is linear, while in the nonlinear part the steepness of this function is sufficient to
assure an upper bound of the measurements of A; = 8.
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AnHoTanusi: IlyréM MonenupoBaHMsT W AHAIUTHYECKUX pacdy€ToB  WUIFOCTPUPYETCS

HEIOCTATOYHOCTh Kputepus 4 /o, pu OOHApYyXEHUH CTPOOOCKONMUYECKH IMPEeoOpa30BaHHBIX

3aIIyMJIEHHBIX ~ CUTHAJIOB  CBEPXIIMPOKOINOJIOCHOW  pamuosiokaruu. Jlms  aTuckpeTHoro

CTPOOOCKOTTMYECKOTO TTPeoOpa30BaHUs UCTIOIB3YIOTCS CTaTUCTHYECKHE MeTob! [1] u [2].
KuroueBble ciioBa: cTpobocKonmuieckoe Mpeodpa3oBHUE, OOHAPYKEHHE CUTHAIIOB,

CTaTUCTUYECKass 00padOTKa CUTHAIOB, (PYIIBTpAIIS CUTHAJIOB

Beenenne:
OnHoif 3 obnactel mpuMeHeHHs cTpobockonmmueckux mpeodpazosareneit (CII), B Tom yncie u

JUCKPETHBIX, SBIAETCA MPUEMHBIE YCTPOICTBA CBEPXIIMPOKONOIOCHON paguonokanuu. B
Cllydae CHIBHO 3alllyMJIGHHBIX CHIHAJIOB, Koraa ammintyaa 4 mpeoGpasyemoro curmama

CpaBHHMaA WK MCHBLIC CPCAHCKBAAPATUYCCKOI'O OTKIIOHCHUSA O, MaCKUpYIOLICTO MIyMa, IJid

CTpO6OCKOHI/I‘leCKOl"O Hp606pa3OBaHI/IH MOKHO HMCHOJb30BaTh CTATHCTUUECKUN METOJ C

noctossiHHeIM ~ moporoM ¢ [1]. Tak kak paJuOJIOKALIMOHHBIE CHUTHANbl  SIBJISIFOTCS
LICHTPUPOBAHHBIMU CcHUrHajamMu (0e3 TOCTOSHHOW COCTaBISAIOIIEH), TO TOCTOSHHBINA MOpOT
MO>KHO YCTaHOBHUTH PaBHBIM HYIIIO.

[IpeoOpa3zoBanue 3alIyMJIEHHOTO CUTHaJIa CTaTUCTUYECKUMH MeTtojamu [1] u [2] mpoucxonut
CJIeIYIOIIUM 00pa3oM.

Hpe,I[HOJ'IO)KI/IM, 4YTO MI'HOBCHHOC 3HAYUYCHUC CUI'HaJId, MACKUPOBAHHOTI'O HOPMaJIbHO

pacnpe/ielleHHBIM [IyMOM, B MOMEHT BpeMeHHHM i paBHO Y. W3-3a Hamuuus Apo6GOBOro HIyma
BxonHoro kackaga CII peanbHo HaOIIOAaeTCS BETUYMHA

Uy, =u; +X1, (D
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rme X| - HOPMAIbHO paclpejeNéHHas clydaifHas BENMYHHA CO CPEJHHM 3HAYCHHEM

X, =0 (2)

U JUCIIepCUen
_ 2

D1 =0, . (3)

B daze L 3allyMJIEHHOE MTHOBEHHOE 3HAa4YeHHE curHama ! pa3 cpaBHHUBAETCS ¢ HW3BECTHBIM
e.=0 n T U, 0
noporoMm ¢; . Ecan u3 cpaBHeHuid 7 pa3 Y1 mpesbimaer nopor VY, TO BBIYUCISIETCS
OIlCHKa MTHOBEHHOTI'O 3HAUCHHS CUTHAJIA
_ +
u; =0,0(n"), 4)
0 +

rae @(n”) 3aBucur ot Meroaa npeoOpa3oBaHus CUTHATIA.
Hns metona [1]:

n-2

o'y =" 20 (p), 5)

rie P - Qpynxima craHnapTHO-HOPMANBHOTO paclpeIeIeH s,
-1 )
@ - oOpatHas eil pyHKIHs,
" ont+e(n’)
P, =———— - oueHKa BEpOSATHOCTH IPEBBILIEHUS MIOPOTa,
n
— — +

£(0)=0.1 , £(n)=-0.1 gy &(n")=0 g ocranpHbIxX CITyYasx.
o q)—l +/

0O0603Ha4MM B JaJbHEUIIEM 3TOT METOJI KaK METO/ (n"/n).

Jus metona [2] :

+

. n
O(n )Z(m—l). (6)

N
Cnaraemoe B >0 BBEJICHO JUIsl TOTO, 4TOOBI B ciiy4ae, koraa ”; =7 penuuuHa Y2 He
obOparmnack B 6eckoHedHocTh. [Ipu pacderax B [2] BenmuumHa B 6pura npuHsita pasHoit 0.1.
o + / -
Jlnst kpaTkocTH MeTon [2] B manpHelIeM 0003HauuM Kak Meroa 2 /1 .
ITocne BerumcacHus Y2 MPOBOAAT CPaBHEHHE CHTHAlIa C MOPOrOM B cieayromeii ¢ase
npeodpa3yeMoro CUrHaia U aHaJOTHYHBIM 00pa30M BBIYHCISIOT OIIEHKY MTHOBEHHOTO 3HAYCHUS
curana Y4z .

3HadeHUe CpCAHC-KBAAPATUICCKOTO OTKIIOHCHHUA 0| saBnsgercs anmnapaTHbiM mapaMeTpoM H

[IO3TOMY CYMTAETCSI U3BECTHOM M IOCTOSHHOM BEJIMYMHOU. ECiIM BXOJHOU CUTHAJI OTCYTCTBYET,

TO pe3ylabTaTOM INpeoOpasoBaHMs WIymMa OymeT cilydaimblii mpouecc ¢ aucmepemein D,



3aBUCSIIMI OT KoiuuecTBa /! omepaiuii cpaBHEHHS CUTHaia ¢ moporom. Yem Gosblie OyaeT

komuuecTBo ' omeparnuii cpaBHEHHs, TeM MeHbIIe 6y et aucnepens L .
B kadecTBe 30HAMPYIOIIMX CUTHAJIOB B CBEPXIIHPOKOIOJIOCHBIX PaJIMOJIOKATOPaX HCHOIb3YIOT
MaKCHMaJbHO KOPOTKHE PaJuOUMIYJbChl. [103TOMY mpu HccienoBaHMM METOJOB B KauecTBE

npeoOpa3yeMoro curHayia OyJeM HCIOJB30BaTh MOHOKOJIE0aHHE TapMOHHYECKOrO CHTHaia C

aMIUTATY 101 A

.2
u, =4, sm—ﬁi, (7)

nr
rae 'r - KOJMYECTBO TOYEK OTCYETA Ha MEPHOJ MOHOKOIeOaHus, a ! = 1,2,.n, B pe3ynbTare
npeoOpa3oBaHusl BXOAHOTO CHTHAjJa MbI TIOJYYHM BBIXOJHOH CHUTHA CO CPEIHHM 3HAYCHHEM

aMruTyael 4y MacKMpOBaHHBI ITyMOM CO CpeJHE-KBAAPATHUHBIM OTKIOHEHHEM 0. B

PEIKUMC 06Hapy)K€HI/ISI 3al0yMJICHHBIX CUTHAJIOB KAa4CCTBO IIOJABJIICHHA IIyMa MOXKHO

XapaKTepu30BaTh, HAIPUMEP, OTHOIICHHEM 4,/0, . B pabote [1] ObUTO MOKa3aHO, YTO ATO

OTHOIIICHHE BBIPAKAETCS CIICTYIOIIM 00pa3oM:

_ An

> 1280, (®)
[Ipemnoxenusiii B padbote [2] MeToa obecrieunBaeT 60j1e€ BEHICOKOE OTHOIIEHUE CUTHANIA K IITyMY
h2 .
B pesynbrate npeobOpazoBanus (4) u (6) UMeeT MECTO CleAyoIas 3aBUCUMOCTh MEXKIY

CpCAHUM 3HAUYCHUCM BbBIXOOHOI'O CUI'HAJIa U, ¥ MrHOBEHHBIM 3HAUYCHHEM BXOAHOI'O CUIrHaJia U

. J j J n—j
u,, =pu,;)= ;(m -DC, O, ) (1-Du, )" 9)

B cBoto ouepens 0> BbIpaXkaeTcs CIlEAYIOUIMM 00pa3oM:

o, = Z(%ﬂ—l—qom))zwc,{ | (10)

j=0 n—J
+ / -
B cBs3m ¢ Tem, 4TO pe3yinbTaT MpeoOpa3oBaHUS MO MeTroxy /' /7 HMeeT IOCTOSHHYIO

COCTaBJISIIONIY10, TO OTHOLIEHHE CUTHAJIA K IITyMY h, BBIPA)KAETCsl CIELYIOIUM 00pa3oM

_o(4)-9(0)

o,

h, (11)



1. CpaBHeHMe MeTO0B NPHU OOHAPYKEHUN CUTHAJIOB 10 KPUTEPUIO 4,/0, uno KPUTEPHUIO
NpeBbILIEHUs opora.
s obecrieueHuss OOJIBIIOTO OBICTPOJCUCTBUS PATUOIOKATOPA HEOOXOIUMO TIOJIH30BATHCS

MaJIBIM KOJIMYECTBOM OINEpalMid CpaBHEHUsA CHUTHaja ¢ noporoM. I[lostoMy B panbHeiiem

VICCIIC/IOBAHIH BHIOMPACM JHAMa30H u3MeHeHns ! = 4 -8
IIpoBoast BbIUMCIEHUS h,(n)  cormacko seipaxernio (8) mpu 01 =1 u A =1 nonyuaem
3aBUCUMOCTh, TpUBEICHHYIO Ha puc. 1. (kpuBas 1). Jlmsg cpaBHEHUS B 3TOM XK€ PHUCYHKE

.
IIPUBEJICHA 3aBUCUMOCTb h,(n) mus meroma 7 / " | MOJy4YeHHasl COIJIaCHO BbIpakeHUsM (6),

(9), (10) m (11) ipu Tex *xe ycIoBUsix (KpuBas 2).

4.5

3.5

2.5

1.5

Puc 1. 3aBUCHMMOCTH OTHOILICHUS aMILUIATYIbI 4, MpeoOpa3oBaHHOTO CHUTHAJIA K IIYyMy OT

-1 +
KOJIMYCCTBA onepauuﬁ CpaBHCHHA CHUI'HAJIa C MMOPOroMm. MGTOII @ (I’l /l’l) — KpuBas 1; METOJ

n'/n” KpuBas 2.

+ - "
W3 nmosry4eHHBIX pe3yJbTaTOB BUIHO YTO METOJ 7 / N BO BCEM PaCCMOTPEHHOM uamna3one

oOecreunBaeT 3HAYUTEIBLHO OO0Jiee BBICOKOE hz, YTO MOXET OOJIeTYUTH OmIepaTopy
pacro3HaBaHue HAINYUSI CUTHaNA B mrymMe. OHAKO OOHAPYKEHHE CHTHAIOB MIPH CTOJIb MajioM
0e3 JONMONHHUTEIbHOH 00pabOTKM SBISETCS TPAKTHYECKM HE BO3MOXHOH. B ciyuae
HEOXOJMMOCTH YBEPEHHOTO OOHApPYXEHUS CHUTHAJOB O€3 JOMOJHUTEIbHON (QHIbTpanuu,
HeoOxomuMo yBenmumBaTh ', HccnemoBanue 3(GQEKTHBHOCTH TOMONHUTEIBHON 00paboTKH

CTpO6OCKOHI/I‘IeCKI/I Hp606pa3OBaHHHX CUTHAJIOB B BbIIIC YKA3dHHOM JUAIIa30HC h 6y,[[eT



IIPUBENICHO B pazjene 2.

I[J'If[ aBTOMaTHU4YCCKOI'O O6Hap}’)K€HI/I$I CUrHajla B IIYME MOXHO IIOJb30BAaTbCA KPHUTCPUCM

cpaBHennss Y2 ¢ moporom E. W3 mpummmma paGoTsl craTHcTHYeckux Meromos mpu € =0

CJ'IGI[yeT, qTo0 KOJINYCCTBO ypOBHCI\/JI 3Ha‘I€HI/II\/JI, HpI/IHI/IMaeMI)IX BBIXOIHBIM CUTHaAJIOM
npeoOpaszoBaressi, paBHO n+l, BeposTHOCTh NPUHATUS BBIXOJHBIM CUTHAJIOM 3HAYCHUS 0,
paBHa [3]:

7, Gt = CI(uy ) (1- DGy, )™ | (12)
U3 3TOrO CieayeT, 4To B €POSTHOCTH MPEBBIMICHHs MPEOOPa3OBaHHBIM CHIHAIOM mopora £,

BBIOPAHHOTO MEXIy COOTBETCTBYIOIIUMHU YPOBHSIMHU 0 u b paBHa:
QE) =) 7, (ku,,) (13)
k=j

N3 Beipakenust (13) BUIHO, YTO 3Ta BEPOSTHOCTh HE 3aBUCUT OT XapaKTEPU3YIOIIMX METO
npeoOpa3oBaHusl MapaMeTpoB 0, . Cnenosarenbno, 06a BblIIe paccMOTpEHHbIE METO/a, HE

CMOTpsl Ha pasmmaneie />, GyayT OOHApYKMBaTh CHTHAN C OJMHAKOBOH BEPOSTHOCTEIO.

AHaJIOrM4YHO MOKHO IMMOKa34aTb, 4YTO BEPOATHOCTH JIOKHOM TPEBOI'U JIA 000ux MCTOJOB TAKXKC

OyZeT oIMHAKOBOH. DTO CBUAETENBCTBYET O TOM, UYTO KPUTEPUI h, sBnsiercs HeZOCTATOUHBIM

U1 BCECTOPOHHETO CpaBHEHHS 3()()eKTUBHOCTH METOJIOB.

2. CpaBHeHHe MeTONOB IIPM /JIONOJHHUTEJbHOH (GUIbBTPANUM CTPOOOCKONMNYECKH
Npeodpa3oBaHHbBIX CHTHAJIOB.

CTpOGOCKOHI/I‘-IGCKI/I TpaHC(bOpMI/IpOBaHHBIG CHUT'HAJbI ABJIAOTCA HU3KOYACTOTHBIMH CHI'HAJIaMU.
[ToaToMy ISl NOMOJHUTENBHOM (UIBTPALlMM MOXXHO HCIOJIB30BaTh LUPPOBYIO 00pabOTKy
curHasioB. Tak Kak (opMa H3Iy4yaeMoro paJvoJIOKallMOHHOIO CHTHaJa W3BECTHA (B Halleil
MOJIeIM — TapMOHMYECKOE MOHOKOJeO0aHHe), TO A JOMOJIHUTEIbHON (uibTpanuu Oyaem

UCIIONIb30BaTh KOPPENAIUOHHBIN (GuibTp [4, cTp. 135]:

R, ()= [ f(m, (= s)dt (14)

rie
S(®) - Bxonmoii curnan,

mg @) - U3BECTHBIN ITAJIOHHBIN CUTHAJI.

Z[J'IH obecreyeHnss MaKCHMAaJILHOI'O MMoAaBJICHUA LIyMa KOPPCIIAIUOHHBIM (I)I/IJ'ILTI)OM



HE00X0IMMO 3HaTh TOYHYIO (opMy OOHaApyKMBAaeMOro curHaina (3tanona). B ciyuae merona
-1 + o
' (n" /n) IPU MaJlOM KOJIMYECTBE CTPOOMPOBAHUI pe3yibTaT MpPeoOpa30BaHMs HECKOJIBKO

o + )=
OTJIMYAETCSI OT TOYHOM (hOpMBI BXOJHOTO CUTHaNa. B cimydae ke meroma / " 3TH OTIIMYHS
OYeHb 3HAYMUTEIBbHBL. J[7s 00OMX METOJOB JTAaJOH MOKEM HAWTH CleIyIonmM o00pa3oMm.

HaxonuMm aHanuTH4ecKoe BBIpaXEHHE pe3ysibTaTa MNpeoOpa3oBaHUs MOHOKOJIEOaHHMS MpU
HEKOTOPOM BIOpanHOM ;. ClielyeT OTMETHTb, YTO TAKOi STATOH OyHeT HAMIYHYIINM HMEHHO

mpH  9TOH AMIUINTYyJAe OOHapyKHBaeMoro curmama. Ilostomy ammmntymy 41 BeiGepem,
HaXOJIIYIOCS Ha Mopore oOHapyKeHUs M IMpoIycKa curHaia. Torjaa mpu aMIinTynax, OJu3Kux
K 3TOM MOpPOTOBOM aMIUIUTY/IE€, MBI TAK K€ IMOJIYYHM YJIyUIIEHHE OTHOIICHHS CUTHAJA K LIyMy.
[Ipu OGonpIIMX aMIUIUTYyAaX BXOJHOTO CHUTHaja ONTHMAaJIbHOCTh JTalOHA HE HMeEeT

CYLIECTBEHHOI'O 3HAUYEHUsI, TaK KaK TAKUE CUTHAJIBI M TaK OOHAPY>KUBAIOTCS 0e3 3aTpyIHECHUH.

®opMy STanoHa OygeM HCKaTh MpH HEKOTOphIX 3amanubix 41, 0y =1 7 y 1y Jng sroro
UCIIOJIb3YEM Pe3yJIbTaThl UCCIE0BAHUS [3], COMIACHO KOTOPBIM CPEIHUE 3HAUCHMS pe3yiIbTara

peoOpa3oBaHus CTATUCTUYECKUMHU METOJJaMU BBIPAXKAIOTCS CIAEAYIOLUIUM 00pa3oM:
b(nu) =Y 7,()HOG). (15)
j=0

-
Tak kak 0coOGeHHOCTHIO MeTona / " gBNAETCS TO, YTO PE3yNbTaT MPEoOpPa3OBaHUS HMEET
TOCTOSIHHYIO COCTABIISIOLLYO, TO JUIsl HAXOKACHHH dTasoHa nooxkuM ¥ = 0 i pprancisiem
* . .
0 (j)=0(j)—b,(n0) (16)
V) . * .
B pamsmeiimem B (15) BBomum moxctaosky (/) =6 (j). Dro ycrpamser mocTaHHYIO
COCTABIIAIONLYIO, HE BIHss HA (hOPMy CHTHANA M Ha OTHOMICHHE 4> /o,
+/ -
PesynpTar mpeoOpa3oBaHus MOHOKOJIEOAaHHS METOIOM 71 /M gBIseTCS HE CUMMETPUUYHBIM.
*
Io3roMy s moydenns stanona b; (1,4;) neoGxoammMo 06paszoBaTh 3epKaTbHOE 0TOOPAKEHHE
byHKIII b,(nu,).
b, (n,u;)==b, . (nu, ), (17)
q)—l ( +/
Pesynbrar npeoOpa3zoBaHHsS MOHOKOJICOAHUSI CTATUCTHYECKUM METOJIOM n'/n) gensercs

CUMMETPUYHBIM U HE COIEPKHUT HYJIEBYIO cocrasistomyt. [lostomy b.(n,u;)  Ge3

JOIIOJTHUTECIBHBIX OHepaHI/IfI MOJKET UCITOJIB30BATCS B KAUCCTBEC dTAJIOHA
*
bi (n,ul.)Zbi(n,ui). (18)

—1 + )
Jlnst metoma P (n / 1) 7TajoH BEChMa MO OTIMYAETCS OT (hOPMBI TAPMOHMUYECKOH (yHKIIHH.



B kagectBe mpumepa Ui WIUIIOCTpAlMM 3Toro Ha Puc. 2. m300pa)keHa pasHOCTb MEXIY
CHHYCOHIAIBHBIM MOHOKONebannem ¢ ammmutynoii 4 =1 u momyuennsiv stamosom mpu 4, =1,

o,=1 n=4 y n; =50 (npu cunycounanbHOH (OpME FTATOHA ITA PABHOCTH TOXE ObUIA GBI
cunycounanshoit). C ysemumuenneMm ' ¢opma stanmoHa crpemurcs K (OpMe 3epKaJbHOIO
OTOOpa)keHHMsT BXOJHOTO CHTHajda (B HameM choydae - K (opMe TapMOHHYECKOTO
MoHOKoJicOanus). CrenoBarebHO, TOCHEe OOHAPYKEHHMsS] HEHUCKAKEHHYIO PErHCTPALUI0
BXOJHOTO CHTHaja MOXHO OOECICYMTh IPOCTO YBEIMYEHHEM KoiudecTBa ! omeparuii

CpaBHCHHA CHUI'HaJia C IIOPOroMm.

LT ST
Hrxeaaly ?

I T T T T
0.z |- e ™ .
0.15 | i
0.1 i
0.o05 i
o I i
-0.05 | i
0.1+ 7
-0.15 | .
0.2 |- “\‘_ v E
1 1 1 S L
10 z0 30 an 50

[15.3415, -0.260383 v

Puc. 2. Pa3zHocTh MCKAY CUHYCOUAAJIbHBIM MOHOKOJI€OaHHEM U DTAJIOHOM .

+ - — — —
®dopwma 3TanoHa s Meroaa / n”, momydenHas npu Tex xe yenopusix 4 =1, 0, =1 n=4y

ny =50 y3o6paxena ma Puc. 3 Kak BHIMM, IOTYYCHHBIH STATOH CHIBHO OTIHYACTCS OT

(OpPMBI TapPMOHOYECKOTO MOHOKOJICOAHUS.



=101.x]

Hepeaaln ?

-10

-15

5 10 15 20 25

50

[31.1017, -19.8526

4

Puc.3. Dranonnas ¢GyHKIUsS MeTOIA n+/n" mpu 4, =1 0, =1 n=4y n;

50

Jns uiumoctpauuu 3(h(HEKTUBHOCTH JIOTIOJIHUTENBHOW 00pabOTKU CHUTHAJa KOPPENSLUOHHBIM

dusTpom, pacemorpum mpumep npu A =1, 0y =1 n=4 n, =50y N =1550 _ xonnuecrno

TO4YeK (pa3bl HA BCIO JUITMHY Pa3BEPTKH..

>

09 | & # & & & | 2

=2

-5

1

"

T
] =00 <00

[Syujm] =00

1000 1i=00 1300 1s00

[ 1oz0.54, -2. 45631

L

Puc.4. Pesynbrar nmpeoOpa3oBaHus 3alTyMIEHHOTO CUTHAJIA CTATHCTUYECKUM METOIOM

@ (n"/n) npu 4 =1, 0,=1_n=4 n, =50 N=1550

-1 +
Pe3ynbTaT nmpeoOpa3oBaHMS Takoro curxama merogom @ (7 / n) m3obpaxkeH Ha Puc. 4, u3

KOTOPOro BUAHO, YTO HAJIMYHC CUT'HAJIa B Pa3BCPTKC O6Hapy)KI/ITb MPaKTUYCCKU HCBO3MOXKHO.

Pesynbrar nononHUTENbHON 00pabOTKM CHTHANA, W300pakeHHOTO Ha Puc. 4, KOppensIuOHHBIM

¢bunsTpOM npuBeneH Ha Puc. 5.
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Puc. 5. Pe3ynprar monoiHuTeNnbHOM 00paOOTKM CHrHala, n300pakeHHoro Ha Puc. 4..

-
Pesynprar mnpeoOpa3zoBaHUs TOTO € BXOJHOTO CHUTHajla MeEToaoM 7 / n U pe3yabTaT

JOTIOJTHUTENBHOIM 00pabOTKH MpHUBEIeHB COOTBETCTBEHHO Ha Puc. 6 u Puc. 7..

N = |
s | @ gt Em e C = 2
as H ' ' ' —
30 | -
25 | .
zo | -
15 [ —
10 | —
= L ]
W 1Ly L AL AL
o zoo 400 s00 =00 1000 izo00 1400 1600
[1=27.315, 37.3177 =

-
Puc.6. Pesynbrat mpeoOpazoBaHust CTATHCTUYECKAM METOIOM 72 / " 3alIyMJIEHHOTO CUTHAJIa

HpI/I Al =1’ O-l =1, n=4, nT =50H N=1550.

B nanHOM ciydae Hamuuue curHaia B paszBepTke ( Puc. 6) oOHapyXuTh Tak ke MPaKTHYECKU

HCBO3MOKHO.
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P

Puc. 7. Pe3ynpTar AONONMHUTENBHOW 00pabOOTKM CUrHala, pUBeIeHHOTo Ha Puc. 6.

[Tocne xoppensIMOHHON (QMIBTPAlMK HAIWYHE CUTHAJA B LEHTpe pa3BepTku Puc 5 u Puc. 7
oOHapy’KuBaeTcs BecbMa OTYETIMBO, XOTs ClipaBa OT CUrHaja Ha Puc. 7 HabmionaeTcs curHai
JIO)KHOM TpPEBOTM HECKOJBKO MEHbIIEH aMIumMTyabl. (Crenyer OTMETUTh, YTO IIpHU
MOJICIMPOBAaHMUH OOOMX METOJOB HCIIONB30BAJIACH OJHA M Ta € IOCIEI0BaTEIbHOCTh
cirydaitHeIx gucen. [Ipu qpyroif mocieaoBaTeIbHOCTH MOTYYHIACh ObI HECKOJIBKO MHAsi KapTHHA

curHajoB. Mcmone3ys TOJBKO OJHY pa3BEepPTKYy, TPYAHO CYJIUTh O MPEHMYIIECTBE TOTO HIIU
npyroro Meroxa. Iloatomy misi 0o6oux MeToAoB B auama3oHe 7= 4,....,8 6pum MTOJTYYCHBI

3Ha4YCHUA h3 = A3 /0-3 , TAC A3 1 O3 - COOTBETCTBEHHO AMIUINTYyJla U CPECAHC-KBAAPATHICCKOC

OTKJIOHCHHSI TITyMa TIOCJI€ JOTMOJHUTEIBHIN 00pab0TKH CTPOOOCKOTMMYECKH PEeoOpa30oBaHHOTO
(Dfl + / n
curHana. Oka3bIBaeTCs, YTO METOJ] (n"/n) mpm maneix 3Hadenusx ' B paccMOTpeHHOM

nrana3oHe o0ecreyrBaeT HeCKOIbKO 0oJiee BHICOKOE OTHOILIEHUE 4]0, ( cMm. Puc. 8).
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Puc. 8. 3aBUCHMMOCTb OTHOLIEHHS CHTHajla K IIyMYy IOCJI€ KOPPEJISALUOHHOW (UIbTpalu Ipu

4 :1, n=4,.,8, MeTton n+/n_ - KkpuBas 1; meron o (”+/”1) — KpuBag 2.

. + -
OTmeTnM, 4YTO [0 JOMOJHHUTENIbHOUW 00paboTku meron 7 / n  Bcrogy obecreuynBan Oosee

BBICOKOC OTHOIICHHMEC CHMI'HAJla K IOyMYy. U3 storo CJICOYCT BBIBOJ, YTO MOTYT CYHICCTBOBATbH
MCTOABI, O6CCHC‘II/IBaIOH_[I/Ie OTHOCHUTCJIIBHO BBICOKOC hz, HO yCTynaroanue 1o h3 . OTOT IIpuUMeEp

JIOTIONHUTENBHO XapaKTepu3yeT HeI0CTaTouHOCTh Kputepus s /oy s BCECTOPOHHEN
XapaKTEPUCTUKHU CBOWCTB METOJIOB OOHAPY KEHUS CUTHAJIOB.

OnTuMalnbHbIe 3TAJOHBI U1 KOPPEISIMOHHON (PUIBTpallud CUTHAJIOB B HaIlleM MpuMepe ObLIu

MONYdYeHsl NpH BHIOpaHHON aMmIUIMTyde oOHapyxuBaeMoro curmana < =1, Kakx yxe
OTMEYasocCh, I JPYIMX aMIUIUTYJl 3TH 3TAJOHbI HE SBISIOTCS ONTUMalbHBIMU. OJHAKO MpHU
OOJIBIINX aMIUIMTY/JaX BXOJHOTO CHUTHaja ONTUMAIBbHOCTH 3TajJOHA HE MMEET CYIIECTBEHHOTO

3HAYEHMsI, TaK KaK TaKUe CUTHaJbl OOHApYXKMBAIOTCA M Tak 0e3 3arpynHenuil. Ilociemnee
MOATBEPXKIAETCS pe3ylibTaTaMl MOJEIHPOBAHUS 3aBHCHMOCTH hy ot Al, MPUBEJICHHBIMU Ha
Puc. 9. JIns HaxoJeHUs 3TAJOHOB B 3TOM HCCJIEAOBAHUHU MCIOJIb30BAIACh aMIUTUTY/a 4 =1,

OcranbHble yernosus mogerupopanus: 1 =4 ny =50 4, =05...25
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Puc. 9. 3aBucuMOCTh OTHOIIIGHUS CHTHAaJIa K myMy OT aMIUIATYJbl BXOJHOI'O CUTHAJIa ITOCJIC

KOppeJSLMOHHON (ribTparun. Kpusas 1 — merox @' (n*/n); KpHUBast 2 — METO/ n'/n"

Kak BumHo mu3 Puc. 9, BBIOOp aMIUIMTYynbl sl pacdera 3TaJOHOB OCOOCHHO CYIIECTBEHHOTO

3HA4YCHHA HC UMCCT.

BeIBOABI.

1. Bomee Bbicokoe orHomenne /0,  kakoro-muGo CTPOOOCKONUYECKOTO  METOJa

npeoOpa3oBaHusl CUTHAJIOB MOKET 00JIErYUTh OOHApPY’KEHHE CUTHAIOB OIIEPATOPOM.

2. Ilpu aBTOMaTHYECKOM OOHApYy’>KEHUH CUTHAJIOB IIyT€M CpaBHEHHsS Y» ¢ moporoM oba BbIIIE
PaccMOTPEHHBIE METOAa UMEIOT OIMHAKOBYIO 3()()EKTUBHOCTD.
3. BO3MOXHEBI CTydyad, KOTJ1a TIPH OTHOCHTEIBHO Goyiee BHICOKOM /o, ornomenue 43/0
MOKET 0Ka3aTbCi OTHOCHUTENBHO HU3KUM. DTO CBHUJIETEIBCTBYET O HEIOCTATOUHOCTH KPUTEPHS
4,/o, JUTSL TIOJTHOM XapakTepucTUKU 3¢ (HEKTUBHOCTH METOA.

4. ITpu MaoM KOJIMYECTBE OIEpaliii CpaBHEHUI CUTHAJIA C TIOPOTOM JIJIsi OOHAPYKEHUS CIIa0bIX

CHTHAJOB KOPPEJSIMOHHEIM  (DUIBTPOM 0oJlee  ILeNecooOpasHO  ITONB30BATCS  METOOM
-1, + +/ -
O (n /”),qu mertozom 7'/

-1 +
5. HpeI/IMYH_[eCTBOM METOOda @ (n / n) SABJIACTCA TO, YTO TOUYHYIO PETUCTPALIUIO IPUHUMACMOTI'O

CUTHaJja MOKHO 00€CHEeYUTh MPOCTO yBEIMUYEHUEM KOJIMUYECTBA ONepalluii CpaBHEHHUI CUTHaja ¢

+ - (3
noporoMm. Merox 7 / N CHJIBHO MCKaXkaeT mpeoOpasyeMblil curHai npu jgrobom 7| i mostomy

MOXKET UCIIOJIB30BAaThCA TOJBKO AJIA O6H3py>K€HI/IH CHUTI'HAJIOB.



Jlureparypa.

[1] K.Kruminsh, A.Lorencs, V.Plocinsh. A2 Paradox in Statistical Processing of Weak Signals.
Automatic Control and Computer Sciences, Volume 41, Number 1, Jan-Feb 2007, pp. 1-9.
[2] B. Kapxnunvw. Momudukanus CTAaTUCTHYECKOTO METOJa JJisi OOHapYy>KEHUs Cadbix

3allyMJICHHBIX CUTHAJIOB. ABTOMATHKA U BhIUMCIUTENbHAA TexHuKa, 2008, Nel, c. 50-57.

[3]. V. Plocins. Statistical method correction possibilities. Electronics and Electrical Engineering,
2008, Nr. 2 (82), pp. 29-34.

[4]. JI. A. Bauinwmerin, B. JI. 3ybaxos. Beinenenne curHainoB Ha (pOHE CITydaliHBIX TTIOMEX.

Mocksa, CoBerckoe paauno, 1960.



Statistical method of signal — noise ratio maximization

V. Plocinsh

Institute of Electronics and Computer Science,
Dzerbenes st.14, Riga LV-1006, Latvia, phone +371-7-558115; e-mail krumins@edi.lv

Introduction.

In the research [1] is offered an improved modification of the statistical method [2] for noisy signal detection.
We shall concentrate on constructing the statistical method that provide given amplitude signal to noise maximum
ratio possible, and on applying of such a method for the wider amplitude range.

According to the statistical method [2], discrete stroboscopic transformation of noisy signal proceeds as
follows. Let us suppose that instantaneous amplitude of signal concealed by normally distributed noise, in the time

point !i is equal to “i . Because of the shot noise of the input cascade of the stroboscopic converter (SC), the value

Ui =uy; + Xy (1)

where X1 —is normally distributed random variable with a mean
EX| =0 @)
and standard deviation
2
DXy =07, (3)
is substantively observed.

In the time point /i noisy instantaneous signal value is ” times compared with an acquainted threshold €i . If, out

of " times of comparison, Ui exceeds the threshold ¢ n” times, then an estimation of the signal’s momentary

value is calculated
A n _ 2 _ A
Up=opy|—=0 (P )re;, )

where P — is function of standard normal distribution,
@' inverse function,
n"+e(n’) o .
P, = -, estimation of threshold exceedance probability,
n" quantity of threshold exceedances,
£0)=0.1 &(n)=-0.1 454 £(n")=0 _in other cases.

n-2

So the common factor in the signal detection mode doesn’t have value, and it can be omitted.

A

After calculation of U; , the following value of threshold, equal to

ey =e; +U; )
is set. The signal and threshold are compared again, and instantaneous value of signal in the next phase of the signal
is calculated analogically.

The value of the mean quadratic deviation @1 is stored parametric variable and that’s why it is considered as
an acquainted and constant value. If there is no input signal, then the result of such transformation of this noise will

be stochastic process with dispersion D3 that depends on quantity " of signal and threshold comparison operations.

The more is quantity " of comparison operations, the smaller is dispersion D3 In case of transformation of centric
weak signals, there can be set a constant and equal to zero threshold. In that case the result of observation of the
instantaneous value can be expressed by the formula



A

Ui =01®7(B,). (6)

Transformation of centric and concealed by noise signals takes place in case of receiving weak ultrabroadband

radiolocation signals. We shall use harmonic single-oscillation with an amplitude of Al asa signal model.
A
hz = —2

() . . . n
oy it’s necessarily to have a certain quantity " of

To get quite good signal-noise ratio in the output

signal and threshold comparison operations (strobing). The weaker is input signal, the greater quantity of strobing is
necessary. To increase the operation speed, it’s reasonable to divide the operational mode of radio locator into two
parts: the mode of signal detection and the mode of precise registration of signal. In the detection mode signal
amplitude — noise peak ratio is important. In the same time one doesn’t have to care about the quality of the
transformed signal’s form and is able to economize quantity of strobes. For that purpose there was offered the
14_2 A
method [1] that provides higher ratio of hy :O'_z’ The essence of this method is as follows. Instead of U,
calculation according to (6) U; is calculated using the formula
ny

U; = o) (————-1)
[ n-ni +e ’ )

Summand € >0 is worked in, for, if there’s nl+ =n , the value U; would not turn into infinity. In the research

[1], the value ¢ is set equal to 0.1 The signal’s form in this transformation is very perturbed. But this doesn’t
matter for the solution of the problem.

The synthesis of method for signal-noise peak ratio. Method for signal-noise peak ratio synthesis.

The question may be, what kind of statistics analyzing ”+/ n there should be, to get the maximum possible
ratio M2 if Al* and " are given. It’s clear, that the method synthesized in such a way will be optimal only if
amplitude is Al* . That’s why it’s necessary to test quality of signal detection at wider amplitude range.

For noisy signal optimal transformation synthesis with an amplitude of 41 it’s necessary to find such &(n "),

A,
0<n* <n under which %2 will be maximal.
Necessitate that average value of input noise transformation is equal to 0 (i.e. the result of centric noise

*
transformation will also be centric). Describe strobing 7 times in the phase of the input signal U1 = 41 , generally,
we’d like to state that as the result of transformation the average value will be equal to

Ay (4%) =0, i”m‘ (A4;)0; | ®)
i=0
where
i (A41%) = C @' (A4 9)(1 =D ()" ©
e(i)ch*l(m)' a0

In it’s turn transformed noise mean quadratic deviation in that case will be:

i=0

For the synthesis of the method, the following ratio is of interest:

Ay (A7)~ 45(0)

o) (12)

It’s clear, that under such () , which are extreme points of (12), we will have, 42(0)=0 4pq signal-noise



ratio will be maximal.
It’s well known that to find extreme points of differentiable function, it’s enough to find corresponding

derivatives of this function. After partial differentiation for each 6’(1’)’ 0<i<n we equate the obtained derivatives

to zero and will solve the system of equations relating to H(i)’ 0<i<n , and will get the values 6’(1’), under which
signal-noise peak ratio is obtained.

Let’s look upon the following example: 41 =0.7507 and 7= S (the argumentation, why specifically such 4
was chosen, is stated below). In the given example it’s necessary to solve the following system of equities:

0.05978078665 YO,

0.1020018651

= 3.125000000—3

Z
Y6,

= 1.562500000—3

VA
Y
06961688571 _ 3 125000000 Y22
VA
, (13)
2375697137 _ 3 155000000 L22
Z3
4053568921 _ <o 500000 Y4
Z
2766585141 _ o 4155000000 Y25
z z?
where
z=vH ,

H =0.0312568 +0.15625607 +0.3125007 +
+0.31250605 +0.1562563 +0.0312567 |

Y =0.00059780786650 +0.010200186516; +
+0.069616885716, +0.237569713765 +

+0.40535689210, +0.276658514105

As aresult of solution we get we get the following values of 6(n") which can be seen at column 2 of Table 1.

It should be pointed out, that in such a way we get the values Y asa freely drawn value, each from 0@)#0
multiplied by given coefficients. It is easy to understand, for (8) and (11) are homogenous. In the example discussed

>

above 7(0) =1 wags chosen.

Values () were found analogically, in the range of 5<n<16 (see Table 1).

Table 1.
5 6 7

0|1 1 1
1 | 0.952948571 | 0.978898724 | 0.990481267
2 1 0.792384157 | 0.906889988 | 0.957998306
3 | 0.244453271 | 0.66115801 0.847149226
4 | -1.625377337 | -0.177409744 | 0.468873408
5 | -8.006230454 | -3.039047392 | -0.82200418
6 -12.80447183 | -5.227162725
7 -20.25989859

Table 1 (continuation).

8 9 10
0 |1 1 1
1 10.995694877 | 0.998050585 | 0.999116808
2 10981003514 | 0.991398146 | 0.996102891
3 10.930868798 | 0.968696499 | 0.985817806




*
Corresponding theoretically calculated signal-noise ratio under 41 =0.75071 for amplitude of input signal
= 0500’1 , Al = 0750’] , Al = 1000'] , A] = 1250’1 and Al = 1500'1 are stated in the Table 2.

4 10.759782572 | 0.891226447 | 0.950719646
5 ]0.175945687 | 0.626857566 | 0.830946122
6 | -1.816415219 | -0.275309182 | 0.422215373
7 | -8.615406659 | -3.353980308 | -0.972590586
8 | -31.81716918 | -13.86003801 | -5.732407821
9 -49.71227548 | -21.97542711
10 -77.40521834

Table 1 (continuation).

11 12 13
0 |1 1 1
1 10.999599769 | 0.99981861 | 0.999917787
2 10.99823397 [ 0.999199611 | 0.999637235
3 10.993573141 | 0.99708726 | 0.998679841
4 10.977667918 | 0.989878796 | 0.995412705
5 10.923390868 | 0.9652797 0.984263507
6 | 0.738168806 | 0.881334543 | 0.946216534
7 10.106092956 | 0.594869173 | 0.816380095
8 | -2.050884869 | -0.382702504 | 0.373309346
9 |-9.411636492 | -3.718695221 | -1.138682894
10 | -34.53042251 | -15.10287058 | -6.298401823
11 | -120.2490344 | -53.95171095 | -23.90609767
12 -186.5245456 | -83.99288865
13 -289.040868

Table 1 (continuation).

14 15 16
0 |1 1 1
1 10.999962738 | 0.999983111 [ 0.999992345
2 10.999835578 | 0.999925476 | 0.999966222
3 10.999401644 | 0.999728794 | 0.999877075
4 10.997920827 | 0.999057613 | 0.99957286
5 10.992867494 | 0.996767185 | 0.998534717
6 |0.975622846 | 0.988951033 | 0.994992024
7 10.916774965 | 0.96227818 | 0.982902473
8 |0.715954805 | 0.871256266 | 0.941646521
9 ]0.030649976 | 0.560641252 | 0.800859343
10 | -2.307973333 | -0.499341815 | 0.320418869
11 | -10.28859563 | -4.116565873 | -1.319098678
12 | -37.52270895 | -16.46045162 | -6.914001556
13 | -130.4599387 | -58.58433256 | -26.00677569
14 | -447.611027 | -202.3333415 | -91.16144091
15 -692.8811524 | -313.5036932
16 -1072.253308
A]—

Table 2.
n [050[075]1.00 [125 [1.50
5 1097 ]1.64[236 [3.05 |3.62
6 11.09]1.95[293 [3.8 |4.74
7 11221229]359 [494 |e6.16
8 |134]267[437 623 |797
9 |1.47]3.09[530 |7.84 |10.30
10 | 1.56 [ 3.56 | 642 [9.85 | 13.29




11 1.73 14.09 | 776 |12.36 | 17.15

12 | 1.87 | 470 | 9.36 | 15.51 | 22.12

131 2.01 | 538 | 11.29 | 19.46 | 28.55

14 ] 2.16 | 6.16 | 13.61 | 24.41 | 36.84

151232 |7.04 | 1641 | 30.62 | 47.56

16 | 248 | 8.04 | 19.77 | 38.42 | 61.42

For reference, there are theoretically calculated signal-noise ratios according to the method [1], but in Table 4 —
according the method [2].

Table 3.

05 10751 1.25 |15

0.81 | 1.51 233 |3.18 |3.93

0.95]2.03 354 529 |7.00

n
5
6 088176289 |4.11 |526
7
8

1.03 1233|1431 | 676 |9.26

9 | 1.11 268|524 |860 |12.20

10 | 1.22 | 3.07 | 6.34 | 10.89 | 16.00

11134352 |7.62 |13.71 | 20.84

12 1148 | 4.01 | 9.11 [ 17.10 | 26.90

13 | 1.65 | 4.56 | 10.76 | 21.07 | 34.27

14 | 1.84 | 5.12 | 12.54 | 25.53 | 42.93

15 2.04 | 5.68 | 14.32 | 30.28 | 52.59

16 | 2.24 | 6.19 | 15.98 | 35.00 | 62.74

Table 4

05 10751 125 | 1.5

0.87 | 1.30 | 1.70 | 2.04 | 2.31

097 | 146 | 1.92 | 2.34 | 2.68

1.05 | 1.60 | 2.13 | 2.62 | 3.03

0[N n|B

1.13 1 1.72 | 2.32 | 2.87 | 3.35

9 | 1.21|1.84)|249 |3.11 | 3.65

10 | 1.28 | 1.95 | 2.64 | 3.32 | 3.92

11134 |2.05]|2.78 351 |4.17

12 1 1.40 | 2.14 | 291 | 3.68 | 4.40

13 1145|222 ]3.02 | 3.84 | 4.6l

14 | 1.51 | 2.30 | 3.13 | 3.99 | 4.81

15| 1.56 | 2.37 | 3.24 | 4.13 | 4.99

16 | 1.61 | 2.45 | 3.33 | 4.26 | 5.16

%
From the obtained results we can see, that under chosen amplitude of 41 =0.7507 and amplitudes of input

sk B3
signal close to 41 the synthesized method provides higher signal-noise ratio. For example, under 41 =0.7507 and
n=16 the synthesized method provides signal-noise ratio equal to 8.04 | the method [1] in the same circumstances

has /12 = 6'19, but the method [2] — hy =245 S0 an advantage, regarding the signal detection, in one case is 23%,
and in the other — 70%. This advantage won’t be so seen on the individual involutes, but it’s important for the
statistical mean. The method [1] provides insignificantly better signal-noise ratio, comparing to the given method,
just for moderately high amplitudes of input signal. Although this advantage doesn’t have really important practical
meaning, for high amplitude signal detection is not technically complicated.
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0 50 100 150 200 260 300 360

Fig. 1a. Input signal with amplitude of 4y =0.7501

*
In general case it can be any positive number, taken as 41 , although in this case obtained coefficients i will
* *
be optimal specifically for this signal amplitude. On this basis 41 was chosen from relatively small 4; =0.7507

for weak signals detection is especially difficult. As an example on the Fig.1 can be seen input signal concealed by

noise with amplitude of 41 =0.7501  Ag it’s seen on the figure, single-oscillation of such amplitude is completely
concealed by noise. On the figure 1b is stated the signal, transformed according to the method [1], but on the figure
lc - the signal, transformed according to the method [2]. The other conditions of simulation were as follows:

50 =350

quantity of strobing phase points for the period of single-oscillation "7 =°Y | involute length Nr

signal location — in the center of involute (phase points from 150 to 200).

, input

3

-2

4} 50 100 150 200 260 300 350

Fig. 1b. The signal transformed by the method [1].

40

o 900000900000

Y T 9000000900500 :

-100

0 50 100 150 200 250 300 350

Fig. 1c. The same signal, transformed by the given method.

The synthesized method provides maximum possible signal-noise ratio for each amplitude 41 = 41 . That’s
why the synthesized method can be used for quality estimation of any other signal detection method by the criterion



Ay /oy

In the Table 1 there are also coefficients & for very small quantity of signal and threshold comparison
operations. The results of such " don’t let to detect small amplitude signals without additional processing of
transformed signal. As an additional processing one can use a convolution with an according standard. On the Fig. 2
there can be seen the result of correlation filtration of signal with an amplitude of 4 =0.750, using = S after
convolution with a half-wave of harmonic single-oscillation. In the center of the involute the detected signal is
clearly seen.

0 &0 100 160 200 250 200 250

Fig. 2. The result of the convolution of the transformed signal with half-wave of sine using 4 :0'750'1,

n=>5 I’ITZSO_
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Describes the method of revealing discrete stroboscopic signal masked with noise, which has the highest signal-
noise attitude

We describe the method of revealing digital stroboscopic signal masked with noise, which has the highest
signal-noise ratio.
Translation from Russian

Annotation:We explain the method for discrete stroboscopic noisy signal detection at signal-noise peak
ratio. Harmonic single-oscillation is used as an input signal — the model of ultrabroadband radiolocation
signal.
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Introduction
The range of literature on UD method is very wide. Number of publications on the
matter reaches into hundreds. UD method was used for investigating various
problems in biology, medicine, pharmacology, toxicology and signal processing [1,
2,3,4,5].

This paper investigates UD method just mathematically and does not link it with any
particular application. However the objective of the analysis is to obtain statistical
characterisations of the UD procedure (method), taking in account of which may
improve filtering interferences of the stroboscopic signal processing.

We consider kind of classical UD method that satisfies the following three
conditions:

1. the step length s of UD procedure is the same in both directions;
2. the step length s remains constant at all stages;
3. the perturbing factor distribution is normal with zero mean.
Thus let us consider UD procedure determined by normally distributed random

variable X with the mean EX=0 and variance DX=% , the step s= Ao, , where
0.1=A =] and in start position starting point of the coordinate axis is xy=0. At the
first step the UD process gets in point x;=s with probability P{X>0} and in point x,=-
s with probability PfX=<0}. If the UD process was in point ks after n steps, then in the
step n+1 it will get into point (k+1)s with probability P{X>ks} or in point (k-1)s with
probability P{X<ks}.

So, if the UD process has made exactly » steps, then the probability that process
endpoint is ks depends on n and k parity. If n is even number and & is odd then this
probability (we denote it pi(n,s)) is equal to zero. If n is odd number and & is even
then again py(n,s)=0. Therefore in the analysis we consider separately instances when
n=2m and n=2m+I. We designate random variable X,(s) representing state
probability distribution after n-th step of the UD procedure.

k=n
Since PAX, () =ks} = p,(1.5) e have 2 Pi(n.s)=1
k=—n

and pk(l’l,S) = p_k(n,s) .
From the last follows that
EX (s)=0, DX, (s)=E(X, (5)* = 2ikzs2pk (n,s) .

k=1
From description of UD procedure at step n+/ follows that mathematically the UD
process is represented by numerable simple and homogeneous Markov chain over set
of states S= {0, 1, -1, 2, -2, 3, -3, ...} with transition probability matrix M= (a;) and
initial distribution 7y = (Z, 0, 0, ...), if the state numbering is done in the above shown
sequence and elements a;; are defined by equations:
a, =a; =P{X >0} ,
ay =P{X <5} ay, =P{X >s} ,
a;; = P{X >—s} , s :P{XS—S},

Dok, 262 :P{XSkS}’ Ay opr = PAX > ks} :
Ay, e = PIX > —ks}, Ay, 2ke3 = PLX < —ks} ,
k=2,3,4,..
Since the random variable X is distributed according to normal distribution law,



PIX > kst = P 5 KA} = PI2- < kA = d(<kA)

Oy Oy
where @ is standard normal distribution function.

If the process of UD procedure after the n-th step has got in state ks, then the next
two steps will bring the process to state (k-2)s with probability a,=D(kA) D((k-1)A4), to
state ks with probability
bi=D(kA) D(-(k-1)A)+ D(-kA) D((k+1)A) and to state (k+2)s with probability c;=d(-
kA) @(-(k+1) A).

Thus UD process, where number of steps is even number, is represented by simple
homogeneous Markov chain over set of states S= {0, 2, -2, 4, -4, ...} with transition
probability matrix M , =(b;), where state numbering was done in the above shown
sequence and elements b;; are defined by equations:

by =@(4), b, = P0)D(-A) , by = ®(0)D(-A) ,
b21=a2, bzzzbz, bz4=cz,
balzaz, b33:b2, b35:cz,

by akea = Ay , by ok = by , by aisa = Coi ,
b2k+1,2k—1 =ay; s b2k+l,2k+1 = b2k , b2k+1,2k+3 =Gy ,
k=2,3,4,..

In compliance with M. elements definitions we can write: P16 =is and P =i
By dividing rows 14 and 15 of matrix M, by 1= ¢ we obtain matrix whose common
elements of first 15 rows and columns represent regular stochastic matrix ™ =)

Matrix M, together with stochastic vector 7Ty = (P;,P'z,wplvs), where 71 =1, represents
finite Markov chain, which in several aspects substitutes the numerable Markov chain

with transition probability matrix M,.If $20.50, then we can replace the numerable
Markov chain by finite Markov chain over set of states {0, 2, -2, 4, -4, 6, -6}. In this

case matrix M, will be replaced by matrix M , embodying common elements of 7
rows and 7 columns of matrix A/, after dividing elements of rows 6 and 7 by l-c,

Raising the matrix M , (respectively M s*) to the N-th power we obtain matrix
whose elements of first 11 rows and columns (respectively elements of the first three

rows and columns) will coincide with the corresponding elements of matrix(]\i[ I
Elements of twelfth and thirteenth rows, respectively columns, of matrix (M DM will
differ from the respective elements of matrix (]\if s)V by coefficient 1/(1-c;s). Since Cis
is very small for all A=1, the elements of these rows and columns are practically the
same as the respective elements of matrix (Ail :)". The same applies to elements of
forth and fifth rows (respectively columns) of matrix (M,)" when A20.5

If N is sufficiently big, e.g. N =20, then the rows of matrix (M,)" and matrix

M) will be practically equal, and elements of last two columns can be calculated
using the fact that the row vectors are stochastic vectors. This circumstance allows for
considering the UD process as practically stationary at step number N , which in turn



provides that(M,)" | respectively (M)" | is sufficiently close to limit matrix.

Variance of the UD process

Regularity of matrices M . and M. indicates that UD process stabilises
exponentially i.e. it rapidly becomes stationary. We are looking for variance of this
process when it is practically stationary.

Definition 1. We call UD process practically stationary after N steps, if
DX (5)= DX /()| <1007 for all />0 and at the same step parity.

Thus the definition 1 requires that N and / both were even or both where odd
numbers. Further in the analysis we use lemma, which is easy to prove.

Lemma 1. At every fixed UD process step, S =A% and step number 726, an
inequality holds as follows:
pv+2(nas)

- < d O(—-(v+1DA
pums) G, M
Where OSVS}’Z—Z’ dO :dl :1.66’ d2 :d3 :12’ dv :1’ifV>3_

Taking in account lemma 1 we can write:

DX, = ZZ:pV(n,s)vzs2 =

v=l

m 2 2 n 2 2
2;pv(n,s)v sT+2 va(n,s)v s°

v=m+l

Further in analysis we assume that m+/ is even if n is even number, and m+1 is

. . . N 2
odd if n is odd number. For convenience we denote the sum va (n,5)v" a5 7(A,m,n)

v=m+1
and, using lemmal, we look for assessment from above for 7 (A,m,n)
If n2m+3  then obviously 7(&m.n)=
Do (1,8)(m + *+ Pz (1, 8)(m + 34+ p"(n,s)n2 (2)
Since m+126_ A>0.1 3pd (see Lemmal)
Doiania (s 8)(m + 2k + 3)2 <
Doarn (1,8)(m + 2k + 1)2

<+ S 4 HO(—(m+ 2k +2)A)
m+2k+1 (m+2k+1) )
n-m-3 4 4
= A,m, k) =(1 O(=(m+ 2k +2)A
where k=0, 1., 4O m ) =4t ey D 2k ) <

<0.432. 3)
From (2) and (3) follows that
y(Am,n) <(m+1)* p,,.,(n,8))(q(A,m,0))" =

2 L
=(m+1) pmﬂ(n,S)l_q(A’m’O). 4)

The inequality (4) shows that calculating DX, by formula 22:;1%(”’*“)"2*“2 we

1
produce error, the absolute value of which is less than 2 A1y (n,s) 1—g(A,m0) -

In result of calculations using formula (1) and (4) we obtain inequality:
25%y(A,13,n) < 0.00027207 (5)

By increasing A we can obtain the required error assessment at lesser m values.



For instance, if A20.5 ;=7 will be sufficient for sure.
Further we present values of UD process variances for practically stationary case

at various A values and step number parities. We denote the secondary variances as
o7 (&) In case of even (respectively odd) step numbers the results are as follows:

U
A o2 (A) ol (D)
0.1 0.06410,’ 0.06460,"
0.2 0.13330,’ 0.13330,”
0.3 0.20610,’ 0.20620,”
0.4 0.28100,° 0.28370,”
0.5 0.36130,° 0.36790,"
0.6 0.43780,° 0.46300,”
0.7 0.50810,° 0.57310,”
0.8 0.56770," 0.70260,"
1.0 0.64680,° 1.02950,"

Formula (5) shows that by all A values(0-1=A=1D UD process becomes practically
stationary after 16 steps.

Next we present some practically stationary state probability distributions for UD
process in case of even step numbers.

n pa(16;0.10¢) pa(16;0.20¢)
0 0.3132 0.4348

2 0.2304 0.2410

4 0.0914 0.0398

6 0.0193 1.7972-10°

8 2.1440-10° 1.9221-107

10 1.2147-10™ 4.0169:10°

12 3.4055-10°° 1.2991-10™"
14 4.52-10°® 4.9998-107"

n pa(16;0.30¢) pa(16;0.400)
0 0.5230 0.5929

2 0.2228 0.1978

4 0.0156 0.0058

6 1.3309-10 7.4137-10°

8 8.7703-10° 1.5579-10°"°

10 2.5046:107° 1.7036:10°"

12 1.6355-107"° 2.920-10%

14 1.2516-10 2.307-107%*

n Pu(16;0.500)

0.6508



2 0.1726
4 0.0020
6 2.855-107
8 8.968:107"
10 9.650-107%
12 5.255:107°

To obtain these probabilities for odd step numbers the following formula may be
used:

P (T:80,) = py (16,40, )D(-2kA) +

+ Do (16,A0)D((2k +2)A)

In case of odd step numbers the secondary variances o/ (A) may be calculated with the
required accuracy using formula:

a1

v 2
012 (A)= 2szzp2k+l (n,9)(2k+1)* =
=0

~ 2s2i( Do, (16,5)D(-2kA) +
+ P22 (16,8)D((2k +2)A))(2k +1)° (6)

To make comparison of variances & 7 (4) and z;f (A) convenient, we transform formula
(6) as follows:
o2 (A) = 257 p, (16,5)(@(0) P89 L pany 4
p,(16,5)
+9D(22A)) + p, (16, 5)OD(4A) + 25D(—4A)) +
+ 0y (16,5)(25D(6A) + 49D(—6A)) +
+ P16(16,5)(2250(16A) + 289D(~16A))]

Comparison of these results with those published in literature [6, 7] shows that our
results differ from the secondary variance estimates published in paper [7], which
were found using formulas:

o7 (A)=0.625500+0.25s 2,
S=Ao0y .

To solve efficiently problems of digital signal processing, knowledge of UD
process variance alone is not enough. There are also other statistical characteristics of
importance. Further research has to deal with issues of UD process covariance
specifics. Preliminary analysis suggests that in practically stationary situation at step

. -042¢-1 __2 . . . .
length s=0,50, function € 0, is good approximation for the covariance, where ¢
is shift between step numbers, ie.
-0.42t-1 __2
cov(Xy X y,) me "oy
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3.Pielikums (asinhronu datu apstrade)

2. Energijas patérina minimizé$anas probléma sistémas.

Viena no asinhrono datu apstrades sistému galvenajam pozitivajam Ipatnibam ir energijas patérina
minimiz&S$ana, automatiski parejot stavoklos ,, idle ” vai “’sleep’’ laika sprizos, kuros nenotiek
informacijas apstrade, ka ar1 regul§jot frekvenci un spriegumu [ 2].

2.1. Pétijumos izmantotajiem MSP430 saimes mikroprocesoroiem raksturigs loti mazo energijas
patérins, kas aktivaja rezima ir ~0,2mA/MHz. Tomer turpmakaja darba tiek planota pareja uz jauno
MSP430x5xx mikroprocesoru saimi ar reguléjamu energijas patérinu, ar programmu regul&jot
mikroprocesora kodola baroSanas spriegumu Vcogrg . lespéjamas 4 Vcorg Vvertibas, kas lauj
mikroprocesoram stradat ar 4 dazadam taktsgeneratora frekvencém 12, 16, 20 un 25MHz. Vcore
baro mikroprocesora atminu un digitalo dalu. levadizvade un analoga dala ir pieslégta baroSanas
pamatspriegumam DV ¢, no kura forme spriegumu Vcorg . Divu bitu registrs PMMCOREV[1:0]
nosaka iesp&jamo Vcorg Vertibu. Paredzams, ka MSP430x5xx mikroprocesori biis pieejami 2008.
gada beigas, kas laus praktiski pielietot izstradatos energijas patérinu vadibas principus

2.2 Atskaites pirmaja dala arspogulotie petijumi paradija, ka lai pilniba izmantotu signalu parveid-
oSanas [tmena Skérsojuma metodes prieksrocibas, nepiecieSams veidot jaunas vienkristala vairaku
kodolu sistémas ar mazu energijas patérinu MSoC. Sim noliikam nepiec8ami procesoru arhitektiras,
mikru arhitekttiras un energijas patérina modeli un simul&$anas riki. Pielietojot programméesanas
valodas vai aparatiiras aprakstosas valodas, var veidot uzprogrammetus modelus ar izvélétam darba
slodzém. lizpildot programmas uz Siem modeliem, var noteiktu veiktsp&ju un korektumu. Prog-
rammetaji var izmantot programmatiras modelus, lai izstradatu un p&c tam notestétu programmati-
ru lidz tam laikam, kad reala aparatiira biis uzkonstruéta. Kaut ar1 uzprogrammets modelis ir 1€naks
neka vinu aparatiiras kopija, programmetaji var uzprogrammet un notestét tos miniites vai stundas
laika, neka gaidit ménesus, kamér reala aparatira biis uzkonstruéta.
Ir apgiits rocesoru arhitektiiras model€Sanas un test€Sanas riks SimpleScalar, kuru izvedoja D.
Burgers un T. Austins
SimpleScalar stimulators reproducé skaitloSanas ierices operacijas, izmantojot interpretatoru.
Rika instrukciju interpretatori atbalsta dazas popularas instrukciju kopas, taja skaitd Alpha,
Power PC, x86, un ARM. Miusu pétijumos tika izmantots SimpleScalar tresas versijas. Sim-
pleScalar rika sastavdalas SimpleScalar ir bezmaksas modeléSanas riks, kuru var bezmaksas le-
jupieladét no Interneta. Ir nepiecieSami sekojosSie faili: 1)simplesim.tar.gz — satur model&taja
pirmkodus, instrukcijas kopas makrodefinicijas, un testu programmas pirmkodu un binaru kodu;
2) simpleutils.tar.gz — satur GNU binarus utilitus, mérkéti uz SimpleScalar arhitektiiru. Sis utili-
tas ir nepiecieSamas, lai uzkompilétu savu SimpleScalar binaru testu programmu; 3) simpleto-
ols.tar.gz — satur parmérkétus GNU kompilatoru un biblioteku pirmkodus, nepieciesamus lai
uzkonstruétu SimpleScalar etalonuzdevumu (angl. benchmark) binaru kodu.
SimpleScalar rika arhitektira
Tas ir liels datoru arhitektiras testé$anas riks, kura arhitektiira tiek atvasinata no MIPS-IV ISA. Sis
riku komplekts izmanto abas: little-endian un big-endian arhitektiiras versijas, lai palielinatu parne-
samibu. SimpleScalar ISA semantika ir MIPS superkopa ar sekojoSiem nozimigam atSkiribam un
papildinajumiem:
e Te nav veidotas aizkaves spraugas (angl. architected delay slots): ieladéSanas (loads), sagla-
basanas (stores) un vadibas kontroles nodosana neizpilda sekojusas instrukcijas.

e [elade@sanas un saglabasanas atbalsta divus adres€Sanas veidus — prieks visiem datu tipiem —
pie tam, kuri ir iek§ MIPS arhitektiiras. Tas ir: indeksa (registrs + registrs), un automatiska
palielinaSana/samazinasana (angl. Auto-increment/decrement).



e Kvadratsaknes instrukcija, kura realizé kvadratsaknes izskaitloSanu ar abam vienkart€ju un
divkartgju precizitateém.

e 64-bitu instrukcijas kodéSanas paplaSinajums.

Zimg&juma 1. ir att€loti SimpleScalar instrukciju tris instrukciju kodesanas: registrs, tilitéjais, un
leciena (angl. jump) formati. Visas SimpleScalar instrukcijas ir 64. bitu garas.

16-annote 16-opcode 8-1s 8-t 8-rd  8-rw/'shamt
Register format:
63 32 31 0
16-annote 16-opcode 8-1s 8-t 16-imm
Immediate format: ‘ | |
63 32 31 0
16-annote 16-opcode G-unused 24-target
Jump format:
63 32 31 0

Zim&jums 1. SimpleScalar arhitektiiras instrukciju formati.
Registra formats ir izmantots prieks skaitloSanas instrukcijam. Tulitgjais formats atbalsta 16 bitu
konstansu ieklausanu. Léciena formats atbalsta 24 bitu Ieciena mérka noteikSanu.
Modelétaja arhitektiira ir aprakstita iekS /config/machine.def faila, kur§ satur makrodefinicijas
prieks katras instrukcijas instrukcijas kopa. Katra makrodefinicija apraksta operacijas kodu, vardu,
karodzinus, operanda avotu un galamérki, un darbibas, kurus javeic darbojoties ar Tpatn&ju instruk-
ciju.

Zimgjums 2 parada SimpleScalar aparatiiras modela uzprogrammetu arhitektiiru. Pielikumi izpildas
uz $§1 modela, izmantojot specialu tehniku, saucamu par izpildes-vadama modeléSana (angl.
execution-driven simulation), kura pieprasa instrukcijas kopas emulatora un I/O emulacijas modula
ieklauSanu. Instrukcijas kopas emulators interpreté katru instrukciju, verSot aparatiiras modela dar-
bibas caur callback interfeisiem, kurus piedava interpretators. I/O emulacijas modulis piedava mo-
delésanas programmai piekluvi pie aréjam ievad-izvad iericém. Katra modela centra, model&Sanas
kodola kods nosaka aparattiras modela organizé$anu un instrumentaciju. ModeléSanas kodols nosa-
ka galveno model€josas ierices ciklu, kurs izpilda vienu iteraciju prieks katras komandas lidz prog-
rammas beigSanas. Ka arT viena Iimen1 ar modelésanas kodolu atrodas gan pasi modeleéSanas modu-
11, gan kludu atlabotajs (Dlite! Debugger). Zemak atrodas platformas, uz kuras tiek uzinstaléts mo-
delésanas riks SimpleScalar, interfeisi un pati platforma (angl. Host).
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Zimgjums 2. SimpleScalar programmatiiras arhitekttra.

SimpleScalar rika modeléSanas moduli.SimpleScalar model&Sanas riks sastav no daudziem modele-
Sanas moduliem, kurus ar var papildinat, uzprogrammgjot savus. ModeléSanas moduli dalas uz
grupam:

1) Funkcionalais model€sanas moduli: sim-fast — visatrakais, vismazak detaliz€ts modeléSanas mo-
dulis, realizets sim-fast.c faila. Vins$ neaprékina laiku, tikai veic funkcionalu modeléSanu — vins iz-
pilda katru instrukciju secigi, nemodel€jot instrukcijas paral€li; sim-safe — ar1 veic funkcionala mo-
delésanas modula funkcijas, bet parbauda pareizu lidzinasanu un piekluves atlauju uz katru atminas
atsauci.

2)Kesatminas modeléSanas moduli: sim-cache — §1s modelésanas modulis ir ideals prieks atras ke-
Satminas model€Sanas. Modelgjot keSatminu ar So moduli, vinu (kesatminu) var uzkonfiguréet ta, ka
grib pétnieks, izmantojot argumentus (no komandrindas) <na-
me>:<nsets>:<bsize>:<assoc>:<repl>.sim-cheetah — izpilda to pasu, ko dara sim-cache modulis,
bet arT ir sp&jigs viena laika bridi modelét vairakas keSatminas konfiguracijas. Vina algoritmu pie-
davaja Ragin Sugumar un Santosh Abraham.;

3)Profileésana sim-profile — ir sp&jigs generét detaliz&tus instrukcijas adresu un klasu, teksta simbo-
lu, atminas piekluves, zarojuma, un datu segmenta simbolu profilus.

4)Nestandarta ( out-of-order) procesora modeléSana: sim-outorder — ir vissarezgits un visdetaliz&ts
model&§anas modulis. STs model&$anas modulis atbalsta nestandarta izpildi, bazétu uz Register Up-
date Unit; sim-outorder (Wattch) — ir specials modelésanas modulis, kur$ lauju nomodelét energi-
jas patérinu, nomainot procesora konfiguraciju.

Zemak tiek piedavats zim&jums 3, ar modeléSanas modulu aprakstiem uz atrumiem, uz kuriem tie
var stradat.

Simulator  Description Lines  Simulation
of code speed
sim-safe Simple functional simulator 320  GMIPS
sim-fast Speed-optimized functional simulatar 780  7MIPS
sim-profile  Dynamic program analyzer 1300 4 MIPS
sim-bpred Branch predictor simulator 1,200 5 MIPS
sim-cache  Multilevel cache memory simulatar 1400 4 MIPS

sim-outorder  Detailed microarchitectural timing model 3,900 0.3 MIPS

Zimgjums 3. SimpleScalar model&ésanas modulu atrdarbiba.
Modelésanas piemeéri



Viens no visjaudigakiem procesoru blokiem ir keSatminas bloks. Picaugot ta apjomam, arT pieaug
energijas patérins, tad nepiecieSams noteikt optimalu keSatminas izméru, lai energijas patérins butu
adekvats. Piem&ram, analogo signalu apstradg ir nepieciesams veikt nopietnas matematiskas apreki-
nasanas. Attiecigi, atrisinot $o uzdevumu ar ir nepiecieSams izveléties optimalu energijas paterinu.
Ka pieméru piedavasim, keSatminas izméru konfiguracijas izmainas un sekosim lidzi energijas paté-
rina izmainam.
Lai atrisinatu So uzdevumu tika izmantots nestandarta modeleSanas modulis sim-outorder no mode-
|e8anas programmas Wattch — tas ir nestandarta programma, kura ir izstradata Garvarda inZenierijas
un lietiskas zinatnes skola, izstradatajs — Davids Brooks. Vins (model&Sanas modulis) lauj noteikt,
kads bis kopgjais procesora energijas pateérins noteikta konfiguracija.
Uz PISA (SimpleScalar arhitektiira) konfiguréta model&taja tika palaistas divas programmas:

e uzprogramméta C valodas skaitla & izskaitloSanas programma,;

e SPEC’95 etalonuzdevums maksliga intelekta (MI) programma go.ss;

Tika izmainita pirma Itmena datu keSatmina (L1 D-cache):
e tika izmainits tikai keSatminas apjoms;

e L1 D-cache pargji parametri ir fikseti:
o Viena bloka izmérs = 32 baiti;
o Asociativitate = 1 (angl. direct mapped);

o Aizvietosanas stratégija = LRU (protams, ja asociativitate ir vieninieks, tad aizvieto-
Sanas stratégija nestrada);

Tika atsekotas sekojosas Tpasibas:
e skait]a m izskait]oSanas programma — pie konkrétiem kesatminas izmeriem vid€jais L1 D-
cache jaudas patérins (no Wattch) un kesatminas netrapijumu skaits;

e SPEC'95 MI etalonuzdevuma — pie konkrétiem keSatminas izmé&riem vidgjais L1 D-cache
jaudas paterins (no Wattch) un keSatminas netrapijumu procents (netrapijumi/keSatminas
piekluves skaitu);

Zimé&juma 4 ir apskatitas keSatminas ar izmeriem: 4096 KB, 2096 KB, 1096 KB, 512 KB, 256 KB.
Model&sana notika palaizot © skaitla izskaitloSanas programmu. No rezultatiem ir skaidrs, ka ke-
Satminas netrapijumu skaits (stabini zila krasa) nesamazinas, palielinoties keSatminas apjomam, sa-
kot no 1024 KB, bet vid&jais energijas patérins (stabini oranza krasa) loti stingri picaug. Tap&c tala-
kajai modelesanai tika panemti gadijumi, kad L1 D-keSatminas apjoms mainas no 128 KB lidz 1024
KB un model&sanai tika pielietots SPEC'95 MI etalonuzdevums (zim. 5). ST gadijuma tika salidzi-
nats keSatminas netrapijumu procents ar vidéjo energijas patérinu.
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Zim&jums 4. L1 D-cache model&Sanas rezultats. Oranza krasa — energijas patérina daudzums, zila krasa mé-
rogotas netrapijumu daudzums (netrapijumi /10).
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Zim&jums 3. L1 D-cache modelésanas rezultats. Oranza krasa — me&rogots energijas patérina daudzums
(energija/10), zila krasa netrapijumu procents.



Darba instaléta modeléSanas programma SimpleScalar 3.0.un programma Wattch, kura kopa ar
SimpleScalar sp&jiga modelét procesora dazadu mezglu energijas patérinu. Ka modelésanas piemérs
tika piedavats L1 D-keSatminas izméru iespaids uz vid&ju §1 keSatminas energijas patérinu. Tomér
SimpleScalar ir modific€Sanai neérta, jo izmainot model&Sanas iekartu ir japrogramme no jauna
model&Sanas modulis. Plasakas iesp&jas salidzinajuma ar SimpleScalar ir Virtutech izstradatfjai
model&Sanas sisteémai Simics, kuras izmantoSana paredzeta turpmakaja darba.

Darba gaita tika savakta informacija par citam model&Sanas sistemam, kurus ir verts izpétit. Pieme-
ram, kompanija Virtutech ir izstradajusi jaunu model€sanas sistemu Simics, kurai ir

[2] 4. baymc , H. 3a31H06a DHepreTuyeckasi ONTUMH3AIMS BCTPAUBACMBIX CUCTEM PEATIbHOTO
BpeMeHH U ux agantuBHocTh // ABT 2008 N3, c. 59-73.

3. Nestacionaru, ar imulsu pozicijam ciparu forma kodétu procesu, fiksésana uz laika ass.

Tiek veidota sistéma daudzkanalu impulsu plismu fiksé$anas un registréSanas problému risinasanai.
Apvienojot kanalus ir iesp&jama impulsu parklasana, tap&c ir nepiecieSsama impulsu filtracijas sis-
téma. Jebkura sistéma ir noteiktas aizkaves, jo elementi neparslédzas ,,acumirkli”. Aizkaves dél sis-
téma ir nepiecieSama impulsu filtracija tada gadijuma, ja ienakosu impulsu frekvence bis lielaka
neka sisteémas maksimala frekvence. Sistema tiek planots divu skalu izmantoSana: preciza skala
(aiztures Iinija) un rupja skala (Greja skaititajs) Lai sist€ma stradatu veiksmigi ir jasalago divas ska-
las. Skalu salagoSana ir jaievéro galveno noteikumu: precizas skalas skaldiSana nedrikst parsniegt
skaititaja jaunakas pozicijas periodu 7. Pedgja dala tiek apskatita procesora izmantoSanas iesp&ja
sistéma. Procesora galvenas funkcijas: generé adreses datu ierakstiSanai SRAM atmina; parsledz
atminas; apstrada datus, iegltus no Greja skaititaja un aiztures Iinijas; vada kanalu adaptivo filtru

[3].

4. Indikdcijas un nepartrauktas barosanas nodrosinasana asinhronu datu apstrades sistemas

Realizgjot autonomas asinhronu datu apstrades sist€mas, bez signalu ieguves parveidosanas un
informacijas uzglabasanas, problémam, nepiecieSams risinat ar1 operativu datu att€loSanas un nepar-
trauktas baroSanas jautajumus. Lai $os jautajumus risinatu tika izveidots €rti konfiguréjams makets
sastavoss no vairakiem moduliem ( drukatajam platém).

Kontrollera plate.
M T—
Mo
e
N -
[MCKITO) PBO O 4 40 O PAD (ADCD} ——v] He =T
T1) FE1 O 2 39 [0 PAT (ADCH) ] »
(INT2IAING) PB2 O 3 38 O PAZ (ADCZ) T1 =
(OCOHAINT) PB3 O] 4 37 [0 PA3 (ADC3) = . —
S5 PB4 O 5 26 O Pas aDCH) — o e
{MOEI) FES O 6 36 [0 Pa5 (ADCS)
{MISD) PRE O T 34 O PAB (ADCE)
(SCK) PB7 O] B 33 [0 PAT (ADCT) ————————— f—
I FEZET O 2 %2 O AREF
e—l_, T wCC O 10 31 O GND — P
GND O 11 a0 B AWCC T
- XAz O 12 29 [0 PCT (TOSCH)
1 e XTAL1 O 13 28 [0 PCE (TOSC1)
(RMD) PDO O 14 27 [0 PC5 (TDh
(TXD) PD1 O 15 26 [0 PC4 (TDO)
: z {INTO} PD2 O 18 26 O PC3 (TMS)}
(INT1} PO3 O 17 24 0 PC2 (TCK)
(GC1BY P4 O 18 23 O PC1 (SDA)
{0C1A} POS O 18 22 O PCOD (SCL)
ACF1) PDE O 20 21 O POT (oCT




Kontrollera platg tika izmantots mikrokontroleris Atmegal6. Uz plates izvietots arT spraudnis
LCD displeja pieslégsanai, LED displeja pagaismoSanas regulétajs, tastatiira programmas vadibai
un programmatora spraudnis.
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Mikrokontrolleris Atmegal6 izpilda uzdevumus saistitus ar datu att€loSanu uz LCD displeja, tas-
tattiras komandu nolasiSanu, saglabasanu un parraidi uz personalo datoru. di,

Atmegal 6 tas ir augstas veiktsp&jas, 8-bit AVR mikrokontrolleris, ar zemu energijas patérinu.

Tas ir uzbuvéts péc RISC arhitektiiras, kas nosaka 131 instrukciju, 32x8 darba registrus, 2 ciklu
reizinataju sp&j darboties frekvence lidz 16 Mhz.

MikrokontrollerT ir iebtivétas 2 energoneatkarigas programmgejamas atminas: 16KB Flash atmi-
nas un 512 Baiti EEPROM, ka ar1 1Kbaits iebuvétas SRAM, Flash atmina iztur 10,000 ierakstiSanas
ciklu, EEPROM 100000 ierakstiSanas ciklu. Kontrollera atmina dati saglabajas 20 gadus pie tempe-
ratiiras 85°C un 100 gadu pie temperatiiras 25°C. Ir iesp€ja aizsargat datus kontrollera atmina uzlie-
kot atbilstoSos aizslégSanas bitus.

ProgrammésSanu iespé&ja veikt izmantojot SPI interfeisu.

Ir pieejams JTAG interfeiss, ar kura palidzibu var veikt programmas reala laika atklidosanu .

Argjo elementu pieslégsanai ir iespg&jama ar divu vadu programméjamo secigo interfeisu
USART.

Ir pieejama sekojoSa periférija:

Divi 8-bit taimeri/skaititaji ar atseviskiem frekvences dalitajiem un salidzinasanas reZimiem.



Viens 16-bit taimeris/skaititajs ar frekvences dalitaju un salidzinaSanas rezimiem.
Reala laika skaititajs ar argjo svarstibu generatoru.

Cetri impulsa platuma modulacijas kanali.

8-kanalu, 10-bit ACP

8 asinhronie kanali

Pieliets 40 kontaktu DIP korpusu ar 32 ievada-izvada linijam.

Tastatiira

Tastattira ir paredz€ta mikrokontrollera darba rezZimu parslégSanai, parametru uzstadiSanai,
tadu, ka gads, ménesis, diena, stundas, minttes.

Izveidotas sist€mas tastatiira sastav no 3 pogam, kuri spgj parslégt kontrolleri starp sekojo-
Siem darba reZimiem:

1. poga 2. poga 3.poga
1.reizi — stundu vertibu redi- .o o
Cy Palielina stundu vértibu
gesana
2.reizi — minasu veértibu re- . N
ey Palielina minaiSu vertibu
. .. dig€sana
Uzspiesta 1. reizi — datuma P - Py
. ce 3.reizi — gada vertibu redige- . _
un laika redig€Sanas re- Sana Palielina gadu veértibu
Zims. . . =
4 .reizi — ménesa veértibu re- . e
ey Palielina ménesu vértibu
digésana
5.reizi — dienas veértibu redi- - ) L
.y Palielina dienu vertibu
gesana
Uzspiesta 2. reizi — sensora - .
ey Palielina sensora numura Samazina sensora numu-
numura redigéSanas re- | _ _
.- vertibu ra vertibu
Z1ms.
LCD displejs

Lai att€lot datus tika izv€l&ts punktu matricas simbolu LCD displejs. Tas sp€j att€lot datus
divas rindas, 24 kolonnas. burtu raksts ir 5x7 punkti. Datu apmainu ar kontrolleri var veikt caur 4-
bit vai 8 - bit interfeisu.

Displeja ir iebtuivéta LED fona gaisma, kas lauj uzlabot att€lojamo datu redzamibu. Ir iesp&ja
regulét ekrana kontrastu un spilgtumu. Displeju baroSanas spriegumam ir jabut diapazona no 1,7
lidz



5,5V Programmgjot, me&s izmantojam 8 bitu instrukcijas, tatad datu parraidei tika izmantota
datu kopne D0-D7 Displeja var izdalit sekojosas galvenas dalas LCD displeja bloku diagramma.

. AC | | Tmming Control Circuit |
N IR -
RS T DD RAM
= L LCD
u 1 Curser I;'(Ijl‘::l £|
E - t:i:dk Circuit |
iL
D0-D3= ; J -
D4-D7 R R
_ —t—
- L CG
RAM CG RAM
o
VDD —|— ing Circus
Driving Circuit
‘\_.'O —_—
BUSY 'l’
VS8 —— FLAG P TO S registor

a. Datu registrs(DR): Registrs, kurs tiek pielietots islaicigai datu glabasanai, kuri tiek nola-
stti/ierakstiti no/uz DD RAM un CG RAM.
b. Instrukciju registrs (IR): Registrs pieejams att€lojamo datu (DD) RAM un burtu generatora (CG)
RAM adresu informacijas un instrukciju kodu glabasanai.
c. Aiznemtibas pazime (BF): Kad BF ir vieninieks, tas rada, ka LCM ir aiznemts izpildot ieksgjas
operacijas un nevar pienemt nakosas instrukcijas.
d. Simbolu generatora (CG)ROM: Sis ROM generé simbola struktiiru no 8-bit simbola koda un no-
drosina 192 simbolu struktiiras.
e. Simbolu generatora (CG)RAM: Sis RAM lauj lietotajam parrakstit simbolu struktiiras brivi, at-
tieciba péc programmas.
f. Adresu skaititajs (AC): Sis skaititajs tiek pielietots lai dot DD RAM un CG RAM adresu infor-
maciju.
g. Attélojamo datu (DD)RAM: Sis displeja datu RAM tiek pielietots lai glabat displeja datus, izteik-
tos ar 8-bit simbolu kodu. Ta ietilpiba ir 80x8 biti, taja var glabat datus 80 simboliem.
Pirms veidojot LCD displeja vadibas programmu bija jaizveido formatu, kura tiks izvaditi iegitie
no sensoriem dati.
Bija nolemts, ka vienlaikus uz viena displeja ekrana tiks att€loti:

- Datums

- Laiks

- Sensora kartas numurs

- Gaisa temperatira

- Relativais mitrums

- Apgaismojums

Ta ka teksta displeja datu att€loSanai ir noteiks simbolu skaits bija janolem;j ar1 cik poziciju vajadzes
viena parametra att€losanai.

Beigas tika izvelets $ads datu formats:

DID|-IM|M|-|Y|Y HIH :|M|[M|:|S|S
t [ X[X|X[C|,|R|h|X|X[X]|%],




Izstradajot ekrana vadibas programmas bloku tika pielietotas sekojosas funkcijas:

c.1) Iztirit displeju

RS |R/'W | D7 | D6 | D5 | D4 | D3 | D2 | D1 | DO
0 0 0 0 0 0 0 0 0 1

Tas attira visu displeju un uzstada displeja datu RAM adresi ,,0” adreSu skaititaja.

c.2) Atgriezties sakuma

RS |[R/'W | D7 | D6 | D5 | D4 | D3 | D2 | D1 | DO
0 0 0 0 0 0 0 0 1 X

X: Vienalga ,,0” vai ,,1”

Uzstada displeja datu RAM adresi ,,0” adreSu skaititaja un displejs atgriezas sakuma stavokli. Kur-
sors parvietojas kreisaja displeja mala (pirmaja rinda, ja divas rindas tiek attélotas). Displeja datu
RAM saturs netiek mainits.

c.3) Ievada rezims

Lasot un ierakstot datus tas parvieto kursoru noteiktaja pozicija.

RS |R/'W | D7 | D6 | D5 | D4 | D3| D2| DIl | D0
0 0 0 0 0 0 0 1 |I/D] S

D = 1: Palielinat;

I/D = 0: Samazinat;

S=1: Ekrana nobide;

S=0: Ekrans netick nobidits; I/

1 I/D=1 Nobide ekranu pa kreisi
=1 1/D=0 Nobide ekranu pa labi

c.4) Displeja vadiba

RS|R/'W|D7 | D6 | D5 | D4 |D3|D2| DIl | D0
0 0 0 0 0 0 1 D|C | B

D=1: Displejs ieslegts;
D=0: Displejs izslegts;
=1: Kursors ieslegts;

C

C=0: Kursors izslégts;
B=1: Mirgosana ieslégta;
B=0: Mirgosana izslegta;

c.5) Kursora vai displeja nobide
Nemainot DD RAM datus ta var parvietot kursoru un nobidit displeju



RS |[R/'W | D7 | D6 | D5 | D4 | D3| D2 | DI | DO
0 0 0 0 0 1 |[SCIRL| X | X
S/C R/L Apraksts Adresu skaititajs
0 0 Nobidit kursoru pa kreisi AC=AC-1
0 1 Nobidit kursoru pa labi AC=AC+1
1 0 Nobidit displeju pa kreisi. Kursors | AC=AC
seko nobidei.
1 1 Nobidit displeju pa labi. Kursors AC=AC
seko nobidei.
c.6) Funkcijas uzstade
RS |R'W | D7 | D6 | D5 | D4 | D3| D2 | DIl |DO0
0 0 0 0 1 |IDL| N | F | X | X
X: Vienalga ,,0” vai ,,17;
DL: Uzstada interfeisa datu garumu;
DL=1: Dati tiek parraiditi ar 8-bit garumu;
DL=0: Dati tiek parraiditi ar 4-bit garumu,
N: Uzstada displeja rindu skaitu;
N=0: Vienas linijas displejs;
N=1: Divu liniju displejs;
F: Uzstada burtu rakstu;
F=0: 5x7 punktu burtu raksts;
F=1: 5x10 punktu burtu raksts;
N F Displeja Imiju Burtu raksts DaliSanas koefi-
skaits cients
0 0 1 5x7 punkti 1/8
1 1 5x10 punkti 1/11
1 X 2 5x7 punkti 1/16




Kontrollera darbibas algoritms

Start

A

Init()

A

Attélot laiku un
tekoSo grupu

Datumal/laika
redigésana

Devéja numura
redigésana

Aizkaves
redigésana

While (1)

Uzspiesta
redigésanas poga

Redigét
datumu/laiku ?

Redigéet
devéja numuru?

Redigét
aizkavi?

) 4

End

).
N
Uzspiesta Auto poga vai Auto T

karodzins =1

v
Auto karodzin$ =1

1

Attélot tekoSo

grupu

Uzspiesta Manual poga

Auto karodzins =0

A
Attélot tekoSo
grupu

Palaizot kontrolleri sakuma notiek mainigo inicializacija un LCD inicializacija.
Izpildot to, ekrana tiek att€loti dati par datumu/laiku un 1. dev&ju grupu.



Mikrokontrolleris aptauja vadibas pogas, lai noteiktu, kads rezims ir uzstadits.
Vispar pastav tris rezimi:
1. Normalais rezims
Si rezima tiek mikrokontrolieris reagé uz partraukumu (normala rezima uzstadisanas pogas
nospiesana). Reakcijas rezultata uz LCD paradas sekojosa deveju grupa. Ja bija sasniegta
pedgja grupa, tad att€losies pirma deveju grupa.

2. Automdtiskais rezims
Taja rezima ierice maina devéju grupu ik p&c noteikta laika parieSanas. To laiku nosaka lie-
totajs, uzstadot to redigéSanas rezima.

3. Redigésanas rezims:

Tiek veikta parbaude, vai ir uzspiesta datuma/laika redigéSanas poga? Ja ja, tad programma
pariet datuma un laika redig€Sanas rezima. Citadak bis veikta parbaude, vai ir uzspiesta Devgja
numura redigéSanas poga?

Ja poga ir uzspiesta, tad programma pariet devéja numura redig€Sanas rezima. Citadak bus
veikta parbaude, vai ir uzspiesta Aizkaves redigéSanas poga?

Ja Aizkaves redig€Sanas poga ir uzspiesta, tad programma pariet aizkaves redigé$anas reZima, ja
n¢ tad programma p&c algoritma sak turpinat parbaudit pogu stavoklus.

Datuma/laika redigésanas reZims

Tiek veikta parbaude, vai ir uzspiesta stundu redig€Sanas poga? Ja poga ir uzspiesta,
tad programma pariet stundu redigéSanas reZima. Ja n€, tad tiek veikta parbaude, vai
ir uzspiesta minti$u redigésanas poga?

Ja minGsu redig€Sanas poga ir uzspiesta, tad programma pariet mintsu redigéSanas
rezima. Ja n€, tad tiek veikta parbaude, vai ir uzspiesta sekunzu redigésanas poga?
Ja sekunzu redig€Sanas poga ir uzspiesta, tad programma pariet sekunzu redigésanas
rezima. Ja né€, tad tiek veikta parbaude, vai ir uzspiesta gadu redigéSanas poga?

Ja gadu redig€sanas poga ir uzspiesta, tad programma pariet gadu redigéSanas
rezima. Ja ng, tad tiek veikta parbaude, vai ir uzspiesta ménesu redigésanas poga?

Ja ménesu redigéSanas poga ir uzspiesta, tad programma pariet ménesu redigésanas
rezima. Ja né€, tad tiek veikta parbaude, vai ir uzspiesta dienu redigéSanas poga?

Ja dienu redigésanas poga ir uzspiesta, tad programma pariet dienu redigésanas
rezima. Ja n€, tad programma péc algoritma sak turpinat parbaudit pogu un
stavoklus.



Datumallaika
redigésSana

Redigét
stundas?

v

Stundu
redigésana

Redigét
minates?

v

Minasu
redigésana

Redigét
sekundes?

v

Sekunzu
redigésana

v

Gadu redigésana

Redigét
ménesus?

v

Ménesu
redigésana

Redigét
dienas?

Dienu redigésana

Zim. Datuma un laika redigéSanas algoritms.

o Deveju grupas redigésanas rezims
Saja rezima tiek redigéts devéju grupas numurs. ST reZims atikiras no normala
reZima ar to, ka ir iesp&ja redigét katru numura poziciju, t.i. simtnieki, desmitnieki,
vieninieki.

e Devéju grupas automatiskas nomainisanas laika redigésanas rezims
Saja rezima ir iesp&ja redigét laiku, pec kiira automatiska rezima biis nomainita
devé&ju grupa.



Barosanas bloks

L1

~ 220V <{>‘>
IC1
. cloee o

Tl 423V 4785V €2 +5V

BarosSanas bloks baro visus sensoru sistémas mezglus. Tas sastav no transformatora L1, diozu
tilta VD1, kondensatoru filtra C1 un C2, un sprieguma stabilizatora IC1. Transformators L1 parvei-
do mainstravu no 220V uz 15V, dozu tilts VDI parveido mainstravu lidzstrava, kondensators C1
25V 1000uf darbojas ka filtrs, izlidzinot spriegumu.

Parveidojot mainstravu lidzstrava spriegums paaugstinas apmeram 1,4 reiz€s (precizak V2 rei-
z&s), tatad péc kondensatora mes iegiistam 15*1,4=21V.

Ta, ka pec rezerves baroSanas sist€mas notiek sprieguma kritums, tas izeja mes iegiistam 7,85V.

Sprieguma stabilizators IC1 78L05 un kondensators C2 25V 1000uf nodroSina stabilus 5 voltus

barosanas bloka izeja.
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Rezerves barosana

Gadijuma, ja barosana no tikla pazudis ir paredz&ta parslégSana uz rezerves baroSanu no akumu-

latoriem.
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Rezerves barosanas sisteéma tiek pieslégta pie barosanas bloka, un veido akumulatoru pierici ar
automatisko uzladeésanu. Ta ir veidota uz MAX713 integralas shémas bazes.

MAX713 mikrosh&ma var veikt NiMh vai NiCd bateriju atru uzladésanu no Iidzstravas avota ar
spriegumu lidz 1,5V augstaku neka standarta spriegums. Ta dod iesp€ju uzladét akumulatorus kas
sastav no 1 1idz 16 elementiem. Uzlad&Sanas strava var bit [idz 4 reizém augstaka neka akumulatora
kapacitate.

Iebuvetie sprieguma krituma komparators, taimeris, un akumulatora temperatiras komparators
lauj noteikt uzladesanas beigas.

Ve

5V SHUNT
b REGULATOR GND
FGMZ  PGM3 <
1 o — - FASTCHG
- |
| TIMED_OUT__ BATT- POWER_ON_RESET | D
TMER |
- BATT-
Y Y pasToMsReE | | cURRENT DRV
PaMz L \_DETECT AND  [e}—cCC .
AV e | CONTROL LOGIC A
o > | TN REGILATION VOLTAGE |aed— BATT- =
PaMI | ~ 1 i | recutator el ano S ke
[} | vumr .
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™ TemPensture e = = onka
0D > <
T ] coupsmatons I % <] Feo -
MAXIM I }X I -
MAXTI2 N =
MAXFI3 {0av) !
Shar- BATT INTERMAL IMPEDANCE OF PGMO-PGIMS3 PINS

Izvads | Nosaukums | Apraksts

Uzstada maksimalo elementa spriegumu. Akumulatora iz-
vadu spriegums (BATT+ - BATT-) neparsniegs VLIMIT x
1 VLIMIT | (elementu skaits). Nedrikst atlaut lai VLIMIT parsniedz
2.5V. Normalam darbibas rezimam VLIMIT un VREF ir
jabiit savienotiem kopa.




2 BATT+ | Akumulatora + izvads

PGMO un PGM1 uzstada akumulatoru skaitu kurus ir
34 PGMO, jauzlade. Savienojot PGMO un PGM1ar V+, REF, vai

’ PGM1 BATT-, vai atstajot kadu no izvadiem atvértu var uzlikt no 1
1idz 16 akumulatoru uzladésanu.

5 THI Akumulatora temperatiiras kontroles izvads. Gadijuma ja
spriegums uz TEMP parsniegs THI, atra uzladésana beigsies.
Akumulatora temperatiiras kontroles izvads. Atra uzladésana

6 TLO nesaksies, kamér spriegums uz TEMP izvada neparsniegs
spriegumu uz TLO izvada.

7 TEMP Temperatiiras sensora izvads.

3 FASTCHG Atrﬁs uzladeésanas indikators. Var tikt pieslégts pie gaismas
diodes.
PGM2 un PGM3 uzstad maksimali laiku, kuru var tikt veikta

9.10 PGM2, atra uzladesana. To var mainit robezas no 33 munatém lidz

’ PGM3 264 minttém, pievienojot PGM2 un PGM3 pie V+, REF, vai
BATT-, vai atstajot tos nesavienotus.

1 e Kompensacijas izvads akumulatora stravas uzladésanas
regul@Sanai.

12 BATT- Akumulatora — izvads.
Sisteémas ,,Zeme”. Rezistors, uzlikts starp BATT- un GND

13 GND - . -
novéro akumulatora uzladésanas stravu.

14 DRV Stravas avots argja PNP tranzistora vadibai.

15 Vit MAX713 logikas regulators, kas uzstadits uz +5V attieciba
pret BATT- izvadu.

16 REF 2V izvads.

-
-
-
-
-
-
-
-
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JHEPI'HTUYECKASA OIITUMU3ALIUA
BCTPAUBAEMBIX CUCTEM PEAJIBHOT'O BPEMEHU
N UX AJAIITUBHOCTD.

A. BAYMC , 0okmop sviuuciumenvuuix HayK, 8e0yWull UCCie008amens
H. 3A3HOBA ooxkmop eviuuciumensbHuix Hayk ucciedosamens
Hucmumym s1eKkmpoHuKy u 8b14UCIUmMeNbHOU MeXHUKU
va. [[zepbenec 14, LV-1006 Puea, Jlameus
E-mail: baum@edi.lv

CraTbst OCBSIILIEHA PELLICHUIO ITPOOJIEM ONTHUMHU3ALMHU SHEPronoTpeOIeHUsT BO
BCTpaMBaeMbIX CUCTeMaxX. Bo-MepBhIX, HCCIAESMYIOTCS IPOOIEMBI SHEPTOOTPeOSHHS B
¢usuueckux CMOS u o0cyxaaroTcs pa3inuyHble TpeOOBAaHUS PeabHOTO BPEMEHU U
pa3MyHbIe Harpy304YHbIE XapaKTepUCTUKH. [laiee paccMaTpuBalOTCsl pa3TUIHbBIE METOBI
sHepronorpebinenusi: DMP, DVS/DFS, AVS u ABB . Ananusupytotcs npobiaemsl
OpraHu3aIy 0OPaTHOM CBS3M M OLEHKH aJalITUBHOCTH /ISl PA3JIMYHBIX BCTPaWBAEMbIX
CHCTEM.

KiroueBsie coBa: BcTpauBaeMble CUCTEMBI, IOTPEOJIECHUE SHEPTUH,
CHCTEMBI peaJbHOI0 BpeMEHH, paboyas Harpy3ka, oOpaTHasi CBsi3b, aJJallTUBHOCTb.

BBEJIEHUE

MHOXecTBO COBpeMEHHBIX BcTpanBaeMbIx (embedded) cucrem npeanasHadeHo st paboTh
B TaKUX YCJIOBHUSX, B KOTOPHIX 3aMEHAa aBTOHOMHBIX UCTOYHUKOB IIUTAHUS 3aTPyIHEHA
(TTopTaTHBHBIE KaMephl, MOOMIIBHBIE TeIe(POHBI, aBTOMAITUHBI, MOOMIIBHBIE POOOTHI) HITH BOBCE
HEBO3MOXHa (JIeTaroIlue aBTOHOMHBIE 0OBEKThI, KOHTPOJUIEPHI, BCTPOSHBIE B )KUBBIE OPTaHU3MBI).
HecMmotps Ha Oosbliine MHKEHEPHO-TEXHUYECKUE IOCTHKEHUSI B 3TOM 00J1aCTH, HE BCE IPOOIIEMBI
PELIECHBI U HayYHbIE UCCIIE0BAHUS NHTCHCUBHO IIPOJOKAIOTCS.

HeoOxoaumocTh pelieHus 3aa4 peajibHOro BpEMEHU B CUCTEMaX, pabOTaoIUX B TPYIHO
MIPOTHO3UPYEMOIl BHELITHEH Cpeie, BbI3bIBAET HEOOXOAMMOCTb UCIIOIb30BaHUS aJallTUBHBIX
METOJIOB PELICHUS 331a4 U IOCTPOEHUS alallTUBHBIX CUCTEM. [lpyrue mpoOyieMbl CBsI3aHBbI C
NIEPEX0I0M MUKPO3JIEKTPOHUKH Ha HAHOTEXHOJIOTUYECKUM YPOBEHb, IIPU KOTOPOM 3HAYUTEIILHO
MOBBIIIAIOTCS TOKH YTEUKH JIOTUYECKUX IEMEHTOB.

[Ipenyaraemas craThsi IMEET 0030PHO-aHATUTUIECKUNA XapaKkTep, e 1eIbI0 SBJISETCs 1aTh
YUTATENSAM MPECTABIECHNUE O COBPEMEHHOM COCTOSIHMM U IIPOoOJieMax co3JaHus
3HEPrOPKOHOMUYHBIX BCTPAUBAEMbIX CUCTEM PEAJIBHOIO BPEMEHH, BO3MOKHOCTEH, KOTOpBIE
OTKPBIBAIOT JJIs1 3TOrO aJalTUBHBIE METOIBI.

CraTpsl COCTOUT U3 cebU Pa3AeioB. [lepeviti paznen «IHepretudeckas moaeias CMOS
CTPYKTYp» J1a€T MPECTABIEHUE O TEX BOZMOXKHOCTSX, IPOOJIEMax U OrPaHUYEHHUSAX, KOTOPbIE 1aeT
JUIsL COKpAILEHUs SHEpronoTpeOIeHus peryJIMpoBaHue yacToTsl U HanpsbkeHus B CMOS
CTPYKTypax.

Bmopoii panen «TpeboBaHMsI peabHOIO BPEMEHH U XapaKTEPUCTUKU paboyeil Harpy3Ku»
JIaeT MPEACTaBICHUE O PA3INYHBIX KPUTEUAX U OLICHKAX BPEMEHHBIX OKa3aTesiel BCTPauBaEMbIX
CHCTEM M JIOITyCTUMBIX pabounX Harpyskax.

B mpemuvem paznene « DPM — nuHamuyeckoe ynpaBieHUE MOIHOCTBIO» PACCMATPUBAETCS
JTUHAMHYECKOe peryaupoBanue norpedisemoii 3ueprun DPM (Dynamic Power Management),
KOTOpOE, BO-TIEPBBIX, SIBJISIETCS LIUPOKO MCIIOIb3yEMON METOJUKON B IEPCOHATBHBIX
KOMIIbIOTEpax 0€3 JKECTKUX BPEMEHHbBIX OTPAaHUYEHUH U, BO-BTOPBIX, B HACTOSILEE BpEeMs



MCTIOJB3YETCS B CyNEPCKAISIPHBIX MPOIeccopax AJisl yIpaBieHHs (TIEPEKITFOUSHHMS )
MHUKPOCTPYKTYpPBI € LIEJIbI0 YMEHBILICHHS 3HEPTOMOTPEOICHHMSL.

Yemeepmuiil paznen «luHaMHUYecKoe yIIpaBJICHUE HaNPsHKEHUEM B yacToToi» (Dynamic
voltage and frequence scaling DVS/DFS) nocssiien onHoMy 13 Haubosee NomyJIsipHbIX
MIPUHITUIIOB PETYJIMPOBAHUS 3HEPTOMUTAHUS BO BCTPAUBAEMBIX CUCTEMaX, MOCTpoeHHBIX Ha CMOS
MHUKpOCTPYKTypax. [lokazaHbl BOSMOXHOCTH U OIpPaHUUYEHUS peau3alii Ha X OCHOBE
aJIANITHBHBIX CUCTEM PEaTbHOTO BPEMEHH.

Ilamuui paznen « CoBmecTtHas ucnonb3zoBanue DVS u DPMy. .

[TokazaHo, yTo ogHOBpeMeHHOE ucnoiab3oBanue DVS u DPM otkpbiBaeT: 1) BO3MOKHOCTD y4ecThb
IIPU PETYJIMPOBAHNN BpEMEHA HEAaKTUBHOI'O COCTOSIHUS Ipoleccopa (sleep mode); 2) ncnomnb3oBath
peryJIupoBaHHe YacTOTHI MPOIECCOpa M YIECTh 3HEPTro3aTPaThl TEX Y3JIOB, Y KOTOPBIX YacTOTa HE
peryiupHyTcs; 3) peryJIupoBaTh YaCTOTY U HaIlpsDKEHHE B y31axX (JOMEHax) BHYTPH
OJTHOKPHUCTAJILHBIX MUKPOIPOIIECCOPOB.

LIycmou paznen «AVS aganTUBHOE YIIpaBJI€HHE HAIPSKEHUEM) MTOCBSIIECH
MEPCIEKTUBHOMY HANPABJICHUIO PEATH3AINN YHEPTO-9KOHOMUYHBIX BCTPAMBAEMBIX CTPYKTYD, B
KOTOPBIX IIyTEM COBMECTOM peanu3aliy anmnapaTHON U NporpaMMHOM 00paTHOM CBA3U
o0JieryaeTcs CO3/1aHue CUCTEM PEATbHOTO BpeMEHH 0e3 HEOOXOJMMOCTH aHaJIN3a IPOTPAMMHBIX
xapakTtepucTuk, Takux kak (WCET, deadline).

Ceovmoti paznen «ABB amantuBHOE MacmTabupoBaHue cMeteHus kopiyca» (Adaptive
Body Biasing) mocpsiiieH mpo6iemMe aJanTuBHOTO peryaupoBaHus Toka yreuku CMOS cTpykryp
MyTEM PEryJIMPOBaHUS HANIPSHKEHHS KOPITYCOB TPAH3UCTOPOB.

1. Jueprernueckas moaear CMOS cTpykTyp
JHeprus, norpedasemas mukpocxemamu CMOS, umeer aBe cocTaBisiromux [1].
Ptot: Psw+Pst (1)
Ps,, — muHaMudeckoe moTpeOsieHue, 3aBHCAIIee OT HANpPsDKEHUS V), 4acTIITHI f;, M €MKOCTHOH
Harpy3ku. C,r B MUKPOCXEME:

P~ Cor V" frw (2)
Py, — cTaTnyeckoe moTpedIeHre SHEPTHH, 3aBUCSIIEE OT YTEUKH
PSI‘N Vlleak- ( 3)
Lieak~ exp( - qVr /kT) (4)
]leak:]sub—'_]ox ( 5)
I,,— moanoporosas yreuxka, [, — TyHHEIBbHBII TOK Yepe3 U30JIAIUIO 3aTBOPA
Ly =K, Wexp(-Vy/mVy)(1-exp(-qVr/kT oV /V) (6)
W — umpuna 3arsopa, Vy— wHampsokenue Ha 3arBope, V7 —  rteruoBoe (thermal)

HanpspKeHue,
L.=K, W/ T, exp(-aTy/V) (7)

T,i— TOJIIIMHA OKCHIA

cTaTU4ecKoe MoTpebaeHue sHeprum P, uMmeer Bce Oombmiee 3HadueHue mis CMOS
TexHosioruu Hrke 0.1pm.

PeBepcuBHOe cmemenne kopmyca (Reverse body biasing RBB) - 3T0 TEXHOJIOTHS, KOTOpas
9acTO HCIONB3YyEeTCs s yYMEHbBIIEHUS MOIIHOCTH yTeukw mpuodopa. [2] Hemocratrkom RBB
SBJISIETCS HEOOXOJMMOCTh pa3MElIeHHs Ha KpUCTauie MAOIMOJIHUTENbHON CEeTH MHUTaHus IS
HanpsbkeHus Kopryca. [Ipu yBeaMYeHHn peBEPCUBHOIO Hanpsbkenus V', nanpsokenue Vy, pacrer

u 10K Iy, yMenbinaercs, HO TOK 1, Moxer yBeauunutcs. HeobXoquMo onpeaenuTh ONTUMAIBHOE
3Hauyenue RBB cMmenienus.

2. TpeGoBaHus peajilbHOr0 BpeMeHH U XaPAKTePUCTUKHU padoueil HATPY3KH

2.1. TpeGoBaHusi peanbHOrO BpEeMEHHW M pabodvas HarpysKa SBISIOTCS CYIIECTBEHHBIMHU
(dakTopamu mpHu pa3pabOTKe BCTPAUBAEMBIX CHCTEM C ONTHMAJbHBIM MOTPEOJCHHEM SHEpPIHH.
Cucremsl peasibHOro BpeMeHn (CPB) oOBIMHO TOApa3nemnsiioTCs Ha TPU KaTEropuu: swcecmkue(
hard), mackue ( soft) u cmpoeue( firm).



B owecmkux CPB Bblaep)KMBaHHE BpPEMEHHBIX COOTHOIICHUN a0CONIOTHO HEOOXOAMMO.
Bpemsi BBITIOJIHEHUS 3a/1a4 B HUX OTPAHUYCHO aOCOJIOTHBIMH BPEMECHUMU TpEACIaMU —0edaauH
(deadlines - D) u BBIXO]I 32 3TU MIPEACIIBI MOKET UMETh KaTaCTPO(PHUEeCKUE TOCIEICTBHUSA.

B wmsexux CPB  BwlaepkuBaHue oOednaur sUIAETCS BaXKHBIM, HO HE KPHUTHYCCKHM.
BrImonHeHne MATKHUX 337124 PeaJIbHOTO BPEMEHHU JIOJDKHO OBITH 10 BO3MOKHOCTH OBICTPHIM, HO HE
OTpaHUYCHO a0COIOTHBIMU TIPEACTIaMHt, TIPEACIbl B HUX SIBIISIOTCS  «MSATKUME.

B cmpoeux CPB  BbITIOJHEHWE HEKOTOPBIX 3aa4 MOXET OBITh OmyIlieHo 0e3
KaTacTpo(pHUECKUX TOCIICICTBHNA.

JInisi OLIEHKU Mseuxt W CMpoeux CHCTEM  MOXKET HCIOIb30BAThCS BPOSTHOCTh YHUCIIA
MPEBBIIICHUS TIPENIEIOB WM  TPOMycKa 3anau theline miss ratio. JInsa alanTHBHBIX CHCTEMax
peasbHOTO BpeMEeHU ¢ 00paTHOM CB3bIO B [3] , A UX OLICHKHU UCTIONB3yeTs QoS.

B HEKOTOpBIX MHOT03aJayHbIX BBIMOJIHEHHE OJHHMX 3ajad TPEOyeT MKECTKUX BPEMEHBIX
MPeJeNioB, a JAPYTHX HeT. s CIOXKBIX MHOT033JauHBIX BCTPAaUBACMBIX CHCTEM MPAKTUYECKU
HEBO3MOXHO O0O0ECIECUUTh PACCMOTPECHUE MKECTKUX TPEOOBAHW /i BPEMEH BBIMIOJIHEHUS BCEX
3agad. [loaTOMy [UIS TaKMX aJanTUBHBIX CHCCTEM PEAIbHOTO BPEMEHH B Ka4eCTBE ONTHMAIIEHOTO
KPUTEpHs TPEUIOKEeHA OJM30CTh BPEMEHHU BITIOJHEHUS KPUTHYHBIX IO BPEMEHH 3aJad K HUX
OMMMaIbHOMY BpEMEHHU BBITIOTHEHUS [4][5]

JIsisi HEKPUTHYHBIX CHCTEM (B TOM YHCJIEC W JUIA CHCTEM PEabHOrO BPEMECHH) B KayeCTBE
KpUTEPHUS UCIIOJIB3YIOTCS U TECTHI Mpou3BoaAuTeNbHOCTH (Hanpumep, SPEC2000).

2.2. Pabouas naepyska CPB ( RTS work load ) onpynensiercs moToKoM 3ajad, KOTOPBIH
MOET OBITh ynpasisiyma epemenem ( time driven) ¢ IeprHOATIECKUM BBHITIOJTHEHHEM 3a1a4d (Pmc.1
a), mubo ynpensemvima cobvimuamu ( time driven) cO CIOpPagUYECKUM TMOSIBICHUEM 3313y U
MIPOU3BOJLHON JJTMTEIIBHOCTRIO BpeMEHM TOKos (arbitrary long sleep times) (Puc.1 b), mmGo
cmemanubiM (Puc.1 d).
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Puc. a) constant realization times WCET; = C; ; and constant power consumption ; b)
event driven conditional tasks with constant power consumption, ¢) two periodic
tasks with DVS/EDF scheduling d) coarse-grained workload

[Ipn cMmemraHHOM Harpy3ke B OAHOW CEKLMU KOJOB BBINOJIHAETCA HEKOTOPOE YUCIIO 3a4a4 C
OJIMHAKOBBIM BPEMEHEM BBINIOJIHEHUSI U MOTpeOJeHHeM »SHepruu. B HeKoTopbie MPOU3BOJILHBIC
MOMEHTBl BPEMEHHM MpPOrpaMMa MEpPEeXOJUT Ha Jpyrue CcioBHs. BaXHONW XapaKTEpHCTHKOMN
CMEIIaHHOM paboueil HAarpy3KHU SIBISETCS TPAHYIMPOBAHHOCTH CEKLIMN — OTHOILIGHUE YHCIIa 3a/1a4 B
CeKIe W olmiee Bpemes ee peaju3alud KO BPEMEHHW BBINOJHEHHs OJHOW 3amaud. Pabodas
Harpy3ka Ha3bIBaeTCs Tpy0O3epHUCTON (coarse-gained), ecay OTO OTHOIIEHHWE BEIUKO, H
MEJIKO3EPHUCTOM (fine- gained), €Cliv 3TO OTHOIIICHUE MaJIO.

Jlns ynpaBisieMOi BpEMEHEM KECTKOM CUCTEMBI PEAJIbHOIO BPEMEHH CYLIECTBYET JIBa MOIMYJISPHBIX
MIPHUHIUIA TUTAHUPOBAHMS 3a/1a4: 3aj1ada ¢ 00jIee paHHUM BPEMEHHBIM IIPEJIEIIOM BBITIOTHIETCS
niepBoii (earliest—deadlines first EDF) u ¢ MOHOTOHHOM peanuzauueii (rate-monotonic scheduling
RMS)

VYenosus aiist EDF u RM nnmanupoBanust n HE3aBUCHMBIX 3a7a4 i C IEPUOAOM BbIOJIHEHUA 1; = D;
Y TIOCTOSTHHBIM BPEMEHEM BBITIOJIHEHUS B HANXYAIIEM citydae (worst case execution times) WCET;
= C; ObUIM MpeJIOKEHHI B [ 6].

Jnst RM nutanunoBaHus, T/1€ HAUBBICIIUN IPUOPUTET UMEET 3aJa4a CO CaMbIM KOPOTKUM T,
HeoOxoaumMo, 4To0bI K03 dunreHT ucnoias3oBanus U Obut menbine ueM U(n): C;/T; + Co/T, +

+ CJT,=U<Um)=n(2"-1) (8)



mpun — o Un) — In2 = 0.693
Hns EDF nnanvpoBaHus, II€ HAWBBICIIMN OPUPHUTET UMEET 3a7a4a, y KOTOPOH BpeMsi OKOHYAHUS
BBIMOJIHEHUs Omke Beero K D; = T; ko3 duumeHT ncnonp3opanus U:

C/T; +C)/T, + + CJ/T,=U<1 9)

Jlis  MHOTO3aJlayHbIX JKECTKUX CHCTEM peaJbHOTO BpPEMEHHU, VHpAGIseMblXx COObImuimMu,
MOMEHTHI TIOSIBJICHHS 3aj[ad MPOM3BOJIBHBI, TOPSIOK M BpeMa PEaH3alyd OINpPEIesICHBl COOBITHIMU.
PaznuynHple 3a7aud M MX YKCIO MOTYT BBINOJMHATHCS pasNUYHbBIMU myTsMu. [lpenenbHoe Bpems
BBITIOJIHEHUSI KJIACTepa U3 71 33/1a4 OTPEACIISETCS CaMbIM JUTHHHBIM ITyTeM, paBHbBIM cymme WCET.
Nmeetcs Tpu rmaBHBIX CI0C00a MUHUMU3ALUK pabouel Harpy3Ku U MOTPeOIeHHs SHEPTUu:
HCIIOJIb30BAHUE COCTOSIHUS TIOKOS (sleep), idle , xonoctoro xona (idle) v BpeMeHH ocaabieHus
(slack time) .

Bpemenu ocnabnenus (slack time) s;; = WCET;—t; 3T0 HHTEpBaa BpEMEHH MEKIY BPEMEHEM [ ,
KOT'/Ia Ha I1are j 3a/1a4ya i BHIIOJHSAJIACh HA HOMHHAILHOM HAIPsHKEHUU U 9acTOTe, M BPEMEHEM
WCET; = D; ¢ nepuonom 7; (Pur.2.).

¢ WCET; >

P,
Pm

«— ;. —>le— . —> t
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. @ur.2. OroOpaxyHre BpeMEHHBIX OTPAaHUYECHUH j-0ro Mepruoa

MuHumu3anus norpebiieHus 3Hepruu AE;; 10CTUraeTcs IyTeM YBEJINUEHHsI BpEMEHH BBITOIHEHUS
MIPY CHIDKEHUH HATPSDKCHHUS, 9aCTOTHI U MOIIIHOCTH P,
Jlist onTUMM3ALKY TOTPEOJICHHS SHEPTHH B CHCTEMaX PeaIbHOTO apEMEHH HCTIONIb3YETCs YEThIpe
OCHOBHBIX METOJIa: TWHAMHUYECKOE yIpaBjIeHHe MOITHOCTRIO (dynamic power management DPM),
JMHAMUYECKO MacCIITaOMpOBaHUE HANPsDKEHUs U yacToThl (dynamic voltage-frequency scaling
DVS/DFS), xoTopoe 00bI9HO Ha3bIBaeTCs TOAbKO DVS, ananTuBHOE MacmTaOMpOBaHKE
Hanpsbkenus (adaptive voltage scaling AVS) u agantuBHoe cMmenieHne Ha kopimycoB CMOS
tpan3uctopoB ( adaptive body biasing ABB).
3. DPM — nuHamu4eckoe ynpaBJjieHHe MOIIHOCTBHIO

3.1. Vcnonp30BaHWe NTWHAMHYECKOTO YIIpaBieHUsI MOIIHOCTRI0 DPM nenaer BO3MOKHBIM
yCTaHABIMBAaTh KOMIIOHEHTHI CHCTEMBI B PA3MYHBbIE COCTOSHUS, XapaKTepU3yeMbIe Pa3IMUHBIMU
YPOBHSIMH TIPOU3BOAMTENBHOCTH M TOTpeOieHus 3Hepruu. [Iporeccop mMoxker ObITh B pabodeM
COCTOSTHUM WJIU B PEXKHME XOJIOCTOTO X0JIa WM B PEXKHME MOKOsI, yCTPOWCTBA BBOJA-BBIBOJA MOTYT
O0bp1Tb DPM BBIKITIOUEHBI, KOT/Ia OHM HE UCTIOJIB3YIOTCS. [lonuTrKa yrpaBieHUs] MOITHOCTBIO MOXKET
OBITh chOpMYITHpPOBAHA SBPUCTHUECKU WIIM PEUIaThCs KaK 3a/lada CTOXaCTHUECKON ONTHUMH3AINH C
NepexoaaMy COCTOSIHUN, (POPMHUPYEMBIX Ha OCHOBE HCTOPUH CHCTEMBI, OTPAaHUYCHUI MIIIIIHOCTH U
npousBoauTeNbHOCTH. OmnuckiBaemas B [7] cucTeMa yOpaBlIEHUS MOIIHOCTBIO HCIONb3YyET
CTOXaCTHYECKYIO MOJIeNTb C KOHEYHBIM YHCIIOM cocTosiHui. [l mpenckazanus Oyaymiero nepuona
XOJIOCOTO XOJla HCIIONIb3YeTCsl MapKoBckasg Mojenb  [8]. OtHocutenbHO mpoctoit (online)
00yYaromuics aaropuT™, Oa3HPYIONIUICS Ha BEPOSTHOCTHBIX XaPAKTEPUCTHUKAX IPEIBITYIINX
XOJIOCTBIX MEPUOAOB MpennoxkeH B [9] Jyig &KECTKUX CHUCTEM pPealbHOTO BPEMEHH IMPEATOKEHBI
(offline) anroputmsl eenepayuu depesa ¢ manuposanueM DPM [10] [11] . dxs DPM B OC mHOTHX
KoMmMmoTepaoB ucnonbdyercs crannapt ACPI (Advanced Configuration and Power Interface) [12] is
used.
3.2. dpyroe ucnons3zoBanue DPM cBsizaHa C yrpaBlieHHEM KOHPUTYPALUA MUKPOAPXUTEKTYPBI
BCTpOeHHOTO cynepckaisipHoro CMOS mpoiieccopoB ¢ 1eibio 00ecreueHus ONTUMaILHOTO



notpebienus sHepruu. OnTUMaIbHAsE MUKPOAPXUTEKTYpa 3aBUCHT OT IPUMEHEHHUS U MOXKET OBbITH
BbIOpaHa /IS pa3IMYHbIX 33]a4 U IIaroB UX BBIOJIHEHUS off-line? wunu on-line. J1ns
rpy003epHUCTO aganTauy HaX0XIeHHE TpeOyeMOoro peieHnus U 00paTHAs CBSA3b MOTYT OBITh
OpraHU30BaHbl Yepe3 ONEPALMOHHYIO CUCTEMY, HO JJIs1 TOHKO3EpHHUCTOM afjanTaiu - TOJIBKO
anmnapaTHbIM ITyTeM. B mociieHem ciyyae pa3indHble MUKPOAPXUTEKTYPhI 1711 ONITUMU3ALINUN
OBICTPOJCHCTBUSA U TOTPEOICHNUS 3HEPTUM MOTYT OBITh BHIOpAHBI HA PA3JIMYHBIX IIAarax 3aJ1a4yu u
pelieHue A afanTalyy ceIaHo Ha Kaxaom mare. [13][14] . Jdyist pa3nuuHbIX IPUMEHEHUN U
pa3nUYHbIX (ha3 BHIMOJIHEHUS IPOrPaMMBbI C LIE€IbI0 MUHUMH3AIMK NOTPEOIEHUS 3HEPIMU MOTYT
WCTIOJIB30BATHCS OMH WK O0Jiee BApUAHTOB MOIM(PHUKAIINYA MUKPOAPXUTEKTYPBI CYTIEPCKATISIPHOTO
npoueccopa: 1) bunbTparus HHCTPYKIUHN C UCIIOIB30BAHUEM CIIEIUAIBHOM KA1 amsTu [14] 2)
yIpaBiieHHue KOHBeHepHbIM peructpoM [15] 3) ontumusanus nporpaMmMHbIX HUKIOB [16][17] 4)
yIpaBlieHUE OYepesIMU: BXOIHON Ouepeibio UIN odepebio 3arpy3ku/xpanenus [18] [19] 5)
yMEHbILIEHNE TOTPEOIEHHSI MOIIIHOCTH B CBEPXOIEPATUHOM MaMSTH 3a CUET UEpPaPXUH NMaMATH
(L1/L2/L3/M), B pa3nuuHbIX OaHKaX U pa3nu4HbIX cnotax? [21] [22][23 ]

4. DVS/DFS — nuHamMu4ecKkoe MaclITA0MpPOBaHHe HANIPSIKEHUS U YACTOThI

Jluaamudeckoe MacmTabupoBanue HampspkeHUsS u 9actoTel DVS/DFS mnst MuHMMH3amm
notpeOieHus SHepruu 0azupyeTcs Ha Xapakrepuctukax 6oibueit yvactu CPB:

- paboyast Harpy3Ka HeperyJsipHa ¥ 3aBUCUT OT JAHHBIX U YCIIOUH,

- BBICOKas TMPOM3BOAUTEIBHOCTh KaK MpPaBWIO TPeOyeTCs TONBKO Ui HEOOJBIION YacTH
BpPEMEHH.

[TpuHMMast BO BHUMaHUE 3TU XapaKTePUCTUKH, epemena ocnabnenus (slack time) u ucnonb3ys
MeToosioruio pasaena 2. B CPB MoskeT ObITh NoTyyeHa 3HaUUTEIbHAsI SKOHOMMUSI SHEPTUH.
Briepsble nuHamuueckoe MacitTabupoBanue Hanpsbkenus (DVS) Obiio uccnenoBano ams
MOPTAaTUBHBIX KOMIBIOTEPOB [24] 1 HamIydIlIne pe3yIbTaThl ObUIM MOJyYEHbI IPU UCIIOIb30BaHUU
anroput™Ma manuposanust PAST nmpocMoTpom npenpiayiiero okHa 6e3 TpeboBaHHi peaabHOro
BpeMeHu. Jlaee anropuTMbl peaTbHOTO BPEMEHHU C IMHAMHYECHM MacIlTabupoBaHHEM
HanpspkeHuss DVS uHTeHCMBHO HccienoBanuck B [25, 26,27,28] npyrux padoeax.
[Tpobnembl peain3aliuil CUCTEM PEATHLHOT0 BPEMEHH € AMHAMHYECHM MacIITabupOBaHUEM
HaIpPsHKEHUS
- [porpamMMHpyeMoe MacIITaOMpOBaHUY HAIPSDKEHHS W/WIIM YacTOTHI B IIpOIieccopax
yrpasigemoe mmianupoBumkom OC,
- ONTHUMAJIbHBINA BEIOOP HANPSKEHUS M/UITM YacTOTHI B peKuMe on-line Jyist )KeCTKUX CUCTEM
paIbHOTO BPEMEHU C JMHAMUYECKON padoyeit Harpy3koi (Korma BpeMs BBITTOTHEHUS 3a/1a4

HE MOKET OBITh ONPEJICIICHO 3apaHee)

- JIONOJHUTENbHOE BpeMs MEPEKIIOUeHNE HANPSXKEHUS /WA 4YacTOThI

- coBMmenieHne pabotel DVS mporeccopa ¢ ycTpoiicTBaMu pealbHOr0 BpeMEHHU, KOTOphIE He
SBJISTFOTCSI TUHAMUYeCKH MaciTadupyembiMu (O3Y, BBOI/BBIBO)

- paboa B 3apaHee HE MPOTHO3UPYEMHUX YCIOBUIX — BHEIIIHEH cpejie .

Jnsa  pemyHuss mocneAaHed — mpoOiembl  ObUIM  MPEUIOKEHHBI  HEpBHE  aJTOPUTMBI
SHEpProcOepeKeHNs, HCIOJIb30BABIIME OOPAaTHYIO CBSI3b, KOTOpHE O0a3upOBAINCH Ha OOECIICYCHUU
CpPEeIHEH BBIYUCIUTEIHLHOM MPOIMYCKHON CIIOCOOHOCTH, HO HE pacCMaTPHUBAIM OTPAHUYCHHHN PEaTbHOTO
Bpemenu [29] [30]. OOparHasi CBsI3b HCIONB3YETCS, YTOOBI COOpaTh HUCTOPHUIO MPEABLAYIIETO
BBITIOJTHEHHS Kaxkoi 3aaaun it OC, mpuHUMAIOIIeH pelieHue s Oy IyIomuX 3a1ad.

UYroObl 0OecneunTh rapaHTHH peajabHoro BpeMenu B [31] npenaratorcst RT-DVS anroputmsl: RT-
DVS anroputm, coxpanstomuii uki (Cycle-conserving) u RT-DVS anropuTm ¢ mpocMOTpOM
Briepen (Look-Ahead). Ilpn ucnions3zoBanuu R7-DVS anropuTma, COXpaHSIOMIET0 UK, B KaXI0U
TOUKE IJIAaHUPOBAHUS MepepacuuThiBaeTcs KOdh(ULIUEHT UCcTonb30BaHus U ¢ UCTOIb30BaHUEM
JEMCTBUTEIBLHOTO BPEMEHU OT 3aBepllyHHOM 3anaun U1 WCET; nns Apyrux U yCTaHaBIUBAETCS
COOTBETCTBYIOIIAs YacTOTa. AJITOPUTM MOXKET JOCTUYb 3HAUUTEIHHON 3KOHOMHH 3HEPTHH HO HE
JTaeT TapaHTUl xKeceKoro peanbHoro BpemeHu. RT-DVS anroputMm ¢ mpocMoTpoMm Biepen
CTapaeTca OTCPOUYHUTH OUEpPEAHYI0 padOTy HACKOJIBKO BO3MOXKHO M YCTaHABJIMBAET TaKylo pabouyio



4acTOTYy, KOTOpas 00eCIIeUrBaET BCE MOCIYAYIME BpEMEHHbIE orpaHudeHusi. OHAKO U 3TOT
QITOPUTM HE MOXKET FapaHTUPET YCIOBUS KECEKOT0 peaJbHOro BpEMEHH JIJIsl BCEX 3aj1ad.
Paznenenue 3agaun Ha nBe cy63amaun T, ¥ T,, KOTOPBIE MOTYT BBIOIHATHCS C PA3TUIHBIMU
4acToTaMu f;, IEpBOIl MOA3aJauu, HO TMOCIETHSS HAa MAKCUMAIIbHOM 4acToTe f, 10 BPEMEHHOTO
npezena deonaur D, SBISAETCS BaKHBIM MPUHITAIIOM I pa3paO0TKU aalTUBHBIX KECTKUX
CPB( Fig. 3). On MoxeT ObITh UCTIOTB30BaH B MYJIBTH U OJIHO33JaYHBIX KECTKUX CUCTEMAX
peaIbHOTO BpEMEHU ISl ONITUMAILHON MUHUMU3AIUN OTPEOIeH s 3epruu [32].
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D.
ti2

Puc .3. Paznenenue 3amaun Ha nBe cyo3anauu T, u T,

B [32] [33] Obuma mpeuioKeHBI pa3IMYHbIC aallTUBHBIC AJITOPUTMBI ¢ OOPATHOM CBS3BIO IS
ONTHUMAJBLHOTO | pa3felieHus 3ajad u oueHku: t, u fj. [Ipocras oOparnas cBs3w Simple Feedback
HCIIOJIE3YET PAcuoe CpeHee 3HAUCHHUE BPMEH OT MPEABLAYIINX padoT it 00pa3oBaHUsl 0OpaTHON CBS3H
K TianupoBmuKy OC. DTOT alropuT™M NPUMEHHUM, KOTJIa BpEMEHa BBHITIOTHEHUS MEPHOANUYECKUX paboT
OCTaOTCS MPUOTUZUTEITHHO TTOCTOSTHHBIMH.

PID Feedback obpatHas cBs3b TpeOyeT DVS 0T miaHupoBIIKKa CO3/1aHUE U TOJIepKaHHEe MHOTUX
HE3aBHCHUMBIX KOTPOJUIEPOB 00paTHOW CBA3M (U1l KaXKI0M M3 3a/1a4 ) . DTOT MEXaHU3M 00paToil cBs3u
CTaHOBUTCS CYIIECTEHHBIM HAKJIaJHBIM pacXoaM Ha BCTpanBaeMble CUCTEMBI. J[J1s1 ONTUMHU3UPOBAHOTO
PID Feedback DVS nna EDF ninanupOoBaHHs /1 3a/1a4 ONPEIEISETCs UHCTBEHHAS YIIPaBIISIONIAs
TepeMeHHas ¥ paBHA:

ra=1/n 2" (Ci~ ty) ty (11)
rIe j - UHAHKC MOCJIEIHEro mara 3aj1add 17 nepes KOHTPOJIbHON TOYKOM, .
7 - CPEIHAS Pa3HOCTh MEKIY JEHCTBUTEIBHBIM BPEMEHEM ¢;; BBINONHEHUs 3anaun j u WCETi= C;;
Lenpto sBasieTcst npudIu3uTh #; K 0.
Pacmiennenue 3agaum Ha ABe WK mpu nioa3anauu npenjaraercs B [ 34] [locnenusast BpeMeHHast
30Ha BBIMOJHSETCS HA fcmax, a IByM APYTUM T0J13a/1a4aM Ha3HA4aeTCs APYro ko uireHt
MaclITaOMPOBaHUs YaCTOThI, Oa3UPYIOIIUIICA HAa HAKOIUIEHHBIX 3HAYEHUSAX §;; U JEHCTBUTEIILHOM
BpPEMEHH BBIMIOJIHEHUS. J{J1s1 pa3nmudHbIX pab04YrX HATrPy30K HCIIOIH30BATHCS MOTYT PUMEHSTHCS
YaCTOTHBIE yCTaHOBKU Single-Mode, Dual-Mode wia Three-Mode .
MerTon pacuierieHus 3a1a4 Ha3BaHHBIN MuHu-makc’’ HUCTONBb30BaH Takxke B padore [35] CormacHo
‘MuHu-maxc’’ TiepBasi 4acTh 3aJ1a4d BBITIOJHAETCS HA MUHUMAJIBHOM YacTOTE fcmin 10 KPUTHIECKOTO

BpeMeHHU [ , a BTOpas 4acTh Ha MaKCHUMAJIbHOU yacTtote fcmax.Ilepen pealnbHbIM BBIIOJHEHHUEM
oJHOH MM Habopa 3a1a4 Heo6xoauMo onleHnTh WCETi 1 MakCUMaIbHOE YUCIIO LUKIOB Nmax 1pu
OJIHUX M T€X K€ HOMUHAJIBHBIX YaCTOTE U HAIIPSHKCHUH.

tCV: (chmax - max)/(f;max- ‘ﬂmin) (12)
Hcnonp3oBanne MeToa ‘’MUHHU-MAKC ' TapaHTHPYET BBIIOJHEHUE KECTKUX BPEMEHHBIX OTpaHUUYEHUN
JUTSL OJTHOM M HECKOJIBKUX 3a71a4 1 MUHH3UPET MoTpediieHne sHepru [36].
B [37] Taxke npennokeHo pa3iesieHue IUIaHNPOBAHUS KECTKUX 3a/1a4 pEaJIbHOI0 BPEMEHU Ha JBa
sTana. J[is Moro3asayHbIxX cucTeM Ha nepBoil (pase, BeinonHsAeMoH offline, HaxoauTcs QyHKIMS
w(t) , KOTOpas SIBJISAETCS TOCTaTOYHBIM YCIOBHEM BO3MOXKHOCTH IIaHMpoBaHus. Ha BTopoit dase,
BBINOJIHAEMON online, ypoBE€Hb HANIPSYKEHUS yCTAHABJIMBACTCS TAKUM, KAKOW TapaHTUPYET, YTO
ouepeaHas paboTa B MOMEHT ! HE TIPEBBILIACT /(2).



B [38] ny1s1 rutanupoBaHus MEPUOANYECKUX 3a7a4 PEILHOTO BPEMEHHU UCTIONIb3yeTcs ofiHa offline
(haza, 4TOOBI BEIUMCIUTH ONTHUMAIIbHYIO CKOPOCTh obecnieunBatoityo WCETi , pabouyro Harpy3Ky
TUTSL KaXKJIOTO TIOSIBIICHUSI , M 1Be online da3bl. [lepBast ICTIOIB3yeTCs TONBKO IS YMEHBIICHHS
SHEPTUH MyTEM aJIalTalluH K IeWCTBUTEIBHON 3a7aue, a BTOpasi - YTOObI IPEIBUACTh paHHEE
3aBepIIeHne Oy Iylero BHIMOIHEHUS , ITyTeM UCIOIh30BaHUs MHPOPMAIIUH O CpeIHel paboueit
Harpyske .

Nmeetcs psn nmpuoOpeTaeMbIX CpeacTB it co3nanus BioxeHHbIX CPB Ha ocHoBe DVS/DFS:
intelXsale, AMD PowerNow, Xilinx DCM, Transmeta Crusore [39] .

There are a number off the shelf tools for based embedded system design

5. CoBmecTHast ucnosab3osanne DVS u DPM.

st coBmecTHas ucnosibzoBanue DVS u DPM. ncnons30BaHusi B OCHOBHOM UMEIOTCS 3 cirydasi.

5.1. Bo nepBbIX B ciyuae, Korga B cucteme peanbHoro Bpemenr Ha CMOS npoueccop ¢ DVS
MEX/1y peaau3alusMu 3a7ad UMEIOTCS IEPUOAaMU CBOOOIHOIO BPEMEHH, Lieiecoo0pas3Ho,
ucnonb3dyss DPM, B mepuoJ X0J0CTOro X0/1a NEePEKIIIOUUTD MPOIIECCOP B cOCTOsIHUE MOKos. B [40]
JUTst ATOTO TIpetokeH Meto DVSleak , kotopslii ¢ ucronp3oBararem DVS - DPM  u o6paTHOM
CBSI3H , TO3BOJISIET CHU3UTh TOK YTEUKU U ONITUMHU3UPOBATH SHEPrONOTpeOIeHHE.
5.2.Bo BTopom ciaydae DPM He00X0AMMO MCTIOIB30BATh BO BCTPAUBAEMBIX CUCTEMAX, COJCPIKAIITIX
YCTPOMCTBA C TOCTOSTHHBIM MOTPEOJIEHNEM 3HEepruu ( maMAaTh, nepudepuiiHpie ycTpoiicTsa u T. 11.),
KOTOpBIE HE MOTYT peryaupoBarbcs, ucnonbdys DVS. B [41 |npeanaraercs aaroputM MajioMOIIHOTO
IUTAHUPOBaHUs ¢ GPUKCUPOBAHHBIM IpuoputetoM LPFPS (low power fixed priority scheduling) . Ilpu
HCIOJIb30BaHUU €€ INIAHUPOBILIMK JUHAMUYECKU BapbUPYET CKOPOCTh MpOILEccopa, EPEBOJIS €ro B
PEXUM XOJIOCTOr0 XO/IaHa TIOCTATOYHO JOJITUM UHTEepBal BpeMeHu. B [42] nmpeanaraercss KoHUENUus
RVH (run-time voltage hopping ) , mpu KOTOpOW HANpPsHKEHUE MIUTAHHUS PETYITUPYETCS B KAKIOU 3a7ade
JUISE BpeMEHHBIX cloTOB. Taxke B [43] st MUHUMU3aLUs NOTPEOIECHUS JHEPTUH B CMEIIaHHBIX DV'S
n DPM cucremax ncnonb3yercs pa3fesieHue 3aa4y Ha OTACIIbHBIC BPEMEHHBIE CIIOTHI.

5.3. B tpetsem cniyuae oobeaunenue DVS u DPM ucnone3yercs B JOMEHaX MUKPOCXEMBI JUIs
KJIaCTE€POB C Pa3IMYHBIMHU YAaCTOTAMU/HANPSHKECHUAMHU. JJoMeHaMH MOTYT OBITh MTOIIECCOPBI  proc-
essors, EU, DSP, l1]3V, unmedgheiicnvie ycmpoticmeéa W T.11. [JoMEHBI MOTYT OBITh OTKKJTIOUEHBI,
KOT/Ia OHH JIsl IPOU3BOIUTEIFHOCTH HE HYXHBI, U BKiItoueHbsl (DPM), korna moTpedHOCTH
BO3pACTalOT. B HEKOTOPBIX TOMEHHBIX CTPYKTYpax HaNpPsHKEHHE M 4acTOTa [ KaKJI0T0 JOMEHA
MOJKET PEeTyJIMPOBaThCS HE3aBUCUMO U TuHamMu4ueck [ 44] [45][46] . 1ns BeiOopa sHEPTO

3 PEeKTUBHYIO CTPYKTYPY ¢ MUHUMAJIbHON KPUTUYECKUM COSTMHEHNEM Ha Kpucease, B [47]
aJIalITUBHBIN METOJI C yeToM paboueii Harpy3ku. Hepro s dextuBHbie DVS-DPM Metons! ass
OJTHOKPHUCTAIIbHBIX MYJILTUIIPOLIECCOPOB MpeiokeH B [48][49].

6. AVS ajanTuBHOe MacIITAOMPOBAHNE HATIPSAKEHUS

Bprime ynoMsiHy ThIe METOIBI CHUIKEHUS dHEPronoTpedieHus 6azupoBanuch Ha aHanmze WCET,
BPEMEHHBIX OrpaHrueHHi (D), ¥ pa3InYHbIX pabOYNX HArPY30K JUIS OJHOTO MpoIieccopa C
MAaKCUMAaJIbHBIMHU YaCTOTOM W HANPS)KEHUEM MUTAHUS.

[Tpuniun agantuBHOrO MaciitabupoBanus HanpspkeHust A VS (adaptive voltage scaling)
OasupyeTcs Ha 00ecleYeHNH peain3alT KpUTHUECIOro MapIlpyTa CUTHajla Ha KpuTae.
Kputnueckuii myTh onpenensieTcs MaKCUMaJIbHOM 3a1€pKKOM CUrHaJla B TAKTaX CUHXPOHU3ALUH.
OH MOXOAUT Yepe3 MHOKECTBO BEHTHIIEH, C pa3IMYHON 3a/iepxkKoi y kaxaoro [50]. CucteMsl ¢
AVS aganTUBHO NOJCTPAaUBAIOT HANIPSHKEHUE TUTAaHUS K MUHUMAJIBHOMY YPOBHIO,
obecreunBaronieMy HEOOXO0IUMYIO MMPOU3BOIUTEIHFHOCTD U NPH ATOM oT3anaet onienku WCET un
Bapuanuii paboueit Harpy3oku[51]. B cucremax ¢ AVS MOHUTOPUHT ¢ 3aMKHYTOU HETIeH MEXTY
OKUJIA€MBIMU U JIEWCTBUTEIBHBIMU ONEPATUBHBIMU YCIOBHSIMH HEOOXOIMMO PEaTM30BbIBATH C
anmapaTHIIi oopaTHoU cBs3bio (Dur. 4.)[52].
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System APC EMU
Processor CMU
IEM < PWI master » PWI slave

APC - Advanced Power Controller ; EMU - Energy Management Unit
CMU- lock Management Unit; PWI — PowerWise™ Interface;
IEM - Intelligent Energy Manager

. @ur. 4. AVS c annapaTHOil 00paTHOH CBSI3bIO

NmetroTes pa3nuyHble TEXHOJIOTHH peanu3aluu o0paTHO# cBsi3u B cucteMax ¢ AVS [53] [54] [55]
[56].
®upma National Semiconductor ans peanuzanuu AVS npeanaraet cpeacesa <’ Smart power mana-
gement’’ [57].
7. ABB - anjanTuBHOe MacIITA0MpPOBaHMe CMeENleHNsI KOpImyca
MOUTHOCTh YTEYKH MOXKET CTaTh CPABHUMOMN C TUHAMUYECKOH MOIIHOCTBIO B CYyOMUKPOHHOM
TEeXHOJIOruH. MeTo1 alaiTUBHOTO cMelleHus Kopiyca (Adaptive body biasing ABB) nonctpauBaet
HaNpsDKCHUE CMEIICHHS KOPITyca TaK, YTOOBI YMEHBIIUTH MOTPEOICHNE YJHEPTUHN YTEUKH BO BPEMsI
pabotsl. [Tpu ucnons3oBanuu ABB TOk yTeukn ymMeHbIIaeTcsi SKCIIOHEHIIMAIbHO. B KitaccuueckomM
Buje neiicteue ABB cocTouT B mosaye Ha KOPIyC MacIITAOMPOBAHHOTO HATIPSDKCHUST CMETLICHHS
V' ipu mocTOUHHOM Vpp [58].
AHanuTHUeCKash MOJENb, KOTOpash MOXKET OBITh NPUIOKEHA JUISI BBIYUCICHHS PEryJIHPYEMOTO
HalpsDKEHUs MUTaHUS Vpp W HANPSIKEHUs] CMEIICHUsS] Kopryca Vpp, AJI ONTUMAIbHOTO CHUKEHUY
MOTPEOJICHUST 3HEPTUU HA OTPEICIICHHOW YacToTe MpeiokeHa B [59]. DTOT Momens U alTrOpUTM
IUTAaHUPOBaHMS, Oaszupyromuics Ha AaHHON komOuHamuio ABB u DVS nns ymeHblieHus H
JUHAMHYECKONM MOIIHOCTH, ¥ MOIIHOCTH YTE€UKU. AJTOPUTM BBIBEAEH M BEPUPUIUPOBAH C
nomotipio cucteMmbl MoaenupoBanus SPICE. KomOunamus ABB u DVS ans pacnpeneneHHBIX
BCTPAMBAEMBIX  CHUCTEM pEAJbHOTO BpEMEHU TpeniokeHo Ttakxke B [60]. BwiBegensl u
WCIIOJIb30BaHbl AHAIMTUYECKUE BBIPAKEHMS JUIsI ONpPENENeHUs ONTHUMaIbHOTO Vpp U V.
AHanusupyeTcsl CBsI3b H MeXAy NOTpOJEHHEM 3HEPIMM U BPEMEHEM BBINOJIHEHHUs A Habopa
3a/1ad C YYETOM YCJIOBUW ONEIENSIOUMX MOCIYyAOBATEIbHOCTh HMX PpEaJu3allMii B pPEaIbHOM
BpeMenu [61].
B [62] ouenka mpeumyiiects metoga ABB u ero cpaBHenue ¢ metoqom AVS (Ha3BaHHOM 37€Ch
ASV adaptive supply voltage) cnenana monenmupoBanuem CMOS mukpocxem meTonoM MonTe-
Kapno. Pesynbratel MoaenupoBanusi mokaszanu, 4to u ABB u ASV obecneunBaioT cxonHbIe
COOTHOIIEHHUS: NPOU3B00UMEOOHOCHb/MOUHOCHD
C Ttouku 3penust croumoctu ABB sBisercs 6onee noporum uyem AVS, tak kak ABB TpeGyer
JIOTIOJIHUTENBHBIX PECYPCOB JUISl paclpeleeHUs HAallPsHKEHUS CMELEHMsI KopIiyca.

Hnsa peamuzanuun ABB B cyomukpon CMOS texHonorue mponeccopc ¢upma Transmeta
npearaet cpencesa LongRun2 [63 ]

JlJis onTUMU3alMK MOIIHOCTH YTEUKHU B HAHOCKAIAPHBIX MUKpPOCXeHax HE0OXOIMMO pa3padboTaTh
HOBBIC MeTOJIBI [64] [65] [ 66] [67]



BruiBOoabI

Junamuueckoe perynupoBanue DVS/DFES sBnsieTcst MEHOroo6emarommum HarpaBieHUEM B
AQHAIUTUYECKOM U MPUKIJIATHOM HCCIIEI0BAHUN METO0B 00€CIIEUeHHsI ONTUMAaJIbHBIX
9HEPreTUYECKUX U BPEMEHHBIX XapaKTEPUCTUK BCTPAUBAEMBIX CUCTEM, HECMOTPS HA OTPAaHUYEHHS,
CBSI3aHHBIE C PETYJIMPOBAHUEM TOJIBKO OJIHOTO MapaMeTpa — Toka nepexmodenus CMOS
MHUKPOCXEM.

Hawnnyumue pe3ynpTaTsl A1 00ecrie4eHNs )KECTKUX BPEMEHHBIX OrPaHUYEHUH MTpU
muHamuueckoM DVS/DFS perynupoBanuu naet pa3zaeneHue 3ajad Ha cy03agauu, Korjaa
HavyaJbHbIE 33141 BBIIIOJIHIOTCA ¢ MUHUMAJIBHON 4YaCTOTOM, a MOCIEHUE C MAKCUMAJIBHOM.

JUId MpakTUYECKON peaan3aluy S3HEProOKOHOMUYHBIX BCTPAaUBAEMBbIX CUCTEM IIUPOKHE
BO3MOKHOCTH OTKPBIBAET UCIOI30BAHUE METOJUKH, KOTOAs ITO3BOJISAET IEPEXO B PA3IIMYHbIE
peXUMBI “sleep”, KOTOpbIE MOAAEPKUBAIOT MOYTH BCE COBPEMEHHBIE MUKPOIPOLIECCOPHI.

CmsmectHoe ucnionb3oBanre DVS/DFS u DPM sBnisieTcs mone3HbIM MWHCTPYMEHTOM JIJIsSt
ONITUMM3ALIMY YHEPTO U BPEMEHHBIX TPEOOBAHUH B BCTPAUBAEMBIX CUCTEMAX C BHEIIHUMHU U Jp.
YcrpoiicTBamMH, B KOTOPBIX PErYJIHPOBAHUE YACTOTH HE (P (PEKTUBHO, ¢ TaKKE B
OJITHOKPHCTaJIbHBIX MHOI'OJJOMEHHBIX MUKPOCXEMaX.

J1J11 BCTPOEHHBIX CUCTEM, B KOTOPBIX IpUMeHseTcss MeTo AVS, oTCyTCcTBYeT
HeoOxoauMocTh npeasaputenbHoro ananusa WCET, HO uxX BpeMeHHbIe OrpaHHYeHHS
OTIpEeAEIAI0TC MAaKCUMAaJIbHBIM OBICTPOJEICTBHEM MPOLIECCOPA, YACTOTA, HAIPSKEHUE U
9HEpPronoTpediieHue KOTOPOro MOTYT ObITh CHHKEHBI IMHAMHUYECKH Ha OCHOBE TpeOOBaHUM
peannusyeMoil 3a1auu (MCIOJIb3YETCs COBMECTHAS OpraHU3alusl annapaTHO-IPOrpaMMHOI
0o0OpaTHOH CBSI3H).

[Ipo6ieMbl ONITUMU3ALINN 3HEPTETUYECKUX U BPEMEHHBIX IT0Ka3aTeseil BCTpauBaeMbIX
CHCTEM B CYOMHUKPOHHOM JIana3oHe MOTYT ObITh peau30BaHbl ¢ IpUMeHeHneM metona ABB,
OJIHAKO 3TO CBSI3aHO CO CJIOKHOCTSMU TeXHOJOTUU U3rotoBiIHUst CMOS cTpyKTyp U B 3TOM
anpaBJICHUH NPOJODKACTCS UCCIIE0BATENIbCKask paboTa 10 CO3aHUI0 MUKPOCXEM C
peryMpoBaHUEM HAIPSHKEHUS V1 U CHUKEHHEM TyHHEJIbHBIX TOKOB YTEUKH.
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ANALYSIS OF SOME PROBLEMS AND SOLUTIONS OF REGISTRATION FOR TIME INTER-
VALS OF MULTICHANNEL SYSTEMS

DAZU JAUTAJUMU ANALIZE UN ATRISINAJUMI DAUDZKANALU SISTEMAS LAIKA IN-
TERVALU REGISTRACIJAS KONSTRUESANAI
V. Zagurskis, A. Morozovs

Atslégas vardi : laika- ciparu parveidojums, laika raksturlikne, skalu salagosana, impulsu parklasana

1. Ievads

Miisdienu pasaulé tiek piedavatas daudzéjadas laika intervalu registracijas sistémas un to risindgjumi. Tomér



vairakumam sist€mam piemit sekojosas 1pasibas:

e kanalu skaits, ka likums, neparsniedz 8 [7], [8],

e sistémas strada ,,loga” rezima [7], [8].
Dotaja raksta tiek méginats izanalizét minétas problémas, to iemeslus un piedavat to risindjumus. Raksta tiks
apskatitas sekojosie jautajumi: kanalu pieslégSanas un apkalpoSanas metode, impulsu parklasanas problémas,
ienakosu impulsu secibu pliismu filtracija, kanala numura saglabasana, divu skalu salagoSana, procesora iz-

Prieksrocibas Triukumi man-
Katra kanala neatkariga registracija Sarezgita struktiira un realizacija t:tiilll:
Katrs kanals var nodrosinat sistémas maksimalu | Kanalu mijiedarbiba. tlird.
izskirtsp&ju Sis

darbs ir raksta turpindjums, kas publicéts RTU Zinatniska krajuma 2007 [1].

2. Daudzkanalu sistema

Daudzkanalu registréjoSas sistémas realizacija ir iesp&jama divos veidos: katra kanala atseviSka apkalpo$ana
un kanalu apvienoSana viena vai noteiktas grupas. No sakuma apskatisim variantu (1. att.), kad katrs kanals
tiek apkalpots atseviski.

Skaittajs

—ch_1{ Atminas elements_1 ‘

—ch_Z{ Atminas elements_2 ‘

ENEEEEE
—ch_3-» Atminas elements_3 | . Dators

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Interfeiss
—ch_4—>{ Atminas elements_4 ‘

—ch_N{ Atminas elements_N ‘

1. att. Kanalu atseviska apkalposana.
Fig.1. Each channel independent maintenance

Sistéma ir n kanali, katrs tiek pieslégts atminai (registrs, FIFO atmina vai art RAM ). Pie katra atminas ele-
menta datu ieejam tiek pieslégts skaititajs (vai art aiztures Iinija). Pienakot impulsam, skaititaja stavoklis tiek
ierakstits atmina. Tadas sistémas priekSrocibas un trikumi ir sekojosi (1. tabula):

1. tabula
Katra kanala neatkarigas apkalpoSanas priekSrocibas un trikumi
Each channel independent maintenance preference and deficiency

Misu darba merkis bija testa maketa izveide, tapec darba tika izmantots cits kanalu pieslégsanas veids — ka-
nalu apvienoSana viena, talak tiks apskatita §T metode (2. att., 2, tabula).

2. tabula
Kanalu apvienosanas prieksrocibas un trikumi



Channels merging preference and deficiency

Prieksrocibas Trikumi
Vienkarsaka strukttira un realizacija. (salidzina- | Impulsu parklasanas
juma ar pirmo metodi )

Kanala numura saglabasanas gritibas.

3. Impulsu parklasanas.

Ideala sistema eksiste tikai teor€tiski, bet praktiski katrai sisteémai ir noteikti ierobezojumi. Miisu gadijuma
ierobezojumi ir sekojoSi: minimalais impulsa garums un minimalais intervals starp impulsiem (7;) (2. att.).
Gadijuma, kad sistéma ir viens kanals, ¢, atteicas tikai uz impulsiem no viena kanala, bet ta ka miisu sistéma
ir n-kanali, ¢,ir intervals starp kaiminimpulsiem gan viena kanala, gan starp kanaliem. Vispariga veida im-
pulsu apvienoSana viena kanala notiks bez parklasanas, ja izpildas sekojoss nosacijums (1):

[, >1, (1)

kur ¢, - intervals starp kaiminu impulsiem, ¢, - apvienoSanas bloka aizkave.
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2. att. Impulsu apvienoSana
Fig. 2. Impulse merging

4. Kanala numura saglabasana.

Apvienojot impulsus viena kanala tiek zaudéta svariga informacija — kanala numurs. Pat ja impulsa registra-
cija notiks veiksmigi, §1 informacija biis nelietojama, ja nebiis papildinformacijas par kanala numuru, no kura
tika sanemtie §1 dati. No ta visa izriet svarigs secinajums — kanala numurs jasaglaba pirms kanalu apvienoSa-
nas. Viens no risindjumiem ir atminas pieslégSana tiesi katram kanalam (3. att).
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—
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3. att. Kanala numura saglabasana
Fig. 3. Channel number maintenance

Piedavata varianta kanala numura saglabasanai tiek izmantota sinhrona FIFO atmina. Dati taja tiek ierakstiti
Iidz ar takts impulsu WLCK, par ko kalpo impulsi, aizkavéti uz laiku 7, (2).

by =t,+1,+1, (2)

kur ¢, — pieejas laiks (data access time, f, — datu iestadiSana (data setup) un 7, — datu aizkavéSana (data

hold).

FIFO atminas datu ieeju skaitam jabiit vienadam vai lielakam neka kanalu skaits.

Dota shéma strada sekojos$i. Pienemsim, ka n (kanalu skaits) = 8. Impulsi no kanaliem pienak uz apvienosa-
nas bloku un FIFO atminas datu ieejam vienlaicigi. Gadijuma, ja impulss pienak pa pirmo kanalu, uz atminas
datu ieejam izveidosies sekojosa logisku Iimenu kombinacija: d1 =1,d2=0,d3=0,d4=0,d5=0d6 =0,
d7 = 0. Rezultata izveidosies pozicionals kods — 10000000. Vieninieka pozicija apzimé kanala numuru, pa
kuru pienaca impulss. Sis kods tiek ierakstits atmina lidz ar WLCK impulsa atnak$anu. Talak, ertakai parsi-
tiSanai uz datoru, pozicionalo kodu var parkodét binara.

5. IenakoSu impulsu plasmu filtracija.

Ka jau bija pieminéts raksta pirmaja dala, projekt&jamai sisteémai piemit noteiktie ierobezojumi. lerobezoju-
mu rasanas iemesls — elementi neparsledzas ,,acumirkli”, tiem ir noteiktas aizkaves un parslégsanas laiks.
Projekt€jama sisteéma strada ar nejausam impulsu pliismam, tap&c nav aprioras informacijas par impulsu ga-
rumiem, frekvenci, kas varétu atvieglot sist€mas projektésanu. Gadijuma, ja impulsu garums bis pietiekami
gar$ un impulsu frekvence biis pietickama, lai ierakstitu pienakoSo impulsu atmina, impulsu pliismu filtraci-
jai nebis nekadas vajadzibas.
Zemak ir piedavats viens no vienkarSakajiem impulsu filtracijas variantiem (4 .att).
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4. att. Filtra shema
Fig. 4. Filter schema

Filtracijas shéma realizéta sekojosi: katrs kanals ir pieslégts logiskas shémas ,,UN” vienai no ieejam. Logis-
kas shémas ,,UN” izeja ir pieslégta invertora ieejai. Savukart invertora izeja pieslégta logiskas shémas ,,UN”
otrai ieejai. Apskatisim pirmo variantu (5. att.), kad (3):

l; > 1 3)

kur
o [, =1

X and + ZLinv
e [ —impulsa garums, kas tiek mérits ar 0.5 ta amplitiidas.
e [, —intervals starp impulsiem atskirigos kanalos.

e ¢, —signala izplatiSanas aizkave logiska sheéma ,,UN".
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— signala izplatiSanas aizkave logiska invertora.

5. att. Filtracijas shémas darbibas laika diagramma (#,, > ¢, )

Fig. 5. Filter scheme working time diagram (#, <f, )

No laika diagrammas ir redzams, ka iesp&ami divi varianti.
1. Impulsa garums ir lielaks neka blok&sanas shemas aizkave — ¢, > 7, . Saja gadijuma kanali tiks blo-

keti uz laiku tbs un impulsa garums (tw) bis vienads ar tbs.
2. Impulsa garums ir mazaks neka blok&Sanas shémas aizkave — ¢, <1, . Kanali arT tiks bloketi uz laiku

tbs, bet impulsa garums paliks nemainigs.
Miisu projektéjama sisteéma tika izmantotas CMOS mikrosh&mas. Tas nozimé, ka aizkaves laiks un parslég-
Sanas laiks $Tm mikroshemam apmeéram bis vienads. Vislénakais elements sisttma ir FIFO atmina. FIFO
datu pieejas laiks apmeram ir 7 ns. Bet tbs ir vienads 8 — 10 ns. Augstak aprakstita situacija ir vislielaka var-
bitiba, ka laika intervals tiks veiksmigi ierakstits.
Apskatisim otru variantu, kad (4):

I <y )

Jo vairak kanalu un lielaka impulsu plismas frekvence, jo lielaka iesp&ja, ka intervals starp impulsiem biis
mazaks neka filtracijas shémas reakcijas laiks (6. att.).
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6. att. Filtracijas shémas darbibas laika diagramma (#,, > ¢, )

Fig. 6. Filter scheme working time diagramma (¢, <f,)

Pa trim kanaliem ar intervalu, mazaku par blok&$anas shémas laiku, atnak viens p&c otra tris impulsi. Pirmais



impulss atnak pa pirmo kanalu un péc laika #,,, impulss pienak uz invertora ieeju. P&c laika ¢, kanali tiek

blokéti uz laiku £, . Rezultata uz pirma kanala izveidosies impulss ar garumu ¢, . Par&jo kanalu impulsu ga-

rumi biis mazaki. Tadu impulsu veiksmigas ierakstiSanas varbiitiba biis atkariga no impulsu garuma un atmi-
nas pieejas laika. Apvienojot impulsus viena kanala, tada situacija, ka uz diagrammas, pirma kanala impulss
ieklaus sevi pargjus divus.

6. Skalu salagojums
Divu skalu izmantoSana, ar noteikumu, ka tas ir salagotas, dot registratoram neapSaubamu priekSrocibu. Ska-

lu salagosana ir jaievéro galvenais noteikums: precizas skalas skaldi$ana nedrikst parsniegt cietas skalas pe-
riodu Tg. Skalu salagoSanas metode un realizacija ir piedavata zemak (7. att.):
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7. att. Skalu salagosanas shéma
Fig. 7. Scales compatible scheme

Viens no nosacijumiem precizas skalas veidosanai ir, ka precizas skalas poziciju skaitam jabut (5):

dl =2% -1 (5)

kur gp — precizas skalas papildpoziciju skaits. Miisu gadijuma dl = 7, ka rezultata veidojas preciza skala no 3
pozicijam, kod&ta Greja koda (8. att).
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8. att. Skalu salagosanas shéma laika diagramma
Fig. 8. Scales compatible scheme time diagram

7. Alternativas struktiiras, pielietojot procesoru.



Neskatoties uz to, ka miisdienu procesori strada ar loti augstu frekvenci, tie nespgj konkurét atruma ar paras-
to logiku, realizétu, pieméram, FPGA matricas. Bet procesoru ir verts ievest struktiira ka vadibas elementu.
Ievada bija pieminéts, ka misdienu TDC nespéj nepartraukti registrét impulsus. Kaut gan tie nodroSina loti
augstu iz8kirtsp&ju (Iidz 50 ps), registracijas laiks nanosekundes. Tam ir divi iemesli: registrétu impulsu sa-
glabasana un izvadiSana uz datora. Paslaik nav liela apjoma atminu, kas sp&tu stradat ar tik lielu frekvenci un
pieejas laiku. Tapat neeksisté metodes un interfeisi, lai parsiititu datus ar tik lielu frekvenci. Piedavata vari-
anta procesors realizé sekojosas darbibas (9. att.):

1. generé adreses datu ierakstiSsanai SRAM atmina;

2. parslédz atminas;

3. apstrada datus, iegiitus no Greja skaititaja un aiztures linijas;

4.

vada kanalu adaptivo filtru.
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9. att. Procesora izmantoS$ana registratora
Fig. 9. Processor usage in the system
8. Secinajumi

Laika intervalu projektéS$anas gaita paradijas daudz problému, tadas ka kanalu pieslégsanas veidi registrato-
ram, impulsu parklasanas, kanala numura saglabasana, ienakoso laika intervalu filtracija, skalu salagosana.
Apskatot divus kanalu pieslégSanas veidus ( kanalu apvienoSana un katra kanala neatkariga apkalpoSana),
tika izveleta kanalu apvienoSana, jo Sis veids lauj 1sa laika perioda izveidot maketu ar kuru palidzibu tiks
veikti nepiecieSami eksperimenti.

Apvienojot kanalus paradas nepiecieSamiba saglabat kanala numuru. Kanalu numurus tiek piedavats saglabat
atseviska atmina.

Projektgjama sist€éma ir paredz&ta darbam ar nejausam laika intervalu plismam. Tomér jebkura sisteéma ir
noteiktas aizkaves, jo elementi nespéj reagét ,,acumirkli”. Tapéc ir neiecie$ama ienako$o laika intervalu fil-
tracija.

Registratora tiek izmantotas divas skalas: preciza skala (aiztures linija) un rupja skala (Greja skaititajs).
Sekmigam darbam ir nepiecieSams salagot divas skalas péc diviem noteikumiem: precizas skalas skaldiSana
nedrikst parsniegt skaititdja jaunakas pozicijas periodu T un aiztures linijas poziciju skaitam ja-
butdl =2% —1, kur dl — aiztures Iinijas poziciju skaits, gp — aiztures Iinijas papildpoziciju skaits, kod&tas
Greja koda.

Pirms procesora izmantoSanas sist€ma vispirms ir riipigi jaapskata prieksrocibas un trikumus. Galvena
prieksrociba ir, ka ar procesora palidzibu var realizet ietilpigas matematiskas operacijas, bet procesors loti
apgrutinas registratora darbibu un padarTs to sarezgitaku.
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Darba uzdevums bija problému analize, kas radas laika intervalu registratora projektéSanas gaita. Ta ka tiek
planots izveidot daudzkanalu sistému laika intervali registracijai, vispirms ir jaatrisina, ka pieslégt kanalus. Ta
ka bija izveléta kanalu apvienoS$anas metode, ir jaatrisina dazi jautajumi.

Apvienojot kanalus ir iespéjama impulsu parklasana, tapéc ir nepiecieSama impulsu filtracijas sistéma. Jebkura
sistéma ir noteiktas aizkaves, jo elementi neparsleédzas ,acumirkli” . Aizkaves dé] sistéma ir nepiecieSama im-
pulsu filtracija tada gadijuma, ja ienakoSu impulsu frekvence biis lielaka neka sistemas maksimala frekvence.
Sistéma tiek planots divu skalu izmantoSana: preciza skala (aiztures linija) un rupja skala (Greja skaititajs) Lai
sistéma stradatu veiksmigi ir jasalago divas skalas. Skalu salagoS$ana ir jaievéro galveno noteikumu: precizas ska-
las skaldiSana nedrikst parsniegt skaititaja jaunakas pozicijas periodu T. Pedgja dala tiek apskatita procesora izmantosa-
nas iespgja sisteéma. Procesora galvenas funkcijas: genere adreses datu ierakstiSanai SRAM atmina; parslédz as; apstrada
datus, ieglitus no Greja skaititaja un aiztures linijas; vada kanalu adaptivo filtru.

Valerij Zagurskij, Anatolij Morozov. Analysis of some problems and solutions of registration for time intervals
of multichannel systems.

The purpose of this work — the analysis and the decision of questions connected with working out and designing the
system that register time intervals. In the first part of work it is considered two methods of connection of channels: as-
sociation of channels or independent service of channels. Comparing the basic advantages and lacks of each method, the
method of association of channels has been chosen. One of tasks was the breadboard model creation. The chosen
method of association of channels allows creating a breadboard model in shorter terms and considerably simplifies sys-



tem, as the breadboard model purpose — the analysis of system general moments.
When associating channels it is necessary to solve some important points. One of them is overlapping of adjacent im-

pulses. A necessary condition for successful association of impulses — #, >, , where t; - an interval between impulses,

and t,, — block of association delay. However, as the system is intended for operation with casual streams of time char-
acteristics, the system that filters impulses is required. Necessity of filtering of incoming impulses is required because
the chips used in system, has certain delays.

To realize the filtering of impulses, the scheme from logical units “AND” and ,,NOT” is offered. Two main possibilities

of impulses arrival in system are considered. The first variant — ti >1 bs » Where t; — an interval between impulses, tp;

— the distributing signal delay in filtering system. In this case it’s the highest probability of successful time interval reg-

istration. The second variant —#; <7, . In this case it is required to make additional modeling of streams allocation to

specify the time interval successful registration probability.

When associating the channels the additional scheme of saving the channel’s number is required, because the data of
temporarily interval registration without the additional information on channel number, from which they have been re-
ceived, have no practical value. It is offered to connect expanded memory (FIFO) to save the channel number.

As in the projected logger two scales are used, exact (delay line) and rough (Grey counter), arises necessity of scales
coordinating. For successful scales coordination it is necessary to satisfy two conditions: exact scale splitting quantity —

dl =2% —1, where dl — a delay line position quantity, gp — quantity of additional positions encoded to the Gray code;
the second condition — exact scale splitting should be allocated inside T period.

In a final chapter it is considered the processor usage possibility for following operations: record addresses generation
in RAM type memory, memory blocks switching, post data from the counter and delay line processing, entering streams
filter handling.

Banepnii 3arypckmii, Anatosmii Mopo3oB. AHajiM3 M pelleHHe HEKOTOPbLIX ImpodoeM B mpouecce
NMPOEKTHPOBAHUS] MHOTOKAHAJILHOI CHCTEMBI PErHCTPAIlMH BPeMEHHBIX HHTEPBAJIOB.

OcHoBHas 1116 PabOTHl — aHAIN3 U PELIeHHEe BOIPOCOB M MIPOOJIEM, CBA3aHHBIX ¢ IPOSKTUPOBAHUEM MHOT'OKaHAILHOW
CHCTEMBI PETUCTPALUH BPEMEHHBIX HHTEPBaJIOB. [I0CKOIBKY CHCTEMBI MHOTOKAaHAJIbHASA, TO TIEPBBIA BOIPOC, KOTOPBII
Haj0 OBUIO PEIINTh: METOJ OOCTyKMBaHHA KaHAIOB. [locie TOro kak KaHayibl ObUIM OOBEIMHEHBI, HEOOXOIMMO OBLIO
pemuTh mpolJeMy MepeKpbIBaHHUsS HMITYJIbCOB. MeanpHast cucreMa (MCHOBEHHO peardpyromias Ha MPUXOISIIUIA
CHTHAJI) CYIIECTBYET TOJILKO TEOPETHYECKHU, Ha IIPAKTHKE B JII000I cUCTeMe eCTh 3aiepiKKa paclpoCTpaHEeHUs CUTHAA.
[To sToii npuunHe HeoOXxonuMa (GUIbTpalMs UMIYJIBCOB B TOM Clly4ae, €Cii 4acToTa I0TOKa OyJeT BBIIIE YacTOTHI, C
KOTOpOi MoeT paborarh cucreMa. B mpoekrupyeMoill cucTeMe IUIaHUPYETCs HCIIONb30BaHHME ABYX KA TOYHOU
mKansl (JIMHKSL 3a7epkku) W rpyOod mkansl (cuerumk ['pest). s ycnemHoro B3aMMOJEHCTBHS JBYX IIKall
HEOOXO0MMO cOrJIacoBaTh (CHHXPOHHM3MPOBATh) MX B3aHMMHYIO padoTy. B craThe mpuBomuTcsi cxema OOBbEJUHEHUS U
BpEMEHHAsl JuarpamMma paboThl cXeMbl. B mociemHed 9acTW CTaThbW pacCMaTpUBAETCS BO3MOXKHOCTH BBEACHHS B
CHCTEMy TIpolieccopa, Kak KoopamHaTopa paboTbl. OCHOBHBIE (DYHKIMH, KOTOpBIE OyIeT BBIIOIHSITH IPOIECCOp:
ocTo0paboTKa AAHHBIX CO CYETYMKA M JIMHUM 3aJCP)KKH; IMOACTPOiKa (HIbTpa HMITYIbCOB, B 3aBHCHMOCTH OT
pacnpeneneHus BXOIAIIEro MOTOKa; TeHepaIys afpecoB 3alUCH B TaMATh Buaa RAM.



4. Pielikums
Matlab programmas lauks.m kods

%$%3-fadzu linijas E-lauks, ja vadi viendd& augstuma.
£=.0001:.0001:.25;

clear E x fi N L S x X U0 fii fa

Fh=input ('h=");% augstums, kurd mcra lauku,m

h=4

;% attdlums starp dréatim,m

2;% staba augstums,m

1;% vada diametrs,m
2

;% VIETU SKAITS
d=2*rob/ (N-1); %$-———---—--———- attdlums starp mgcrijumiem
V1=230; V2=230; V3=230; %---pieliktaas faazes
Ro=[V1 V2 V3]/2/log(2*H/a);
for n=1:N
x=d* (1-n) +rob;
Ll=(h-H)/ ((h-H) "2+ (x-D)"2);L2=(h-H) / ( (h-H) *"24+x"2) ; L3=(h-H) / ( (h-
H) "2+ (x+D) "2) ;
Sl=(h+H) / ((h+H) "2+ (x-
D) *2);S2=(h+H) / ( (h+H) "2+x"2) ;S3=(h+H) / ( (h+H) "2+ (x+D) "2) ;
L(n,:)=[L1 L2 L3];
S(n,:)=[S1 S2 S31];
fi=pi/3;
Ul=Ro (1) *sin (20*pi*t+fi); U2=Ro(2)*sin (20*pi*t+2*pi/3+fi);
U3=Ro (3) * (sin (20*pi*t+4*pi/3+f1i));
E(n,:)=U1.*(L(n,1)-S(n,1))+02.*(L(n,2)-5(n,2))+03.*(L(n,3)-
S(n,3));
options =
optimset ('MaxFunEvals', 96000, '"MaxIter',96000, '"TolFun', le-
8, 'TolX',1le-8);

)
(

U0 (n)=sgrt ((Ro(1l)*(L(n,1)-S(n,1))) "2+ (Ro(2)*(L(n,2)-
S(n,2)))"2+(Ro(3)*(L(n,3)-S(n,3)))"2-...
(Ro(1)*(L(n,1)-S(n,1)))*(Ro(2)*(L(n,2)-S(n,2)))-(Ro(1l)*(L(n,1)-
S(n,1)))*(Ro(3)*(L(n,3)-S(n,3)))-(Ro(2)*(L(n,2)-
S(n,2)))*(Ro(3)*(L(n,3)-S(n,3))));

v=hilbert (E(n, :));fii(n, :)=atan2 (imag(v),real (v))-20%*pi*t;%
neizmanto

fa=max (fii, [],2);%hilberts pareizi darbojas, ja ir vairdk periodu.
end

E=E.* (1l+randn(size (E))/100000) ;
El 5=E;

$x=-49.5:.5:50;

x=-rob:d:rob;

[X,Y] = meshgrid(x,t(1:10:2500))
figure (11) ;plot (x,U0Q0, 'r.--");grid
title ('E=f (attalums) ")

xlabel ("metri')

ylabel ('lauka stiprums')
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SIGNAL-DEPENDENT TECHNIQUES FOR NON-STATIONARY SIGNAL SAMPLING AND
RECONSTRUCTION

R. Shavelis, M. Greitans

Institute of Electronics and Computer Science
14 Dzerbenes str., Riga, Latvia

ABSTRACT

The paper describes the processing of non-stationary signals,
which takes the advantages offered by the use of signal-
dependent techniques in sampling and analysis procedures.
The level-crossing approach is exploited for signal sampling,
whereby the local sampling density provides information
about the local maximum spectral frequency of signal. The
proposed method of signal reconstruction is based on filter-
ing with a time-varying bandwidth, the value of which is
estimated from the level crossing instants. The results of
simulation are presented using speech as an example. The
approach developed can be implemented using asynchronous
design techniques and could be aimed at application in speech
transmission over wireless networks.

Index Terms— Signal-dependent processing, level-
crossing sampling, filter with a time-varying bandwidth.

1. INTRODUCTION

The spectral characteristics of signals of practical interest of-
ten change with time. Generally, a signal with time-varying
spectral bandwidth can be approximated with fewer samples
per interval using appropriate non-equidistantly spaced sam-
ples than using uniform sampling procedure, where the sam-
pling rate is chosen taking into account the highest signal fre-
quency. Intuitively speaking, the non-stationarity of a signal
should be reflected in the process of analog-to digital conver-
sion. For example, let us inspect a signal with high instanta-
neous frequency regions and low instantaneous frequency in
other regions. It is more efficient to sample the low frequency
regions at a lower rate than the high frequency regions.

A special class of non-uniform sampling is derived if
the sampling process is driven by the signal itself — it is so
called signal dependent sampling. Popular types of signal-
dependent sampling are zero-crossing, reference signal cross-
ing, level crossing or send-on-delta concepts. Particular
attention should be paid to cases, where the local sampling
density derives from the local properties of the signal. One of
the sampling approaches with such a quality is level-crossing
sampling, which will be used further in the paper as a tool for
digital data capture from a continuous time signal.

2. LEVEL-CROSSING SAMPLING

The idea of level-crossing sampling (LCS) is based on the
principle that samples are captured when the input signal
crosses predefined levels. Such a sampling strategy has quite
long history and is exploited for various applications [1, 2].
The quantization levels can be located arbitrarily, however, if
there is no special reason, the typical solution is to dispose
them uniformly along the amplitude range of the signal.

It has been shown that level-crossing sampling has several
interesting properties and is more efficient than traditional
sampling in many respects [3]. In particular, it can be re-
lated to the processing of non-stationary signals, because the
local density of samples reflects the local characteristics of
the signal [4]. If a waveform is changing rapidly, the samples
are spaced more closely, and conversely — if a signal is vary-
ing slowly, the samples are spaced sparsely. This property
allows tracking of the local maximum frequency in the signal
spectrum in order to use it for data analysis. Since the level-
crossing sampling scheme provides non-equidistantly spaced
samples, appropriate processing methods must be developed.

3. RECONSTRUCTION OF SIGNAL WITH
TIME-VARYING BANDWIDTH

There are several methods used for reconstruction of non-
uniformly sampled band-limited signals. For correct recov-
ery, they typically require that the maximal length of the gaps
between the sampling instants does not exceed the Nyquist
[5]. If a signal is non-stationary with time-varying spectral
bandwidth, the global satisfying of this requirement is not an
appropriate decision, because that provides redundant data.
The use of level-crossing sampling scheme can reduce the
amount of samples, because the intervals between samples
are determined by signal local properties and by the number
of quantization levels. The quality of processing can be im-
proved if the recovery procedure takes into account the local
bandwidth of the signal [6]. In the following subsections will
be discussed proposed idea and methods for reconstruction
using filters with time-varying bandwidth and for estimation
of local maximum frequency of signal from its level-crossing
samples.
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3.1. Idea of signal-dependent reconstruction functions

The sampling theorem states that every bandlimited signal
s(t) can be reconstructed from its equidistantly spaced sam-
ples if the sampling rate equals or exceeds the Nyquist rate
2F naz, Where F, . is the maximum frequency in the sig-
nal spectrum. The reconstruction in time domain can be ex-

pressed as
N—1

8(t) = D s(tn)h(t —tn), (1)

n=0

where 5(t) denotes reconstructed signal, N is the number of
the original signal samples s(t,,) and h(t) is an appropriate
impulse response of the reconstruction filter, classically, sinc-
function

hi(t) = sinc(2mFp,q0t) 2)

If the signal with time-varying frequency bandwidth
fmaz(t) is considered, then the sampling rate of the sig-
nal according to Nyquist must be at least 2F},,,, where
Fraz = max(fmaez(t)). In this case any information about
the local spectral bandwidth is ignored during the sampling
process. To take it into account, it is proposed instead of
h1(t) to use more general function

ha(t) = sinc(®(t)), ©)

where ®(t) = 27 fot fmaz(t)dt is the phase of the sinusoid,
whose frequency changes in time as f,,q.(t). If the signal is
stationary and band-limited f,,4. () = const = Fp,q4, €qua-
tions (2) and (3) become equivalent. In case of non-constant
fmaz(t) waveform of the reconstruction function h(t) and
the desired sampling instants ¢,, such that ®(¢,,) = n are de-
termined by fq.(t). Samples are spaced non-equidistantly
and the mean sampling frequency can be less than it is re-
quired by Nyquist criterion, which, in this case, should be
satisfied rather in local than in global sense.

3.2. Reconstruction algorithm

To reconstruct the non-uniformly sampled signal according to
equation (1), the reconstruction procedure involves signal re-
sampling to the equidistantly spaced sampling set {t,} with
sampling period At = t, — t,_1 = 5z—. The estima-
tion of 5(t,,) is possible according to the simple iterative algo-
rithm [5] the idea of which is to interpolate the sampled band-
limited signal s(¢) by the sum 35, y(t) = >, 8(tm)¥m and
filter it in order to remove high frequencies. Piecewise linear
interpolation, which is well suited to level-crossing samples,
uses ., consisting of the triangular functions

t—tm
At for b <t < b,
tim —tm—1

Un(t) = { 755 for by <t <tppr, @)

0 elsewhere.

It is proved [5] that if the maximum length of the gaps be-
tween the sampling instants 7,4, < ﬁ, then every s(t)
can be reconstructed from the values s(t,,) of an arbitrary
Tmaz-dense sampling set {t,,} iteratively. The recovery al-
gorithm can be written as:

o Q)
+ 35 1) (tw) (tn);

where ¢ indicates the number of iteration. The linear operator
C denotes filtering as the convolution of samples s(t,,) with
impulse response h1 (t) of the filter according to equation (1).

The sampling of non-stationary signal using level-crossing
scheme does not ensure the satisfaction of the requirement
Tmaz < ,1 —. Direct application of above described algo-
rithm leads o the considerable reconstruction error, therefore
two substantial enhancements are introduced to the algo-
rithm described above - performing resampling to the non-
equidistantly spaced values and the use of filter with impulse
response ho(t) instead of classical hq(t). The resampling in-
stants ¢,, are determined by ®(¢), which depends on fy,4. (%),
that in general case is not known in advance. To solve this
problem, an algorithm is developed, which estimates the time-
varying instantaneous maximum frequency using information
about locations of level-crossings.

3.3. Estimation of instantaneous maximum frequency

The obvious ways to estimate the local bandwidth of the sig-
nal is by finding its time-frequency representation (TFR) us-
ing, for example, short-time Fourier transform, wavelet trans-
form or Wigner-Ville distribution. These methods are devel-
oped for uniformly sampled signals, however, there are some
modifications in order to find the TFR of non-uniformly sam-
pled signals [7]. The use of such approach is time consuming,
therefore a simpler method is considered that is based on em-
pirical evaluations.

To estimate the function frag (t) from samples s(t,,),
starting with the initial index value m = 0 two pairs of
successive level-crossing samples s(tmg_) = s(tm;H) and
s(tm;/) = S(tm;/+1) are found such that m7 > m/; and the

difference m;’ — m;- is minimal. Thereafter the next two

pairs are found considering that m’,, = m}. For each
j=1,2,... the value f; is calculated as
—1
fj = (tm’]’ + tm_’j’+1 - t’m; - tm_’].-&-l) (6)

If a single sinusoid is sampled, then f; = f;41 for all j and it
equals the frequency of the sinusoid. If the signal consists of
more harmonics, then f; for different j vary around the aver-

age value of f = % ijl fj» where J is the total number of



detected pairs within the observation time of the signal. Ex-
periments show that f is close to the frequency of the highest
component. The estimate of function of instantaneous maxi-
mum frequency faz (£) can be obtained by {f;} approxima-
tion with polynomials py (¢)

fma:r —azpk

where « and v are coefficients increasing frequency value to
ensure the estimate exceeds f,q4(1).

+7 @)

4. APPLICATION TO SPEECH PROCESSING

Speech transmission is one of the most important and com-
mon services in telecommunication networks. One of the ba-
sic prerequisites for successful speech transmission over data
channels is the use of an effective speech encoding technique.
It should compress the speech signal at the sender’s end and
decompress the digital codes to reconstruct the speech with
satisfactory quality at the receiver’s end. The main concern
for system designers is to preserve the best speech quality and
at the same time reduce the necessary bit rate of data transmis-
sion. To achieve such efficiency more and more sophisticated
speech-coding algorithms are used that need more memory
and computational load.

On the other hand, it is attractive if electronic devices,
which perform speech transmission, can be miniaturized with
low power consumption, especially in wireless equipment.
A simplified block diagram of the “classical” speech trans-
mission approach is illustrated in Fig. 1a. Speech digitizing
is based on clock-driven analog-to-digital (A/D) converter,
which is followed by a digital signal processing (DSP) block.
As aresult, the speech data can be compressed approximately
ten times, which considerably diminishes the power con-
sumption of the sender (important for wireless system) as
well as the load on the data transmission channel (important
for VoIP system).

The algorithm described above can be implemented in an
alternative structure of speech processing and transmission
system, which is based on event-driven A/D conversion and is
proposed in [6]. The block diagram of the system is shown in
Fig. 1b. It can be seen that this structure provides substantial
simplification of the sender part of the system. Application of
the method developed to speech processing is motivated by
the properties of speech signals. Within the naturally spoken
language, pauses and disfluencies occur quite often, which
do not provide useful information from the point of view of
speech coding. In classical case they are extracted after the
A/D conversion during the speech encoding procedure, while
level-crossing sampling based A/D converter simply does not
capture samples during pauses. In such a way, it is possi-
ble to considerably decrease the data flow on the ADC output
without additional data encoding. A slightly different appli-
cation of the idea of signal encoding using level crossings is

Receiver

(6]
(@)

Sender

events
Event driven %
\ = A///
Q- et

Receiver

(b)

Fig. 1. Different structures of speech transmission systems:
(a) traditional clock-based; (b) proposed event-driven.

discussed in [8]. Also in this case, the speech signal is taken
as an example for illustration of the method.

5. SIMULATION RESULTS

The performance of the signal-dependent algorithm was
tested on a speech signal taken from the TIMIT database
(/timit/train/dr1/mtpf0 /sx335.wav; sampling frequency 16
kHz). The signal had been low-pass filtered with a cut-off
frequency of 4 kHz, and interpolated by sinc functions to
obtain level-crossing samples. Using 10 quantization levels
3301 samples were obtained during 3.8 seconds of the test
phrase (mean sampling rate is about 870 samples per sec-
ond). Uniform sampling at rate of 8§ kHz provides 30400
samples. The waveform and the samples captured by LCS
are illustrated in Fig. 2a. The time-frequency representation
of the signal obtained by STFT is shown in Fig. 2b. The black
bold line represents the instantaneous maximum frequency
fmm (t) of the signal estimated according to (7). From the
figure follows that the bandwidth of reconstruction filter will
vary in the spectral range up to 4 kHz.

After the estimation of fmm (t) the recovery procedure
(5) is applied to carry out filtering with time-varying band-
width. The reconstructed speech after the 10th iteration
is shown in Fig. 3. The result depends on the number
of quantization levels as well as on the number of itera-
tions. Fig 4 shows the dependency of reconstruction error

\/ fo — §;(t))?dt on the number of iterations ¢. The
grey and black hnes illustrate the cases, where 10 and 20
quantization levels are used providing, respectively, 3301 and
8509 level-crossing samples during 3.8 seconds of the test
phrase. The solid lines correspond to the proposed recovery
procedure with time-varying filtering, while the dashed lines
show the reconstruction error obtained by using filter with a
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Fig. 2. Fragment of the test speech sentence (samples as black
points) (a), and its STFT (black line shows the estimated time-
varying maximum frequency) (b).
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Fig. 3. Reconstructed speech signal (black solid line).
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Fig. 4. Dependency of reconstruction error from the number
of iterations (the upper and lower lines correspond to 10 and
20 quantization levels respectively)

fixed frequency bandwidth (4 kHz). The error becomes less
as the number of iterations increases.

6. CONCLUSIONS

The proposed approach for non-stationary signal processing
uses signal dependent techniques: level crossing sampling

for data acquisition and filtering with time-varying bandwidth
for signal reconstruction. The information carried by level-
crossing samples is employed in two ways — time instants
of samples are used to estimate the instantaneous maximum
frequency of the signal, while the amplitude values of sam-
ples are used in reconstruction algorithm. The reconstruc-
tion procedure is based on the use of iterative filtering with
time-varying bandwidth filters. The enhancement of clas-
sical signal reconstruction approach is made by introducing
signal-dependent, ’non-stationary” impulse response and re-
sampling to the corresponding, nonuniform sampling set.

Speech signal processing is demonstrated as one of the
application areas. Simulation results show advantages of pro-
posed method, which are related to the exclusion of pauses
and disfluencies from processing before A/D conversion as
well as to the possibility of decrease in sampling density. In
case of 10 quantization levels audial perception remains good,
while the number of samples is reduced 9 times in comparison
with standard uniform processing.
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Abstract: Interest in the application of signal driven sampling schsris increasing as they offer various advantages
over traditional sampling. The paper describes the priesipnd discusses the properties of sampling, which
is based on the send-on-delta concept. In such a way, it Slpeso decrease the sampling density, and since
the samples are placed non-equidistantly it is possiblefpress the distortion due to frequency aliasing. The
non-uniform location of samples requires an advanced pedog method. The paper discusses the spectral
estimation, which is based on the use of a bank of minimumawas filters. To improve the resolution
and accuracy, iterative updating of autocorrelation magiused. The results of simulations are presented.
The use of an iterative algorithm allows correcting speéaséimation even if the mean sampling density is
several times less than the Nyquist criterion. The propaggioach can be of interest for distributed wireless
data acquisition in remote sensing systems, becausewsatlte amount of transmitted data to be decreased
considerably.

1 INTRODUCTION (SoD) concept is employed. The motivation of such
a choice is based on three key aspects. Firstly, it is
signal dependent sampling, which offers various ad-
vantages over traditional uniform sampling (Hauck,
1995). Secondly, this sampling scheme can be sim-
ply implemented in hardware, because it guarantees
a certain minimal interval between samples. Thirdly,
the non-uniformity in sampling provides the possibil-
ity of suppressing frequency aliasing (Masry, 1978),
and therefore the SoD scheme can be used to reduce
the sampling density in comparison with the Nyquist
rate. The properties of send-on-delta sampling will be
discussed in Section 2.

Regarding signal sampling procedures, generally, the
signal can be approximated with fewer samples per
interval using appropriate non-equidistantly spaced
samples than using a uniform sampling procedure,
where the sampling frequency is defined taking into
account only the highest signal component. The prob-
lem of processing non-uniformly sampled signals has
quite a long history. However it typically deals with
cases, where non-uniformity is introduced in a delib-
erate or deterministic way. Intuitively speaking, the
sampling flow has to reflect the local properties of
the signal. For example, it is more efficient to sam- The reason, why the SoD sampling is not
ple the low frequency regions at a lower rate than widespread in practice, lies in the fact that such digi-
the high frequency regions. A special class of non- tized signals can not always be successfully processed
uniform sampling is derived if the sampling process using standard algorithms. One of the main process-
is driven by the signal itself this is so called signal ing tasks is the estimation of the signal spectrum.
dependent sampling. The popular types of signal- In the case of uniform sampling, the Nyquist crite-
dependent sampling are zero crossing, reference sigrion determines the minimum sampling rate, which
nal crossing, level crossing or send-on-delta concepts.must be fulfilled in order to avoid frequency aliasing.
In the paper, sampling based on the send-on-deltaTo estimate the spectrum of a non-uniformly sam-
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pled signal, an advanced signal processing method
is required, especially in the cases where the sam-
pling density can be below the Nyquist criterion. f#%-—~-"-""""--=-—-—~§----~
The paper discusses the spectrum estimation method

thatis based on signal-dependenttransform (Greitans, = | - ¢ 72 "0 A N
2005), which uses the minimum variance filter prin-
ciple and provides spectral estimation with high reso-
lution and accuracy. The algorithm will be described
in Section 3, and simulation results will be shown in
Section 4.

a)

2 SEND-ON-DELTA SAMPLING

Accordingto the level-crossing (LC) concept the sam-
pling is triggered if the input signal crosses any of the
fixed quantization levels (Allier and Sicard, 2003).
The principle of LC sampling is illustrated in Fig-

ure la. The number of samples captured depends  [----""------ A
on signal itself (Mark and Todd, 1981), (Greitans, "
2006). The minimum distancAtyin = min(Aty),
wherelt, = th11 —th, between the sampling poirtts
can be very small and thus the analog-to-digital (A/D) b)

converter can not ensure all the samples are captureq;igure 1: Signal dependent sampling based on a) level-
due to the limited performance of electronic compo- ¢rossing and b) send-on-delta concepts.

nents.

2.1 Sampling Scheme is sampled, then the minimum distancegif= 27tf,
is

The situation changes in case of send-on-delta sam- Dtpin > Al _ A A3)

pling scheme, according to which the sampling is trig- ~2Anf  Aw

gered if the signal deviates by defined valMe> 0, as the maximum value of derivativeAso.

called the threshold, or delta (Miskowicz, 2006). The Another example is the signal with constant power
principle of SoD sampling is shown in Figure 1b. spectral density

There is a constant difference equalib between

consecutive signal values P(f) = {AZ for |f]| < fimax )

0 elsewhere
S(th11) — S(tn)| = Al, 1)

wheres(t,) is a signal sample at the time instaat
The threshold\l determines the resolution of signal
observations. The smallét, the higher resolution of
input signal tracking.

To achieve the maximum slope of such a signal the
phase has to be the same at all frequencies. In this
case the iverse Fourier transform is describediby
function:

S(t) = 4AT raxSINA 2Tt raxt) (5)
2.2 Minimum Sampling Interval To estimate the maximum value of derivativesd),
. lets first look at signali(t) = sinat) = 3™ The first
Obviously,Nic > Nsop, whereNic andNsp are the 4 <o 0ng orde?deri(vgltivesét)) are't
numbers of samples captured by using respectively '
LC and SoD sampling schemes. The minimum dis- /., tcogt) —sin(t) 6
tanceAtpin in case of SoD depends di and on the ()= t2 (6)
spectral properties of the signal. For example, if a and
single sinusoid ,
—t4sin(t) — 2tcogt) + 2sin(t
S(t) = Asin(2rtft + ¢) @) u'(t) = Y 3 {0 +2sint) (7)




To estimate the maximum value of (6), we solve the
equation

u’(t)=0 (8)
From (8) it follows, that # 0 and
tcogt) = sin(t) — 0.5tsin(t) 9)

Lets say we have the solution of (9)tif= tp, then
inserting (9) into (6) gives:

u/(to) = —0.5sirtg (20)
It means, that the maximum value wft)
1
U (O)max < > (11)

In turn, the derivative 0§(t) can be expressed as
d(t) = 8ATP {2, (sindt)) = BATE 2, U (1). (12)

From (12) and (11) follows, that the maximum value
of S(t)

S (V) max < AATE oy = AWy (13)
and the minimum distance
Al

2.3 Sampling Density

Due to the signal-dependent nature of SoD, the sam-
pling density depends on the statistical characteristics
of the signal. Ifly are the values of quantization lev-
els crossed by the signal, then in case of only one
guantization level; the number of SoD samples cap-
tured will beN;, = 1. In case of two levely andl;
the numbers of samplé¢, = N,, as every next sam-
pling is triggered by crossing the quantization level,
which differs from the previous one. If we start the
numbering of levels from the lower one, then in case
of three leveld;, |, andl3 the numbers of samples
N, =N, — N, since SoD captures at the second level
is also caused by the third level. In general, if there
areK quantization levels, then
K
Z (_1)k : N|k
K=2

Now let us first discuss the case, when the sig-
nal is sampled by level crossing. For a single sinusoid
Asin(2rtft 4+ ¢) each quantization level during one pe-
riod is crossed twice and the sampling density can be
expressed as

N, (15)

oc = 2Kf. (16)

For a zero mean Gaussian process with power spectra

density given by expression (4) the expected value of
the sampling density is (Mark and Todd, 1981):

fooK B
E[oic] = TW;;X e Wimx, 17)
&

Now let us analyse the SoD case for both previ-
ously chosen signals. For a single sinusoid each quan-
tization level gives two SoD samples during one pe-
riod. The exception is with the upper and lower levels
each giving only one SoD sample per period. Thus,
the sampling density can be expressed as

OsoD :Z(K—l)f (18)
forK > 2. If K =1, then only one SoD sample will be
captured during the whole observation time of the sig-
nal. For the Gaussian process the estimation of sam-
pling density is not so obvious. To simplify the anal-
ysis, we assume the signal, whose consecutive local
extremes are with different signs varying around zero
level as shown in Figure 2. The number of quantiza-

Figure 2: Signal for simplified analysis of SoD sampling
density. The black points are LC samples, while the small
circles are SoD samples.

tion levels isK = 2M + 1 with 2M levels placed sym-
metrically around the zero level. The number of SoD
samples captured can be estimated from the number
of LC samples for each quantization level. Obviously
for the first level we get

N|_cI
Neop, = — o (19)
For the second level we get
Nic,, — Nig Nic,, +Nig
Neop), = —25——+ > t+Ng, = —55—.
(20)
And similarly for theMth level we get
Nig,, +Nu
Ne,, = — "ML (1)

The number of SoD samples captured on the zero

level equals the number of LC samples on ¥eh

Ievel
NS°D|M+1 = NLC'M . (22)

The total number of SoD samples captured, assuming

thatNgngm = NSOD|K+1—m' is

Neop = 2 (NSDDll +...+ NSDDlM) + NS°D|M+1' (23)



From (21), (22) and (23) follows, that

Nsop = 2 (NLC|1 +Nc, - +Nug,, ) (24)

and considering (17) the sampling density is
12

Mooy & J&
E[osp] = 7”;* Y e i, (25)
k=1

3 SIGNAL DEPENDENT
SPECTRUM ANALYSIS

Typically the digital spectral analysis is based on the
transformation of the signal samples $g(tn)} from
time to frequency domain by a set of transformation
functions{W(f,t,)}

X(f) = X(t)W(f,tn), (26)

n
For example, the discrete Fourier transform is based
on the set of exponent functiofg 12} that are
unrelated to the spectral nature of the signal.

In order to construct signal dependent transforma-
tion functions an approach using Minimum variance
(MV) filter is suggested. The basic idea of the MV
filter is to minimize the variance of the signal on the
output of a selective filter. The frequency response
of such a filter adapts to the spectral components of
the input signal on each frequency of interest (Marple,
1987).

Given the filter coefficientsy, ay, ... ,ap, the out-
put of the filter at timen is

p
Yo=Y anak=x" (N3,

n=1

(27)

]T

where  xT(n) [Xn,Xn—1,--+,Xn—pt1]  and
a= [ag,ay,...,ap The variance of the output
signal is determined as

p= E{|Yn|2} =a"Ra,

whereR = E {x*(n)x" (n) } is the autocorrelation ma-
trix andE {(-) } denotes the expectation operator. The
filter coefficients are found to ensure the sinusoidal
signal with frequencyfp passes through the filter de-
signed for this frequency without distortion and the
variance (28) for spectral components differing from
fo is minimal. The first condition can be written as

(28)

an e j2mfotn —
n=1

' ] - T
where e(fg) = [el2ol gi2olz . ei2fotp] ",

el (fo)a=1, (29)

It

fo is one. In order to satisfy the second requirement
under condition (29) the coefficients of the MV filter
for the frequencyfy are determined as (McDonough,
1983):

Rfle( fo)
2 ( fo)Rfle( fo) .
Inserting (30) into (28) gives the minimum variance:

1
PW = & (TR Te(fo)
The value (31) indicates the power of spectral compo-
nents of the input signal at the frequenfgy

The proposed approach assumes that frequency
band of spectral analysis is covered by a set of such
MV filters. In general, the frequencies of these fil-
ters can be chosen arbitrarily. The particular case is
if the filter frequencies are located equidistantly and
the frequency step is selected equal to the frequency
stepAf = % of the Discrete Fourier transform (DFT),
where® is observation time of the signal being ana-
lyzed. To obtain a high resolution spectral estimation,
it is reasonable to select the frequency step several
times smaller than the Fourier frequency step.

The expression (31) requires the knowledge of the
signal autocorrelation. The Wiener-Khinchin theorem
relates it to the power spectral densRyf) via the
Fourier transform:

R(T) = /: P(f)el2 g

awv (fo) = (30)

(31)

(32)

In order to obtairP(f) estimate at the frequencies
[f1, f2,..., fm] from the non-uniformly spaced signal
sampleX = [Xg, X2, ..., Xn] the DFT can be used

2
; (33)

BT
N

whereB is M x N matrix whose element in roun

and colummis by, = e 12t The elements of au-

tocorrelation matrix from the spectral estimation can
be calculated on the bases of inverse DFT

ﬁ)(DFT)

M
flk="Y B iy b
m=1
As the signal autocorrelation matrix (34) is rather
rough estimate then the resulting PSD function values
P =[p1,P2,--.,Pm], wherepm = pmv (fm), obtained
by (31)

(34)

1
diag BR~BM)
will not provide precise results.
To increase the precision a special iterative algo-
rithm is used (Liepinsh, 1996), (Greitans, 1997) ac-
cording to which thgi + 1)-th order estimate of sig-

[ (35)

means that the gain of the filter response on frequencynal autocorrelation matrix is updated franath order



PY estimate in the following way

(1) _ — A
f =S B bl b (36)

=1
The value$" are obtained as

%R0 BH
diagBR( 'BH)

considering that the power of the output of the de-
signed MV filter

p(fo) = [Ramv (fo)|? (38)
is interpretable similarly to the power of the output of
selective Fourier filter
porT(fo) = [R€"(fo)|? (39)
at the frequencyy.
The iteration process begins with the initial PSD
valuesP® = "7 The iteration process can be

stopped when the differendé®’ ™ — || becomes
small.

p (37)

4 SIMULATION RESULTS

As a test-signal an autoregressive moving-average
(ARMA) process with AR coefficients(1) = —2.76,

c(2) = 3.809,c(3) = —2.654,c(4) = 0.924 and MA
coefficientsd(1) = —0.9,d(2) = 0.81 was used. The
PSD function of such signal is given as (Marple,
1987):

v TVt fiae | 2
Pncaan( ) =~ 1+ 3V d(v)e i/ frx
AR 2 e | 1+ 52, c(u)e 17/ |
(40)

and is shown as a dashed line in Figure 3.

To show the potential of the send-on-delta sam-
pling and performance of proposed signal-dependent
method, the results were compared with uniformly
sampled signal case. The test-signal withy = 0.5
was sampled during 256 seconds and processed with
iterative algorithm described in Section 3. The solid
line in Figure 3a illustrates the PSD estimate if sig-
nal is sampled uniformly at Nyquist rate (256 sam-
ples), while the dotted line shows spectrum estimated

by the standard minimum variance filter (Capon fil- Figure 3: PSD estimates using different sampling schemes:
ter) approach. The plots are the averages of 100 in-a) uniform at Nyquist rate, b) uniform below Nyquist rate,
dependent realizations (Li and Stoica, 1998). If the ¢) SoD with 11 levels d) SoD with 7, 11 and 15 levels

sampling rate is reduced two times (128 samples) the(dashed line - true PSD, dotted line - estimate without it-
' erations and solid line - estimate after the 10th iteration.

frequency aliases appear as shown in Figure 3b.
In order to obtain SoD samples, the uniformly
sampled signal (at Nyquist rate) was interpolated by
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sinc functions. To decrease the interpolation error the a strategy offers possibilities for distributed wireless
test-signal with duration of 512 seconds was interpo- data acquisition in remote sensing systems. The sig-
lated and thereafter sampled by SoD from 128 to 384 nal dependent nature of sampling, the decreased num-
seconds. Figure 3c demonstrates the case, where théer of samples and the possibility to code data with
sampling was done using 11 quantization levels. In one bit using position on time axis allow considerably
total 120 samples (the average number for 100 inde-diminish the amount of transmitted data.

pendent realizations) were captured. The dotted line

shows PSD estimate obtained by the expression (35)
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